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A B S T R A C T

Exploring the origins and evolution of the earliest Supermassive Black Holes
(SMBHs) stands as one of the most complex challenges in astrophysics.
These immense black holes reside at the cores of the most massive galaxies
and wield significant influence over various aspects of galactic develop-
ment. Their impact extends to feedback mechanisms, transformations in
morphology, and potentially contributing to the cosmic reionization process.
Despite numerous proposed theoretical explanations regarding the initial
formation of SMBH seeds, distinguishing between these theories remains
an arduous task due to the lack of precise observational estimates regarding
their prevalence in the Universe. According to recent observations, SMBHs
are expected to undergo rapid growth during the early stages of their evol-
ution, specifically beyond redshift 6. While there are several proposals for
how SMBHs form, including "direct collapse" BHs in metal-free halos, run-
away merger of stellar remnant BHs in globular clusters and dark matter
annihilation producing supermassive "Population III.1" stars, there is little
consensus.

In this thesis work we present an implementation of the Pop III.1 seeding
model for SMBHs in a theoretical model of galaxy formation and evolution
to assess the growth of the SMBH population and the properties of the
host galaxies. The model of Pop III.1 seeding involves SMBH formation
at redshifts greater than 20 in dark matter minihalos that are isolated
from external radiative and mechanical feedback, parametrized by isolation
distance diso. Within a standard ΛCDM cosmology, we generate dark matter
halos using the code PINOCCHIO and seed them according to the Pop III.1
scenario, exploring values of diso from 50 to 100 kpc in proper distance. We
consider two alternative cases of SMBH seeding: a Halo Mass Threshold
(HMT) model in which all halos > 7× 1010 M⊙ are seeded with ∼ 105 M⊙
black holes; an All Light Seeds ALS model in which all halos are seeded with
low, stellar-mass black holes. We follow the redshift evolution of the halos,
populating them with galaxies using the GAlaxy Evolution and Assembly
theoretical model of galaxy formation gaea, including accretion onto the
SMBH and related feedback processes.

We first present predictions for the properties of galaxy populations,
focusing on stellar masses, star formation rates, and black hole masses.
The local, z ∼ 0 metrics of occupation fraction as a function of the galaxy
stellar mass, Galaxy Stellar Mass Function (GSMF), and Black Hole Mass
Function (BHMF) all suggest a constraint of diso < 75 kpc. We discuss the
implications of this result for the Pop III.1 seeding mechanism.

Secondly, we utilize the semi-analytic approach proposed above to make
predictions on physical and observable quantities of our SMBHs at redshifts
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higher than 4. In particular we consider their appearance as Active Galactic
Nuclei (AGNs) and we predict key quantities such as BH masses, AGN
luminosity functions and Eddington ratios, and test whether it is possible to
put some constraints on the SMBH seeding scenario. In detail, we compare
with data from recent works reporting high redshift observations of AGNs
detected with the James Webb Space Telescope (JWST).

In the next part of the thesis, we carried out an observational study of the
Hubble Ultra Deep Field (HUDF) seeking the youngest SMBHs. We aim to
estimate the SMBH number density across cosmic time by means of AGN
variability. In light of their variable radiation emission, we propose that
examining AGN activity in these systems through photometric variability
represents an unexplored yet reliable method. This work involves recent
observations of the Hubble Space Telescope (HST) pointing the HUDF in
Cycle 30. This revisit, occurring a decade after the initial observations and
matching its depth and wavelength band, offers an optimal time frame
to identify AGN variability. The specific wavelength, luminosity range,
and redshift of our target make this initiative particularly well-suited for
estimating the comoving number density of SMBHs out to z ∼ 9. The
resulting dataset from our program provides valuable insights to possibly
differentiate between various scenarios explaining the formation of these
enigmatic black holes.
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1
I N T R O D U C T I O N

Black Holes (BHs) are known to be a fundamental component of our Uni-
verse and among the most intriguing objects out there. They were first
theorized as early as 1784 by John Michell and shortly after by Pierre-Simon
Laplace (Michell, 1784; Laplace, 1796). Since then a new branch of physics
has developed and numerous theories about their formation and evolution
have flourished until nowadays. They represent a boundary where our un-
derstanding of the laws of physics breaks down, offering a unique window
into extreme gravity, quantum mechanics, and the nature of the universe
itself.

Since the first pioneering theoretical speculations describing them as
stars with enough gravitational force to prevent light from escaping, our
understanding of the behaviour of these objects has greatly advanced. Only
with the development of Einstein’s theory of general relativity over one
century ago, the modern understanding of BHs began to take shape. An
exact solution to the field equations published by Einstein in the General
Relativity (Einstein, 1916) was found by Schwarzschild under the simplistic
assumptions of spherically symmetry and non rotating mass distribution
(Schwarzschild, 1916). The metric of this solution naturally leads to the
definition of BH: when the radial size of a body is smaller than the corres-
ponding Schwarzschild radius (rs = 2GM/c2, with M being the total mass
of the body), we refer to this object as a BH. Note that at Schwarzschild
radius the radial component of the metric (1− rs/r)

−1 goes to infinity, caus-
ing a so called singularity. It can be shown mathematically that, regardless
of the choice of coordinates, the only singularity of this solution is found at
r = 0. This location collects the ending point of all the geodesics inside the
sphere defined by r = rs, also known as the event horizon. For this reason,
any event occurring within this region cannot be observed outside as no
signal would be able to escape from eventually collapsing in the singularity
at r = 0.

In order to recover a more general solution, Kerr (1963) published a
metric for a rotating, spherically symmetric BH. While the Schwarzschild
metric has a point singularity at the centre, the Kerr metric presents a ring-
shaped singularity, known as a ring singularity. If the spin is zero, the Kerr
metric reduces to the Schwarzschild solution. Shortly after Kerr’s work, the
solution was extended to account for a charged, rotating BH, resulting in
the Kerr-Newman metric (Newman and Janis, 1965; Newman et al., 1965).
Regardless the formation process, physically speaking we refer to a BH as a
fairly simple object. Via the no/hair theorem, a BH can be fully described
by means of three independent properties — mass, angular momentum

1
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and electric charge. This naturally implies that any meaningful insights
about its formation and its matter composition is inevitably lost. What we
are left with in order to investigate the formation processes is to study the
spatial and mass distribution of BHs, as well as how they affect the physical
properties of the environment they reside in.

Over the decades, BHs have transitioned from theoretical curiosities to
well-established cosmic objects. There are several types of BHs, categorized
primarily by their mass. Stellar mass BHs, formed from the gravitational
collapse of massive stars, typically range from a few to several tens of solar
masses. Today, our understanding of BH formation through stellar collapse
has significantly advanced. When a star’s internal pressure — maintained
by nuclear fusion — runs out, gravity takes over, causing the star to collapse
inward. Depending on the star’s initial mass, the remnant left behind could
become a white dwarf, neutron star, or in fact, a BH. The collapse of massive
stars is one of the primary processes that produce stellar mass BHs. These
objects are scattered throughout the Universe, residing in binary systems or
as isolated remnants of supernovae. On the other end of the mass spectrum,
at the centres of galaxies lie SMBHs with masses ranging from millions
to billions of times that of the Sun. The formation and growth of these
cosmic giants remain an active area of research, with many questions still
unresolved.

The origin and existence of BHs have long been the focus of extensive
debate. Observational evidence, from the motion of stars around invis-
ible massive objects to the detection of gravitational waves from merging
BHs, has consolidated their role in astrophysics. Recently, the Laser In-
terferometer Gravitational-Wave Observatory (LIGO) Collaboration (LIGO
Scientific Collaboration et al., 2015; Abbott et al., 2016) has detected multiple
BH mergers, with masses reaching up to ∼ 150M⊙ (Abbott et al., 2020a,b).
The Event Horizon Telescope (EHT) Collaboration made history in 2019 by
capturing the first-ever image of a BH’s shadow in the Messier 87 galaxy,
offering visual confirmation of these objects and their behaviour as predicted
by relativity (see Fig. 1.1, 2019). It took only few more years to successfully
repeat the experiment, in 2022, when the EHT Collaboration captured the
Einstein ring cast by the radio emission from the gas surrounding the central
object from our own Milky Way (2022). Both these BHs, with masses ranging
from ∼ 106− 109M⊙, sit at the higher end of the BH mass spectrum, i.e. they
are SMBHs. By monitoring a set of 67 pulsars for over 15 years, the North
American Nanohertz Observatory for Gravitational Waves (NANOGrav)
Consortium together with other Pulsar Timing Arrays (PTAs) collabora-
tions1 recently found an evidence of a Gravitational Wave (GW) background
claimed to be due to SMBH mergers (Agazie et al., 2023a,b).

In this Thesis, we will explore various aspects of SMBHs, from their
formation mechanisms and observational signatures to their impact on

1 The European PTA (EPTA Collaboration et al., 2023), the Parkes PTA (PPTA; Reardon et al.,
2023) and the Chinese PTA (CPTA; Xu et al., 2023)



1.1 supermassive black holes 3

surrounding matter and potential for future discoveries. By delving into
both the theoretical foundations and the latest observational breakthroughs,
we aim to contribute to the ongoing quest to understand these cosmic
powerhouses.

1.1 supermassive black holes

While the origin of stellar mass BHs is relatively well understood, their
supermassive counterparts (SMBHs) offer plenty of different interpreta-
tions as the formation scenarios are still suffering from poor observational
constraints. SMBH are often witnessed at the centre of the almost entire
population of massive galaxies, with masses stretching from several tens
of thousands up to billions of solar masses (e.g., Ferrarese and Ford, 2005;
Volonteri, 2010; Graham, 2016; Inayoshi et al., 2020; Volonteri et al., 2021;
Lusso et al., 2023). This mass interval defines the SMBH regime. Their
origin is certainly not stellar as they populate a distinct range of the mass
spectrum. In fact, as the lightest estimated SMBH mass via dynamical meas-
urements is about 6.800M⊙ in the NGC 205 galaxy (Nguyen et al., 2019), the
most massive stellar BHs was detected via gravitational waves in a merger
event, carrying a mass of approximately 150M⊙ (GW190521, Abbott et al.
(2020a)). Interestingly, observations show an apparent dearth of detected
BHs with masses spanning from few hundreds up to several thousands of
solar masses. This gap between stellar BHs and SMBHs is usually referred
to as the Intermediate Mass Black Hole (IMBH) regime.

The mystery deepens when we examine observations of high-redshift
quasars. Yang et al. (2020) and Wang et al. (2021) discovered supermassive
black holes (SMBHs) with masses ≳ 109M⊙ in extremely bright quasars,
J1007+2115 and J0313-1806, at redshifts greater than 7, when the universe
was less than 1 billion years old. Additionally, Wang et al. (2019) identified
a quasar at z ∼ 6.6 hosting a SMBH with a mass estimated by Yang et al.
(2021) to be around 3.59× 109M⊙, making it one of the most massive black
holes discovered at z > 6.5 to date. More recently, the James Webb Space
Telescope (JWST)2 has paved the way for astonishing discoveries regarding
the earliest SMBHs. Notably, a growing number of detected galaxies appear
to host black hole candidates with masses ranging from ∼ 106 − 108M⊙
at epochs between z = 4 − 7. Among many works, but not limited to,
Maiolino et al. (2023) and Harikane et al. (2023) reported a surprisingly large
number of faint AGNs in this redshift range, raising questions about their
ubiquity in the early universe. Moreover, the recently discovered galaxy
GN-z11 has been shown to potentially contain a SMBH with a mass of
around 1.6× 106M⊙ at a redshift of z ∼ 10.6, as detailed by Bunker et al.
(2023) and Maiolino et al. (2023). These recent findings suggest that the
cosmic co-evolution between black holes and their host galaxies at these
early times likely differs significantly from that of lower-redshift systems.
Furthermore, at least a fraction of these early black holes may have formed

2 https://webbtelescope.org/

https://webbtelescope.org/
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(a) The SMBH M87* at the centre of Messier 87 galaxy, ∼ 16.4 Mpc
away from the Sun.

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

Figure 1.1: The images of BHs taken by the Event Horizon Telescope Collaboration
(2019; 2022).
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and grown rapidly, reaching the SMBH stage when the universe was only a
few hundred million years old. On the other hand, the presence of SMBHs
in galaxies such as the Milky Way and low-mass SMBHs in some dwarf
galaxies today supports a wide mass spectrum of SMBH formation, but also
indicate that some SMBHs have not grown much since their birth.

Explaining all these elements constitutes an intricate puzzle for both
theoretical models and observational findings. First, SMBHs must have
grown in mass over time. In fact, observations have shown that most BHs
have accreted mass by several orders of magnitude (e.g., Salucci et al.,
2000; Yu, 2002; Marconi and Hunt, 2003). Also, it seems unrealistic to form
stellar BHs with masses up to billions of solar masses leading directly to
the observed SMBH mass distribution. It is useful to visualise the dispute
from a global perspective. There are two main ingredients that are at play
in the ecology of SMBH formation: the initial mass of the BH, also known
as the seed BH, and the accretion channel onto the BH. Fig. 1.2 (Wang et
al., 2021), illustrates the growth trajectories of some of the most massive
and earliest quasars, under the assumption of Eddington-limited accretion
throughout their lifetimes. For the most massive black holes, even if they
formed very early, at redshifts around z ∼ 30, the seed black hole mass
would need to exceed 104M⊙ to reach their observed size. If their formation
occurred later, even larger initial seed masses would be required. However,
indefinitely pushing the formation epoch earlier to lower the seed mass is
not feasible either, as the formation of dark matter halos requires linear
density perturbations to reach the critical density, and favourable conditions
for star formation and subsequent black hole collapse only arise afterward.
Although models of super-Eddington accretion have been suggested (e.g.,
Kohri et al., 2022), simulations show that the gas supply available to early
SMBHs can be substantially limited by feedback from star formation, making
sustained Eddington-limited accretion rates unlikely (e.g., O’Shea et al., 2005;
Jeon et al., 2023). These challenges highlight the need for models that explain
the formation of black holes at the supermassive scale of ∼ 105M⊙.

1.2 channels of smbh seed formation

Most of the proposed formation pathways of SMBHs were first ventured
in the pioneering study of Martin Rees (Rees, 1978). The mechanisms we
study today are still based on this picture: the idea is that a "gas cloud" in
its primordial phase would lead, via different processes, to the formation
of a seed BH (Fig. 1.3). In the previous Section we introduce the concept
of seed BH as the initial stage of a newly born BH, which will then grow
in mass and become detectable either via GW emitted in mergers or via
electromagnetic radiation powered by gas accretion. In literature, we usually
classify the seeds depending on their mass. Light seeds are identified by
masses spanning from ∼ 102M⊙ up to few× 103M⊙, while we usually refer
to masses between 104 and 106M⊙ as massive seeds. Finally, intermediate
mass seeds lie in the gap between light and massive ones.
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Figure 1.2: Mass accretion history of Eddington limited growth tracks of confirmed
high redshift quasars (z ⩾ 7) assuming a constant radiative efficiency of
0.1. The shaded horizontal areas indicate the range of seed masses of
the BH according to different formation mechanisms. Credit by Wang
et al. (2021).
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Figure 1.3: Original diagram of formation pathways proposed by Rees (1978).
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1.2.1 Gas and stars-based mechanisms

The DCBH scenario advances the idea that a primordial gas cloud hosted
by a relatively massive, atomically-cooled, UV-irradiated halo of ∼ 108M⊙
collapses into a single supermassive star of ∼ 104−6M⊙, subsequently form-
ing a massive seed by z ∼ 10 (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., 2022). In some cases, the collapse may go through an
intermediate phase where a quasi-star forms. Instead of being powered
by nuclear fusion, this quasi-star is fuelled by the accretion of gas onto a
small, growing BH at its centre (Begelman et al., 2006; Begelman et al., 2008).
For these supermassive black hole seeds to form, a crucial condition is that
accretion continues without the gas fragmenting as the protostar grows on a
timescale shorter than the thermal, Kelvin-Helmholtz timescale (Haemmerlé
et al., 2020). If this can occur, the surface of the protostar stays cool, which
limits ultraviolet radiation emission and prevents disruption of the accretion
flow. Moreover, uninterrupted accretion without fragmentation requires
metal-free halos, which is naturally the case since these halos consist of prim-
ordial gas. However, molecular hydrogen formation must be suppressed
to prevent fragmentation, as molecular hydrogen acts as a cooling mech-
anism (Latif et al., 2013) and strong Lyman-Werner radiation is necessary
to photodissociate molecular hydrogen (Wise et al., 2019). Habouzit et al.
(2016) showed that the rarity of all these conditions combined makes the
formation of SMBH via this process relatively uncommon. In addition,
cosmological studies have underlined that such conditions are favourable
mostly in satellite halos, making the ubiquitous presence of SMBH at the
centre of massive galaxies even more challenging by requiring short sinking
times scales (Chon and Omukai, 2020).

While the number density of black holes resulting from direct collapse
could account for the currently known population of high-redshift quasars,
the specific conditions required for this process are considered too rare to
explain the entire population of supermassive black holes observed at z = 0
(Chon et al., 2016; Wise et al., 2019). Additionally, recent simulations suggest
that the supermassive stars forming through this mechanism may not be as
large as originally expected: instead of reaching the previously predicted
masses, they may only grow to around ≲ 104M⊙, due to the turbulence in
the early stages of galaxy formation that disrupts the accretion flow (Regan
et al., 2020).

Another possible pathway to form intermediate or even massive seeds
involves runaway stellar mergers in young, dense, metal-poor stellar clusters.
These mergers can lead to the formation of stars with masses ranging from
∼ 200 − 103M⊙ (e.g., Portegies Zwart et al., 2004). Such large masses
can be attained through repeated collisions, especially if massive stars
can migrate to the cluster’s core, significantly increasing the collision rate
before undergoing supernova explosions (Ebisuzaki, 2003). Additionally,
scenarios involving gas-driven accretion in dense stellar-mass black hole
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clusters have been proposed as a mechanism for forming supermassive
black holes (Kroupa et al., 2020), alongside the idea that repeated mergers
between minihalos of about 105M⊙ could create favourable conditions for
SMBH formation (Katz et al., 2015). However, predicting the frequency and
likelihood of such dense clusters forming in galaxies is highly challenging.
This is primarily because it requires resolving the high resolution processes
of individual star formation and evolution, which introduces significant
uncertainties and limitation in forecasting the cosmological population of
these systems (see, e.g., Boekholt et al., 2018; Chon and Omukai, 2020;
Tagawa et al., 2020).

In the early Universe, no metals were present except traces of lithium.
This metal-poor environment supposedly created ideal conditions for matter
to accrete without significant fragmentation and form the first generation
of stars. These stars, known as Population III (Pop III) stars, are thought to
become potential progenitors of SMBH seeds. In this picture, the primary
coolant is molecular hydrogen, which is far less efficient than heavier ele-
ments. As a result, the temperature of the contracting primordial gas
remains higher than that of the metal-rich interstellar medium in the local
Universe, leading to reduced fragmentation. However, conventional models
of Pop III star formation predict stellar masses of around ∼ 100M⊙ (e.g.,
Madau and Rees, 2001; Abel et al., 2002; Bromm et al., 2002; Tan and McKee,
2004; McKee and Tan, 2008a; Hosokawa et al., 2011; Susa et al., 2014). Such
stars would only be capable of forming stellar-mass black holes, resulting in
relatively low-mass black hole seeds and making their role as SMBH seeds
implausible, even though we would expect to find a consistent number of
Pop III remnants in the large majority of galaxies.

One challenge facing models that start with light or intermediate mass
seeds is the apparent dearth of observed IMBHs in the local universe (Banik
et al., 2019; Greene et al., 2020; Volonteri et al., 2021). In addition, it is
difficult to model the IMBH seeding in a cosmological context, unless re-
quiring either sub-grid or probabilistic recipes calibrated on high-resolution
zoom-in simulations as recently studied by Bhowmick et al. (2024c,b).

1.2.2 Extreme physics and early Universe mechanisms

In this Section we briefly mention a class of formation models that have
been recently proposed and invoke exotic physics, from different flavours
of the standard dark matter paradigm to primordial fluctuation in the
early Universe. However, regardless of the appealing properties of these
mechanisms, they often rely on ad-hoc assumptions not yet observationally
constrained.

If dark matter undergoes self-interaction, then this could provide a mech-
anism for SMBH seeding via collapse of the halos themselves (e.g., Feng
et al., 2021). In fact, the presence of baryons in protogalaxies can signific-
antly speed up this gravothermal evolution, reducing the collapse timescales.
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The angular momentum in the central region of the halo can be dissipated
through viscosity resulting from the self-interactions. However, for this
scenario to produce high-redshift supermassive black holes (SMBHs), the
host halos must reside in regions of high-density fluctuations. As a result,
SMBHs formed through this mechanism are expected to be rare at high
redshifts.

Primordial BHs provide another extreme yet viable formation pathway.
They are postulated to take place in the presence of high density contrast
fluctuations and the mass of the seed equals the mass of the horizon at the
collapse time. Therefore their initial mass can span several tens of order
of magnitude, from grams up to the ten thousands of solar masses (e.g.,
García-Bellido, 2019). However, this scenario appears to be disfavoured
when requiring not to violate the total matter density (e.g., Carr and Kühnel,
2020) and by the clustering analysis of Shinohara et al. (2023).

1.3 pop iii .1 model

Despite the fact that the seeding mechanisms detailed in Section 1.2 are
not mutually exclusive, they all tend to predict too few SMBH seeds to be
consistent with the observed number density in the local Universe (Banik
et al., 2019), hence missing a significant population of SMBHs. In this
Thesis, motivated by the above considerations, we focus on a formation
mechanism based on Pop III.1 stars as the progenitors of SMBHs. These
stars represent a subclass of Population III stars, which were classified by
McKee and Tan (2008a) into two categories. Pop III.1 sources are defined as
special Pop III stars forming at the centre of dark matter (DM) minihalos in
the early universe (z ≳ 20), which are isolated from any source of stellar or
SMBH feedback (McKee and Tan, 2008b). Pop III.2 stars, on the other hand,
form in similar dark matter minihalos but are influenced by feedback from
external astrophysical sources, which favours gas fragmentation, resulting
in lower-mass stars compared to Pop III.1 stars. In semi analytical models,
Tan and McKee (2004) and McKee and Tan (2008a) showed that Pop III.1
stars can grow up to ∼ 140M⊙. Greif and Bromm (2006a) also argue similar
subdivision of Pop III stars, and present ⩾ 100M⊙ masses for Pop III.1
stars, while an order of magnitude less for the Pop III.2 stars. However,
simulations by Tan et al. (2010), based on the semi-analytical models of
McKee and Tan (2008a) and the simulations of O’Shea and Norman (2007),
indicate that the initial mass function (IMF) of Pop III stars peaks around
∼ 100M⊙, with a tail stretching to ∼ 103M⊙.

Although the upper end of this IMF includes massive stars, it still falls
short of explaining the formation of SMBHs with masses on the order of
∼ 105 M⊙. As discussed previously, explaining the observed high-redshift
quasars would require seed black holes of around 103 M⊙ to grow through
Eddington-limited accretion for their entire lifetime. However, sustaining
such high accretion rates is highly improbable, as radiative and mechanical
feedback from the Pop III.1 star would likely disrupt its surroundings and



1.3 pop iii .1 model 11

hinder the continuous growth of the black hole (O’Shea et al., 2005; Johnson
and Bromm, 2007; Milosavljević et al., 2009).

One possible physical mechanism that allows Pop III.1 protostars to grow
up to high masses, i.e., ≳ 104 M⊙, is the influence of Dark Matter Annihil-
ation (DMA) on the protostellar structure (Spolyar et al., 2008; Natarajan
et al., 2009; Freese et al., 2010; Rindler-Daller et al., 2015). The fiducial
assumption is that dark matter is composed of Weakly Interacting Massive
Particles (WIMPs), which undergo self-annihilation with a weak interaction
cross-section. If sufficient WIMPs are captured by the Pop III.1 protostar,
then its structure is altered. In particular, the protostar can remain relatively
large as it accretes to high masses, thus reducing its ionizing feedback on
its own accretion flow. This may enable the efficient accretion of a large
fraction of the entire baryonic content of the parent minihalo, i.e., ∼ 105 M⊙,
to the Pop III.1 protostar, which subsequently, within a few Myr, collapses
to a SMBH. Other minihalos are Pop III.2 sources, i.e., still metal free, but,
having been irradiated by UV radiation, have higher free electron abund-
ances leading to greater abundances of H2 and HD, higher cooling rates,
and fragmentation to lower mass, ∼ 10 M⊙, stars (Johnson and Bromm,
2006; Greif and Bromm, 2006b).

This formation scenario is a valid alternative to "standard" seeding
schemes, and has been applied in cosmological simulations in previous
works. Banik et al. (2019) first (hereafter Paper I) and Singh et al. (2023) then
(hereafter Paper II) followed the redshift evolution of SMBH seeds and host
halos down to the local Universe. In the next paragraph we review the main
results and implications of the Pop III.1 model from previous studies.

The Pop III.1 model predicts a characteristic mass of ∼ 105M⊙ for SMBH
seeds and provides an explanation for the apparent dearth of IMBHs. In
addition, the Pop III.1 model foresees that SMBHs form very early in the
universe, which suggests a theoretical explanation for the population of high-
z SMBHs without the need for sustained Eddington or super-Eddington
levels of accretion. Another prediction is that the initial spatial distribution
of SMBHs is relatively uniform, i.e., with low levels of clustering, with the
seeds separated from each other by the isolation criterion described above.
This criterion is parametrized by an isolation distance diso, expressed in
physical units, of the order of ≲ 100 kpc. The co-moving number density of
SMBHs, nSMBH, is sensitive to diso, with a value of about 100 kpc able to
explain the observed local number density of SMBHs of ∼ 5× 10−3 Mpc−3,
as shown in Fig. 1.4. The estimate at z = 0, presented in Paper I, is
based on the assumption that each galaxy with a luminosity greater than
Lmin = 0.33 L∗ hosts an SMBH. The value of diso also sets a limit on the
formation epoch of SMBHs. For diso = 50− 100 kpc, most seeds are formed
at z ∼ 30, i.e., with co-moving separations of ∼ few Mpc, and the process
is largely complete by z ∼ 25, after which nSMBH is nearly constant. This
time scale has a weak dependence on diso, with later seeding happening
for smaller diso. As a result of the initially separated distributions, in the
Pop III.1 model BH mergers only begin to occur at relatively late times, i.e.,
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Figure 1.4: Evolution of the comoving number density of SMBHs, nSMBH, as a
function of redshift. Results for the Pop III.1 models with different
isolation distances (in proper distance) are shown in coloured lines, see
labels. The dotted lines represent the total number of SMBHs that have
formed, while the solid lines show the remaining number of seeded
halos after accounting for mergers. Additionally, a sample Halo Mass
Threshold (HMT) model is depicted by the dashed green line, where
each halo with mass greater than mth = 7.1× 1010M⊙ is seeded. The
pink dashed line shows the results, extrapolated to z ∼ 0, of Chon et al.
(2016) assuming DCBH forming in a simulation. The black solid square
displays an estimate for the number density of SMBHs at z = 0 (see
text). Adapted form Singh et al. (2023).

z ≲ 1, which causes nSMBH to decrease by modest amounts ∼ 10− 20%
(Singh et al., 2023). Consequently, the SMBH number density remains fairly
constant down to the local Universe, with only a small fraction of seeds lost
in halo mergers by z = 0. Furthermore, by redshift z ∼ 0 the occupation
fraction of seeded halos saturates to unity for the most massive halos as a
function of the isolation distance diso. At redshifts z ≳ 5, this model makes
strong predictions for the number of SMBHs we expect in the early Universe
(e.g., their relative contribution to the luminosity functions), underscoring
the importance of current and future deep field observations of high redshift
AGNs. Such observations are crucial for potentially distinguishing among
different seeding mechanisms.

1.4 seeding in simulations

Numerical simulations of galaxy formation and evolution in cosmological
volumes typically have quite limited spatial resolution and struggle to
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capture the processes leading to SMBH seeding. The lack of knowledge
about the physical processes and the difficulty to treat them from first
principles further limit such numerical approaches. In addition, the real
challenge resides in simultaneously simulating a broad range of scales,
from mini-halos at z ∼ 20− 30 up to the structures we observe in the local
Universe. Thus, implemented seeding schemes are generally based on
simple threshold models. In particular, many works seed a SMBH once the
parent halo reaches a certain threshold in dark matter mass, i.e., a HMT
seeding scheme (Sijacki et al., 2007; Matteo et al., 2008). The same idea
has been used by Vogelsberger et al. (2014) within the Illustris Project in
which a SMBH of mass 1.4× 105 M⊙ is placed in each halo crossing a
mass threshold of mth = 7.1× 1010 M⊙. In the Evolution and Assembly of
GaLaxies and their Environments (EAGLE) simulations, Barber et al. (2016)
implemented a similar approach.

These simplistic mechanisms are primarily influenced by the mass res-
olution of the simulations: because the early stages of galaxy formation
cannot be resolved, seed BHs are placed in halos as soon as they are detected
with a minimum threshold of particles, and therefore neglecting their prior
assembly and accretion history.

Extending to alternative threshold models, in Horizon-AGN simulation
(with Dark Matter (DM) mass resolution of 8× 108 M⊙, Volonteri et al.,
2016) implemented lower limits for gas and stellar densities, as well as stellar
velocity dispersion, to determine if a galaxy hosts a BH, using a seed mass of
105 M⊙. Their formation was restricted to redshifts z > 1.5 and all forming
BHs had to be separated by at least 50 comoving kiloparsecs to prevent
multiple BHs from forming in the same galaxy. Similarly, the OBELISK

simulation (Trebitsch et al., 2021, based on a sub-volume of the HORIZON-AGN

simulation with mass resolution of 1.2× 106 M⊙) used a slightly lower
seed mass and applied gas and stellar density thresholds, including gas
Jeans instability, requiring an isolation of 50 kpc from other SMBHs to
prevent multiple BH formation. In another approach, the ROMULUS simulation
(Tremmel et al., 2017, particle DM mass ∼ 3× 105 M⊙) set criteria based
on metallicity limits, gas density thresholds, and a restricted temperature
range for SMBH formation, using a seed mass of 106 M⊙. Additionally,
in the Illustris Project framework, Bhowmick et al. (2022) explored various
gas-based SMBH seeding prescriptions and a range of seed masses from
around 104 to 106 M⊙, while keeping a relatively high DM resolution about
∼ 6× 106 M⊙. Moreover, in high-resolution zoom-in simulations Bhowmick
et al. (2024c,b) and Bhowmick et al. (2024a) explicitly resolved pristine and
dense gas clouds forming ∼ 103 M⊙ seeds and built a stochastic seeding
scheme that can directly set the initial seeding conditions in lower resolution
runs. Using the hydrodynamical cosmological code RAMSES , Habouzit et al.
(2016) investigated the conditions under which halos can host DCBHs over
a large range of resolutions and box sizes as a function of the illuminating
Lyman-Werner (LW) background and Supernova (SN) feedback. Under
optimistic assumptions, their SMBH number density ranges from 7× 10−7
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up to 10−4 cMpc−3, still a factor of at least ∼ 10 lower than the local
estimate.

More generally, the latest efforts in simulations have made it possible
to cover the whole range of theoretically predicted seed masses, from
102 up to 106 M⊙. Also, while a constant seed mass is more commonly
adopted, recent developments have investigated more sophisticated schemes
by considering a distribution of initial seed masses extending from light
to heavy seeds (e.g, Ni et al., 2022; Habouzit et al., 2017). In any case, the
choice of the seed mass is highly degenerate with the accretion model onto
the central engine, particularly in very massive galaxies where the BH can
grow by several orders of magnitude and lose memory of the its initial
mass by z ∼ 0. Conversely, lower mass galaxies, far more abundant than
their massive counterparts, can hide a significant population of dormant
or stunted BHs which would be informative about the initial seed mass.
However, despite the improvements in the treatment of sub-grid physics and
the implementation of zoom-in approaches, large, cosmological simulations
do not include yet a full physical model for SMBH formation (e.g., see
Di Matteo et al., 2023).

1.5 semi-analytical models of galaxy formation and evolu-
tion

A complementary approach with respect to hydrodynamical simulations is
provided by Semi-analytical Models (SAMs). SAMs are tools used to simu-
late the evolution of galaxy populations within Dark Matter Halo (DMH)s
by modelling the physical processes that drive the evolution of the baryonic
components of dark matter halos by invoking theoretically and/or obser-
vationally motivated prescriptions. We stress here that such prescriptions
(sub-grid physics) are similarly implemented in hydrodynamical simulations.
These processes encompass baryonic gas cooling and heating, star form-
ation, gas accretion onto SMBHs, and their related feedback mechanisms.
The flexibility of these models enables us to obtain predictions of galaxy
properties across cosmological volumes and allows efficient exploration of
the associated parameter space in order to study the impact of different
physical assumptions (for a review see Somerville and Davé 2015; De Lucia
2019).

On the other hand, the price to pay is the lack of a complete and detailed
treatment of the gas hydrodynamics. One limitation of the application of
SAMs to the study of the early BH seeding lies in the lack of resolution in
dark matter halo trees generated with either N-body simulation or analytical
recipes (e.g., from Press and Schechter, 1974; Lacey and Cole, 1993). In fact,
dealing with cosmological volumes significantly impacts the modelling of
BH seed formation, which depends on the local gas conditions within halos
and the DM mass resolution.
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1.5.1 Seeding in SAMs

Among the BH seeding mechanisms implemented in SAMs, Ricarte and
Natarajan (2018) used DCBHs whose mass is calculated proportionally to
the DM halo mass. Given their redshift-dependent mass resolution scheme,
this results in placing ≳ 104 M⊙ BH seeds at z ∼ 15− 20 in parent halos
of minimum mass about 5× 106 M⊙. In the Cosmic Archaeology Tool
(CAT) presented in Trinca et al. (2022), both light seeds from Pop III stars
and DCBHs are considered to study their contribution to the BH mass
function and Luminosity Function (LF) at 4 ≲ z ≲ 6. Similarly, BH seed
masses ranging from 102 up to 105 M⊙ were assigned in the DELPHI SAM

(Dayal et al., 2019) according to the probability of a halo to host a DCBH
or a stellar BH remnant. Sassano et al. (2021) seeded BHs at the centre of
galaxies based on the locally derived properties of the halo environment. In
particular, several thresholds for the illuminating Lyman-Werner flux, the
metallicity and the gas-to-dust ratio were used to determine whether the
final BH would be a light, medium or heavy seed. In the L-GALAXIES model,
Spinoso et al. (2022) studied DCBHs according to spatial variations of the
star formation in terms of chemical and radiative feedback. Additionally,
since the first mini-halos (Tvir ∼ 103 K) lie below their resolution limit
(Lbox = 100 Mpc/h), Pop III remnant seeds were placed following the
sub-grid approach of Sassano et al. (2021).

1.6 high-redshift agns and the hubble ultra deep field

Observational constraints on SMBH formation theories are clearly needed,
as they provide foundational input into galaxy formation models. The most
informative observations are likely to come from the largely uncharted epoch
prior to z ∼ 6. Known z ∼ 7.5 quasars are over 4 orders of magnitude less
abundant than galaxies (McLure et al., 2013), but these rare objects trace only
the most extreme accretion rates. Recent James Webb Space Telescope (JWST)
observations have identified impressive samples of AGN at luminosities
more consistent with ordinary (≃ L⋆) galaxies which volume densities
appear to be much larger than predicted by extrapolating the luminosity
function of bright AGNs down to fainter luminosities (Maiolino et al., 2023;
Harikane et al., 2023; Larson et al., 2023). Interestingly, unexpected Little
Red Dots (LRDs) have been identified at z > 4 (Matthee et al., 2024; Wang
et al., 2024; Kokorev et al., 2024; Inayoshi and Ichikawa, 2024; Akins et al.,
2024; Maiolino et al., 2024), with a smoothly rising red rest-frame optical
Spectral Energy Distribution (SED), blue Ultraviolet (UV) continuum and
often broad Balmer lines. While it is not clear whether the majority of LRDs
are AGNs, a substantial fraction definitely are. Moreover, with volume
densities of ≳ 10−5 cMpc−3, they are expected to significantly contribute
to the total SMBH number density and they could help us constrain SMBH
seeding mechanisms.
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However, despite recent advances, it remains immensely challenging to
obtain an accurate census of AGNs at z ≳ 6 at faint magnitudes. Hot dust
tracers (e.g., Stern et al., 2005) are shifted to the Far Infra-Red (FIR), and
X-ray and radio facilities are not sufficiently sensitive to identify individual
AGN at these distances. High ionization UV emission lines (e.g., He II λ1640,
C IV λ1550, N V λ1240) are sometimes observed in luminous targets (e.g.,
Mainali et al., 2018; Laporte et al., 2017), but they can be inconclusive, as
these lines also form in low-metallicity starbursts (Senchyna et al., 2019; Berg
et al., 2019; Saxena et al., 2020). NIRSpec has delivered deep IR spectroscopy
and several studies (e.g., Cameron et al., 2023; Boyett et al., 2024; Hu et al.,
2024) could identify AGN via line flux ratios classification (Baldwin, Phillips
and Terlevich (BPT)-like diagrams, Baldwin et al., 1981), although the
targeted approach of Micro-Shutter Array (MSA) spectroscopy are always
subject to photometric pre-selection biases and will be focused more towards
the bright end of the LF. In addition, NIRSpec surveys will face challenges
in achieving completeness at MUV ≃ −17 to −20, where galaxies are ∼ 100

times more abundant, and occupy densities that can distinguish between
SMBH seeding mechanisms.

There is one remaining observable that can identify AGNs for all z ≳ 6

galaxies: their time variability. Cohen et al. (2006), Pouliasis et al. (2019) and
O’Brien et al. (2024) have all shown the effectiveness of using photometric
monitoring with HST to identify variable sources, finding large numbers of
AGNs at intermediate luminosities, that evade other selection techniques
(X-ray, radio, IR colours).

The deepest field for which there is a long history of exquisite Hubble
Space Telescope (HST) observations is the Hubble Ultra Deep Field (HUDF)3

(Fig. 1.5). In order to probe variability to the highest redshifts, near-infrared
imaging with the Wide Field Camera 3 (WFC-3) is essential and the two
most relevant historic datasets are the HUDF09 (GO 11563, PI: Illingworth)
and HUDF12 (GO 12498, PI: Ellis) imaging campaigns. Crucially, in Hayes
et al. (2024) we recently re-imaged the HUDF with HST in the NIR with a
campaign taken in 2023 to an equivalent depth as HUDF12 in the F140W
filter (GO 17073, PI: Hayes, hereafter HUDF23), leveraging the 10 years
that have elapsed since completion of the original datasets. We found three
certain AGN and nine further candidates at 6 < z < 7, providing a new and
completely independent lower limit on the SMBH density at high redshift.
At a value of nSMBH = 8× 10−3cMpc−3, this is the largest density so far
reported at these redshifts.

This thesis aims to further investigate the Pop III.1 seeding model from
two perspectives: (i) by applying it to galaxy formation and evolution
using semi-analytic modelling extended to z = 0, and (ii) by searching for
variable AGN candidates in high-redshift observations within the HUDF.
Firstly, starting from a standard ΛCDM cosmological picture, the PINOCCHIO

3 https://esahubble.org/images/heic0611b/

https://esahubble.org/images/heic0611b/
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Figure 1.5: Deep combined stacked image of the HUDF, captured by the HST
across multiple bands between Sept. 24, 2003 and Jan. 16, 2004. This
view required over 400 Hubble orbits around the earth collecting ∼ 800

exposures. Nearly 10,000 galaxies populate this field. Credits: Beckwith
et al. (2006).
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code (Monaco et al., 2002; Munari et al., 2017) traces the evolution of cosmic
perturbations and structures based on Lagrangian Perturbation Theory (LPT)
and generates catalogues of collapsed objects (i.e. dark matter halos). These
halos are eventually seeded with SMBHs according to a specific seeding
mechanism. By following the redshift evolution of these structures, we
populate them with visible galaxies by exploiting the state-of-the-art SAM
gaea of galaxy formation and evolution (Hirschmann et al., 2016; Fontanot
et al., 2020; De Lucia et al., 2024), including accretion onto the central
SMBH. This study focuses on three key aspects of SMBHs and their host
galaxies: the population properties of seeded and unseeded galaxies, the
co-evolution of SMBHs and galaxies as a function of galaxy properties,
and the observational implications in terms of AGN activity. Secondly, we
conduct a novel variability search for AGNs in the HUDF to provide an
initial estimate of the SMBH number density in the reionization era to help
us further constrain the origin of these intriguing objects. Given the multiple
observed epochs in different filters at matched depths, and the suitable time
delays between them for studying AGN variability, the HUDF serves as an
optimal benchmark for estimating AGN activity at early epochs. This part
of the Thesis builds on the work initiated with Hayes et al. (2024), aiming to
locate credible variable sources from low to high redshift as the first step
in constraining the volume density of SMBHs via AGN variability across
cosmic time. The Thesis is structured as follows.

Chapter 2 describes the cosmological simulation used, the coupling with
the semi-analytic model and the implementation of the seeding mech-
anisms. This chapter also details the model prediction of the BH
and galaxy population properties with particular emphasis on the
BH-galaxy relations.

Chapter 3 provides preliminary estimates on the observational properties
of SMBHs visible as AGNs from the Pop III.1 model and compares
them to high redshift observation from JWST. A description of the
assumptions and physical models adopted for BH accretion and lu-
minosities is also discussed.

Chapter 4 outlines the methods used to reduce and analyse the HUDF
observations. After this the chapter also presents the first results in
terms of AGN variable candidates and the estimate of the SMBH
number density across cosmic epochs.

Chapter 5 condenses the main points of this Thesis work as well as a list
of future possibilities of further investigation.



2
G A L A X Y E V O L U T I O N A N D B L A C K H O L E G R O W T H
F R O M S E M I - A N A LY T I C A L M O D E L L I N G

Chapter 1 has introduced the milestone works of Banik et al. (2019) (Paper
I) and Singh et al. (2023) (Paper II) where they first applied the Pop III.1
seeding mechanism in a cosmological simulation down to z = 10 and z = 0,
respectively. Among other results, their analysis presents the cosmic evolu-
tion of the number density for different isolation distances, the clustering
properties of the seeded halos at several redshifts, as well as synthetic spatial
distributions of SMBHs on the sky.

In this Chapter we will introduce the simulation framework together with
the methods and the assumptions made. In particular, we model SMBH
formation in a cosmological box within the standard ΛCDM cosmogony
by exploiting halo merger trees generated with PINOCCHIO (Monaco et al.,
2002; Munari et al., 2017) to simulate the large-scale distribution of DMHs.
Subsequently, these halos are seeded according to their isolation state at the
formation time (see Paper I and Paper II). By adapting the PINOCCHIO DMH
merger tree to a suitable format and adding the modelling of subhalos, we
follow the redshift evolution of these structures and we populate them with
galaxies utilizing the state-of-the-art GAlaxy Evolution and Assembly (gaea)
SAM of galaxy formation and evolution (Hirschmann et al., 2016; Fontanot
et al., 2020; De Lucia et al., 2024). Different seeding mechanisms can be
explored in this framework, but in this study we have focused mainly on
the Pop III.1 model.

In Section 2.1, we describe in detail our new fully semi-analytical ap-
proach and the implementation of SMBH seeding and accretion. The main
results of this study, together with the possible implications, are presented in
Section 2.2. Finally we review our summary and conclusions in Section 2.3.
The whole content of this Chapter reports the results from the paper ac-
cepted for publication to the Monthly Notices of the Royal Astronomical
Society:

• Vieri Cammelli, Pierluigi Monaco, Jonathan C. Tan et al., 2024, “The
formation of supermassive black holes from Population III.1 seeds. III. Galaxy
evolution and black hole growth from semi-analytical modelling, MNRAS,
536, 851-870.”

2.1 methods

In this work, we couple DMH merger trees extracted from cosmological
simulations using the PINOCCHIO algorithm with the gaea SAM, providing

19
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predictions of the properties of galaxy populations associated with the DMH
distribution at various redshifts. Given the full semi-analytical approach,
we can explore wide ranges of physical and/or observational properties of
galaxies with flexibility in the choice of the parametrizations adopted for
the physical processes at play. In the following we give a brief description of
the PINOCCHIO runs and the gaea model. We then describe how we interface
the two codes. We design a specific code which takes the PINOCCHIO halos
as inputs, models the physical properties of main and sub halos and returns
DMH merger trees structurally equivalent to numerically derived ones.
We focus our implementation on different assumptions for SMBH seeding
mechanisms within the treatment of accretion modes onto the central black
hole already implemented in gaea (Fontanot et al., 2020).

We note here that the two key tools that we use in our approach have
been successfully tested against observational and numerical measurements:
(i) the gaea model is able to reproduce a wide range of observational results
at z = 0 and up to z ∼ 5; (ii) the high resolution realizations of halo merger
trees constructed with PINOCCHIO result from an approximate method which
has been shown to agree well with simulations down to z = 0, as shown in
the above cited papers and references therein.

In this Thesis we adopt the following nomenclature. Gravitationally
bound DM structures that are not hosted by a larger bound structure are
called halos, the galaxies lying at their centres are called central galaxies.
Halos may host smaller bound clumps of DM, we call them subhalos, and
the galaxies at their centre satellite galaxies. In a simulation, the disruption
of a subhalo may happen before the actual merger should take place, due to
limited resolution. Therefore, its associated satellite can exist for some time
after the disappearance of its subhalo; in this phase it is named an orphan
galaxy.

2.1.1 The dark matter skeleton: PINOCCHIO

PINOCCHIO (PIN-pointing Orbit Crossing-Collapsed HIerarchical Objects
Monaco et al., 2002; Munari et al., 2017) is a semi-analytical code that follows
the formation and merger history of dark matter halos in Lagrangian space,
that is the space defined by the initial positions of mass elements. One
can think of PINOCCHIO as an algorithm applied to the initial conditions of
a simulation, where the Lagrangian space is discretized into a grid and
each cell is represented by a massive particle. First, an algorithm based
on ellipsoidal collapse computes, for each particle, the time at which the
particle is deemed to reach a multi-stream region (orbit crossing). The
particles are then grouped into massive halos, whose position is estimated
using LPT. As such, this code can be seen as a halo finder in Lagrangian
space, that provides relatively accurate halo catalogues without running
a full numerical simulation. While memory requirements are still high,
so that a massive run requires a supercomputer, the computational cost is
thousands time lower than an equivalent N-body simulation.
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In this work we use the PINOCCHIO run presented in Paper II (Singh et al.,
2023) i.e., a cubic box of side 59.7 Mpc (40 h−1 Mpc with h = 0.67) with
standard Planck cosmology (Planck Collaboration, 2020), sampled with
40963 particles, for a particle mass of 1.23× 105 M⊙. The smallest resolved
halos were set at 10 particles (an acceptable value for a semi-analytical
algorithm), i.e., 1.23 × 106 M⊙. This box was processed in Paper II to
compute which mini-halos host SMBH seeds in the Pop III.1 scenario, with
fiducial seed mass assumed to be 105M⊙. Distributing such a large box on
hundreds of nodes makes it difficult to reconstruct massive halos, whose
Lagrangian size may be similar or even exceed the size of a computational
domain. As explained in Paper II, for evolution from z = 10 down to
z = 0 the box was re-run at a lower resolution (using 10243 particles) on a
single node, thus avoiding any issue in the domain decomposition. This
was achieved by first identifying the particles of the seeded halos in the
high-resolution box, and then tagging the corresponding low-resolution
particles whose Lagrangian space overlaps with the high-resolution particles’
Lagrangian space. These tagged particles correspond to the seeded halos in
the low-resolution simulation. In the low-resolution run (used in this work),
the dark matter particle mass is ∼ 5× 107M⊙, and the smallest resolved halo
is a factor of 10 more massive. PINOCCHIO is also able to produce the merger
history of dark matter halos with continuous time sampling by providing
the exact redshift for each individual merger event.

2.1.2 GAEA semi-analytical model

gaea represents an evolution of the original model published by De Lu-
cia and Blaizot (2007). In this study, we utilize the version of the model
published in Fontanot et al. (2020) (hereafter F20). The model includes: (a)
a comprehensive treatment of chemical enrichment, explicitly addressing
differential enrichment linked to Asymptotic Giant Branch (AGB) stars, Type
II SNe, and Type Ia SNe (De Lucia et al., 2014); (b) an updated approach to
stellar feedback tracing gas ejection via stellar-driven outflows (the model is
partially based on results from hydrodynamical simulations, Hirschmann
et al., 2016) coupled with a gas re-incorporation timescale dependent on
DMH mass (Henriques et al., 2015); (c) an improved model for disc sizes
(Xie et al., 2017) tracking angular momentum evolution through mass and
energy exchanges within the galaxy; (d) an update modelling for cold gas
accretion onto SMBHs (F20). This latter ingredient is relevant for this study
and will be described in more detail in the next subsection.

gaea has been shown to reproduce a wide range of observations. Fontanot
et al. (2017a) demonstrated that the evolution of the Galaxy Stellar Mass
Function (GSMF) and cosmic Star Formation Rate (SFR) obtained from gaea

are in agreement with measurements available up to z ∼ 7. Hirschmann et al.
(2016) showed that the model reproduces well the observed gas fractions
and mass-metallicity relations at z < 3, but tends to overpredict the SF
activity of low-mass galaxies at low redshift. The model we use in this study
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also nicely reproduces the fraction of quiescent galaxies as a function of
stellar mass and hierarchy at low-z (De Lucia et al., 2019). Furthermore, the
model galaxies exhibit size–mass and angular momentum–mass relations
that are in relatively good agreement with observational assessments, both
in the local Universe and at higher redshifts (Zoldan et al., 2019). In future
work we will extend our analysis to alternate recent versions of the model
including distinct treatments for the partitioning of cold gas into atomic and
molecular hydrogen (Xie et al., 2017, 2020; De Lucia et al., 2024), as well as a
model accounting for a variable stellar initial mass function (Fontanot et al.,
2017b, 2018, 2024). However, these two variations will not be considered in
the present study.

2.1.2.1 SMBH accretion and feedback

The modelling adopted in gaea for the accretion onto the SMBH is described
in detail in F20. We note here that this phenomenon is treated following two
main specific prescriptions. A first accretion channel from hot gas, known
as radio-mode, is modelled according to the implementation of Croton et al.
(2006). In this mode, the accretion rate is proportional to the mass of the BH
(MBH), to the virial velocity Vvir and to the fraction of the hot gas in the
DMH (fhot), adjusted by a free parameter kradio:

ṀR = kradio
MBH

108M⊙

fhot

0.1

(
Vvir

200 km/s

)3

. (1)

However, the more luminous AGNs arise from a second accretion mode,
traditionally termed the Quasi Stellar Object (QSO)-mode: we take advantage
of the modelling of cold gas accretion onto SMBHs presented in F20. In
particular, we refer to the model implementation defined as F06-GAEA in
F20, which is based on prescriptions first described by Fontanot et al. (2006).
The occurrence of the AGN phenomenon has been accomplished by using
a three phase approach. 1) The first phase requires that a fraction of the
cold gas available in the galaxy dissipates a substantial amount of angular
momentum and gathers in the central region, turning into a gas reservoir
available for accretion onto the BH. 2) The amount of cold gas flowing from
the reservoir towards the centre of the galaxy leads to accretion onto the
BH. 3) Ultimately, outflows induced by the AGN lead to the expulsion of a
portion of the galaxy’s gas content.

This model assumes that disc instabilities and galaxy mergers lead to an
efficient angular momentum loss and trigger QSO-mode accretion events.
Typically this loss of angular momentum results from SFR episodes in the
central regions, which inject turbulence and exert radiation drag. We assume
that, following merger events, the BH reservoir accretion rate is proportional
to the central SFR via the free parameter flowJ schematized as:

Ṁcs
rsv = flowJψcs, (2)
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with ψcs estimated via the collisional starburst prescriptions from Somerville
et al. (2001) and it equals the amount of SFR in the central regions triggered
by the merger itself. It is important to note that BHs are assumed to merge
instantaneously (no delay is assigned) once the host galaxies have merged.

For disk instabilities, the net result in gaea involves moving a fraction of
stars from the stellar disk to the stellar bulge so as to restore stability (De
Lucia et al., 2011). Since there is no star formation associated by construction,
we assume the reservoir growth rate to be proportional to the bulge grow
rate Ṁbulge. Hence:

Ṁdi
rsv = flowJµṀbulge, (3)

where the free parameters flowJ and µ (6× 10−3 and 10, respectively, as in
F20) regulate the fraction of gas accreted due to angular momentum loss.

Once the reservoir gathers gas around the central BH, accretion episodes
can be triggered. Following the viscous accretion rate derived by Granato
et al. (2004), we define the accretion onto the BH as:

ṀBH = fBH
σ3B
G

(
Mrsv

MBH

)3/2(
1+

MBH

Mrsv

)1/2

, (4)

where σB is the velocity dispersion of the bulge component, assumed to
scale linearly with Vvir as derived by Ferrarese (2002) for a sample of local
galaxies.

This prescription, once coupled with the amount of gas accumulated into
the reservoir, can induce accretion rates beyond the Eddington limit. We
limit the actual accretion rate to:

Ṁmax = 10
MBH

tedd
= 10Ṁedd, (5)

where Ṁedd is the accretion rate of a BH shining at the Eddington luminosity
with a radiative efficiency of 10%, over an Eddington-Salpeter timescale
tedd ≃ 45Myr. This upper limit is supported by both observational and
theoretical findings (see, e.g., Takeo et al., 2019; Jiang et al., 2019; Delvecchio
et al., 2020). Some theoretical models indicate that such large accretion
rates may occur via intermittent bursts, particularly at higher redshifts (e.g.,
Inayoshi et al., 2016).

F20 examined the impact of AGN activity on the host galaxy, specific-
ally focusing on its cold gas phase. AGNs are believed to influence the
surrounding medium by actively heating it, and eventually leading to the
expulsion of cold gas via galactic winds driven by the AGN. SNe explosions
combined with the radiation pressure of the AGN are assumed to promote
further accretion by compressing part of the Inter Stellar Medium (ISM)
(fcen ∼ 10−3) in the central region. This material is eventually added to
the BH reservoir (see Monaco and Fontanot, 2005). Each accretion episode
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described by Eq. (4) triggers an AGN-driven outflow, with a rate that is
modelled assuming a scaling relation with the BH accretion rate:

Ṁqw = ϵqwṀBH, (6)

where ϵqw is a free parameter whose value is 320 as reported by F20.
Note that this AGN-driven wind scaling shows results consistent with
both hydrodynamical cosmological simulations (Brennan et al., 2018) and
observational findings (Fiore et al., 2017).

2.1.3 Building the merger trees

The standard gaea runs have been defined on DMH merger trees extracted
from the Millennium Simulation suite (Springel et al., 2005). The merger
tree format adopted in gaea is organized as follows. The starting point
is a temporal sequence of snapshots, where the position and velocity of all
particles at a given time is provided. First, DM halos are identified using
a classical Friends of Friends (FoF) algorithm. Then, a second algorithm
(SUBFIND) identifies subhalos in each FoF group. Finally, the merger trees
are built by identifying unique descendants for all subhalos (see Springel
et al., 2005, for details). For each identified halo or subhalo, pointers and
physical quantities are stored at the same redshifts of the snapshots. These
merger trees are then provided to gaea as a skeleton for the galaxy formation
model.

At the resolution of the Millennium simulation, dark matter subhalos
disappear, i.e. cannot be identified anymore as distinct subhalos, at typically
large distances from the halo centre, when the merger is likely incomplete.
Since the baryons are more centrally concentrated than dark matter, this
time is presumably underestimating the time at which the hosted satellite
galaxy is expected to merge with the central galaxy. In gaea, this numerical
effect is mitigated by modelling orphan galaxies: when a subhalo is lost,
its satellite galaxy is assigned a residual merger time, estimated using
dynamical friction arguments, and its evolution is followed until it merges
with the central galaxy of the host halo. The position and velocities of
orphan galaxies are obtained by following the most bound particle of the
disrupted subhalo.

The formalism and the structure of the PINOCCHIO merger trees (see
Section 2.1.1) are substantially different compared to the numerical ones.
The outputs are provided in the form of merging histories and catalogues
of dark matter halos. The merger histories offer a continuous time sampling
that uniquely determines the evolution of every single halo along the merger
tree, providing the mass, the redshift of first appearance, the merging
redshift (if any), the halo ID and other useful pointers. The catalogues
supply, according to a time grid, the information about mass, position,
velocity and halo ID for all halos. Thus, in order to use PINOCCHIO outputs
as gaea inputs, it is necessary to adapt the merger trees to a different format,
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and add quantities that are used by gaea and not available in PINOCCHIO as
detailed in the following.

As a first step, for the existing halos, at any given time we linearly
interpolate in redshift the position, velocity and mass between the two closest
PINOCCHIO catalogues. In fact, both PINOCCHIO and gaea do not require
running on a shared, pre-defined time grid. Depending on the specific
scientific application, without re-running PINOCCHIO we can interpolate
the physical quantities available in the catalogues according to any given
snapshot list. The accuracy of such interpolation is assured by the fact that
PINOCCHIO halo positions are predicted with LPT. This allows us to run
PINOCCHIO once and then freely choose the snapshot list as input to gaea

afterwards. For the purpose of this study, given the relatively small volume,
we set twice as many snapshots as in the Millennium, equally spaced in
the logarithm of the scale factor a from redshift 127 to 0. This guarantees
the self-consistency with the gaea predictions based on the Millennium
merger trees and to concurrently increase the time sampling for a better
time resolution. At redshifts above ∼ 4 we also test a time sampling with
4 times the number of snapshots with respect to the Millennium one and
we verify that the predictions are stable and robust as one decreases the
integration time step in the semi-analytical model.

Secondly, one physical quantity required by gaea, but unavailable in
PINOCCHIO, is the maximum rotational velocity of the halo Vmax. In dark
matter N-body simulations this quantity is estimated as:

Vmax = max
(√GM(r)

r

)
. (7)

The radius r runs over all the particles bound to the halo. In PINOCCHIO

merger trees, such information is not directly available. We utilise instead:

Vmax = f(z)Vcirc, (8)

where a dimensionless factor f(z) (of the order of unity), which is a function
of redshift, multiplies the circular velocity of the halo which can be estimated
as:

Vcirc = 3
√
10GH(z)M, (9)

where H(z) is the Hubble parameter and M the mass of the halo defined
and calibrated against FoF halo masses (Monaco et al., 2002).

Finally, it is important to note that in PINOCCHIO, when two halos merge
(referred to as the accretion time), the smaller one gives its mass to the larger
one, and is removed from the halo list, meaning that it is not further updated.
This means we cannot keep track of these halos in the simulation once
they become subhalos. Therefore, we model the presence of subhalos by
assigning a survival time to each halo that is lost following a merger. This
approach integrates the merger tree with information on its subhalo, as
detailed by Berner et al. (2022) (see next Section).
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2.1.3.1 Modelling subhalos

In order to cast the above requirements into the PINOCCHIO-based approach,
we have written a translation code that models the presence of subhalos and
adds physical information to properly mimic and output Millennium-like
DMH merger trees. We use results derived from both theoretically and
numerically predicted quantities to fill the required physical information
and add the treatment of subhalos. In particular, we assign a population
of subhalos within each halo by: 1) assuming a spatial distribution for
subhalos following a Navarro-Frenk-White (NFW) density profile (Navarro
et al., 1997); 2) implementing a statistically derived distribution for the
angular momentum of subhalos based on the orbital binding energies
observed in numerical simulations (Zentner et al., 2005; Birrer et al., 2014);
and 3) assigning a subhalo survival time since accretion (Berner et al., 2022;
Boylan-Kolchin et al., 2008). Note that the NFW profile is not accurate for
subhalos in the inner regions of the DMHs, but describes well the observed
spatial distribution of galaxies (e.g., Gao et al., 2004). We opt to sample
the position of subhalos from the NFW distribution at each output time,
which means there is no correlation in their spatial position between two
consecutive snapshots. In fact, subhalo orbits and positions do not affect the
physical treatment of galaxies in the F20 version of the gaea model.

We define a total merging time of each subhalo since the merging of the
two halos (accretion time) as the sum of the survival time of dark matter
subhalos, derived from simulations, and the residual merging time of their
galaxies at the time subhalos disappear. This is supported by the fact that
in our runs of gaea, satellite and orphan galaxies are equally treated. Our
approach takes into account the two phases separately. We initially adopt a
halo survival time to shape the first part of the total merging time, practically
mimicking the satellite phase tsat. Given the merging subhalo mass msub,
the main halo mass Mmain and the orbital circularity η at merger, we
assume (with reference to Eq. (2.6) from Berner et al., 2022):

tsat = A(D)τdyn

(
Mmain
msub

)b(D)

log
(
1+ Mmain

msub

) exp(cη), (10)

where A and b are functions of the linear growth factor D(z) and c is a free
parameter. The timescale τdyn is the dynamical time at the virial radius,
which is assumed to depend on the Hubble constant H only and its value is
of the order of ∼ 0.1H−1.

Next, we add a second time calibrated by estimating the residual mer-
ging time of orphan galaxies assigned by gaea as a function of the halo
masses at the time the subhalos disappear in the Millennium simulation.
This was originally derived from the classical dynamical friction timescale
(Chandrasekhar, 1943; Binney and Tremaine, 1987), adapted to be applied
in SAMs (e.g., De Lucia and Blaizot, 2007; Boylan-Kolchin et al., 2008;
De Lucia et al., 2010), which requires inputs of the position of the subhalo
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at the time it is lost in the simulation. Since this information is not available
in PINOCCHIO, we assume a dependence only on the mass ratio between the
merging halo (msub) and the main halo (Mmain) at the accretion time. We
also attempt to factor out the dependence on the redshift by directly fitting
the ratio between the extra orphan time torph and the age of the Universe,
tage, at the accretion time. Based on the above considerations, we derive a
formula for the orphan time, given by:

torph = tagek

(
msub

Mmain

)α
log
(
1+ msub

Mmain

)β , (11)

where k, α and β are free parameters (see the next Section for the calibrated
values).

Finally, the total merging time of the satellite galaxy is the sum of the
estimated halo survival time as in Eq. (10) and the modelled extra time
for orphan galaxies given by Eq. (11)(see Appendix A). Note that while
the individual contributions from these time scales vary depending on the
mass resolution of the DMH trees, their combined total remains resolution-
independent. This is because the total merging time is determined by the
halo mass ratio and the accretion redshift. Hence, directly adding the total
merging time to newly identified subhalos ensures that the construction of
the PINOCCHIO merger trees does not depend on the DM mass resolution.

2.1.4 Calibrating the trees

As discussed in Section 2.1.3, our reference gaea realization is run on
merger trees extracted from the Millennium Simulation. This is a numerical
realization of a cosmological volume of side 500 h−1Mpc assuming the
WMAP1 lambda cold dark matter cosmology (ΩΛ = 0.75, Ωm = 0.25,
Ωb = 0.045, n = 1, σ8 = 0.9, and H0 = 73 km s−1 Mpc−1, Springel et al.,
2005). We run a PINOCCHIO box that matches the Millennium one in terms
of particle mass resolution, volume and cosmological parameters. This run
has been used to calibrate the time scales discussed in the previous section.

The different definition of halo mass between the two simulations results
in DM halo masses which are on average a factor of ∼2-3 more massive
in PINOCCHIO with respect to the Millennium (see Fig. 2.1). This difference
requires us to calibrate, at each snapshot, the PINOCCHIO Halo Mass Func-
tion (HMF) to match the Millennium one. To do so, we bin the range of
cumulative number density n between the maximum halo mass for which
we count at least ten objects and the minimum halo mass corresponding
to the resolution of the simulation (∼ 5× 108M⊙). In such an interval, we
fit both the PINOCCHIO and Millennium HMFs and we retrieve their ratio in
halo mass for any given number density. Then, we multiply the PINOCCHIO

halo mass by the correspondent correction factor. This operation provides
halos with the same mass distribution of the Millennium simulation, thus
avoiding introducing systematic bias in subsequent steps. With a similar
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Figure 2.1: HMF at redshift z = 0 from the PINOCCHIO Millennium-like box (solid
blue line) and the Millennium simulation (solid red line). Due to
the different definition of the halo mass, at z = 0 the halo masses in
PINOCCHIO are moderately higher compared to the Millennium halos.
We calibrate the PINOCCHIO HMF by using a polynomial fit of mass
difference at a given number density that is a function of the redshift
(dotted blue line).
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strategy, we calibrate the distribution of the maximum rotational velocity
of the halo, Vmax, introducing a correction factor in order to match the
distribution extracted from the Millennium main halos as a function of
redshift (see Eq. (8)). Additionally, the process of the assembly of the merger
trees involves parameters we need to adjust, specifically the ones associated
with the estimate of the merging time. For this scope, we run the gaea

semi-analytical model on the translated merger trees generated from the
PINOCCHIO box as described above. Then we aim at calibrating the para-
meters involved in the construction of the merging times tsat and torph by
reproducing the GSMF at redshift z = 0. In fact, the merging history of
galaxies plays a crucial role in the build-up of their stellar and gas mass
content, as well as shaping the cosmic Star Formation Rate Density (SFRD)
and AGN activity across the age of the Universe.

We explore different combinations of the satellite tsat and orphan torph

time scales in order to reproduce the normalization and the position of
the knee of the GSMF at z ∼ 0. In particular the total merging time of
the satellite galaxies impacts on the total number density in terms of their
relative contribution to the GSMF. Therefore, we calibrate the parameters in
Eqs. (10) and (11) by matching at the same time the GSMF of central and
satellite galaxies obtaining the following values:

A =


0.39 for D(z) > 0.8

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

0.195
(
D(z)
0.6

)2
for D(z) < 0.6

b = 1.015 ·D(z)

c = 1.3

k = 0.3

α = 0.94

β = 1.7.

(12)

Fig. 2.2 shows the result of our best estimate of the GSMF from both
populations of galaxies (upper panel). The GSMF of centrals using the
PINOCCHIO merger trees agrees well with the Millennium-based predictions
for stellar masses above few times 1010M⊙, throughout the knee until the
exponential cut-off at the high-mass end. On the other hand, satellites
show a substantial difference (a factor of up to ∼ 4) at the low mass end of
the GSMF, i.e., at masses below ∼ 1010 M⊙, even though the total gap in
the bottom panel is dominated by the central galaxies. We argue that this
difference is due to the intrinsic differences in the features of the PINOCCHIO

and Millennium simulations in the definition and construction of merger
events (orbit crossing vs FoF). As a consequence, this effect causes a dearth
of small mass halos as one approaches ∼ few 109 M⊙, explaining the gap
in the number density of galaxies. However, if one compares the total
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Figure 2.2: Upper panel: GSMF at redshift z=0 from the Millennium-like box. Dashed
(dotted) lines indicate the contribution of the central (satellite and
orphan) galaxies, respectively. While central galaxies show remark-
able agreement, PINOCCHIO low mass satellites differ by a factor of ∼ 4
in number density with respect to the Millennium ones. Lower panel:
Total GSMF at z = 0 from the Millennium-like box. The symbols show
observed data points from Panter et al. (2007), Cole et al. (2001), Bell et al.
(2003) and Pérez-González et al. (2008). This plot shows the goodness
of the calibration, especially above 1010M⊙.
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Figure 2.3: A simplified illustration of the Pop III.1 SMBH seeding scheme (see text)
showing the conditions for a star to be isolated enough to be considered
as a Pop III.1 star. Adapted from Singh et al. (2023).

GSMF combining all types of galaxies (bottom panel), the difference in the
low-mass end reduces to a factor of ∼ 2 or less. We also verify that at earlier
epochs, when the fraction of satellite galaxies is lower, the impact of the
merging time is marginal. Our GSMF reproduces the trend obtained from
the Millennium-based predictions with a better agreement compared to
z ∼ 0.

Bearing in mind these caveats, we consider the calibration resulting in the
GSMF depicted in Fig. 2.2 as being sufficiently accurate for the scope of this
work and we opt not to calibrate the gaea physical parameters keeping the
values proposed by F20 (see also Appendix B).

2.1.5 Seeding SMBHs

The primary goal of our study is to investigate the impact of the Pop
III.1 SMBH seeding scheme on galaxy and SMBH properties. This seeding
scheme is illustrated in Fig. 2.3 (for a more detailed introduction of the
seeding we refer to Banik et al., 2019; Singh et al., 2023). In the figure, three
stars, denoted as A, B, and C, reside in different halos. Among them, only A
and C evolve into Pop III.1 supermassive protostars, while B is designated
as a lower mass Pop III.2 star. This classification depends on their physical
separation from other sources at the time of their formation.

Star A, forming first, exerts its influence within a sphere of radius equal to
dfeedback, primarily driven by radiative feedback. Since this star originates
in a pristine primordial gas environment, devoid of any influence from
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neighbouring stars, it falls under the category of a Pop III.1 star. Star B,
on the other hand, forms at a distance less than dfeedback from star A,
subjecting it to the effects of feedback. Consequently, it is classified as a Pop
III.2 star (or even a Pop II star if the gas cloud it forms from is chemically
enriched). Finally, star C forms beyond the regions influenced by feedback
from stars A and B. As a result, it is are designated as another Pop III.1
source.

The physical mechanism that may allow SMBH formation is the impact of
dark matter annihilation heating on the structure of the Pop III.1 protostar
(Spolyar et al., 2008; Natarajan et al., 2009; Rindler-Daller et al., 2015).
The expected effect is to keep the protostar relatively large and cool, thus
emitting a weak flux of ionising radiation. Efficient collapse of the baryonic
content of the minihalo to the Pop III.1 protostar, i.e., yielding a mass of
∼ 105M⊙, is assumed to occur. After a few Myr of evolution, this source is
then expected to form a SMBH of similar mass. Thus the initial mass of the
SMBH seeds that we implement in the Pop III.1 scheme is MBH = 105M⊙.

The main parameter of the Pop III.1 model is the isolation distance, diso,
which is required for a minihalo to form a Pop III.1 source. Banik et al.
(2019) and Singh et al. (2023) have shown that values of diso ≃ 50 to 100 kpc
(proper distance) are sufficient to yield overall numbers of SMBHs consistent
with estimates of local number densities at z = 0. We will thus consider
values of diso = 50, 75, 100 kpc in our modelling.

We also consider two other seeding models. The first of these is the
BH seeding scheme that is implemented within gaea and described in
detail in Xie et al. (2017). Recall that this scheme has been tested at the
Millennium simulation resolution and is intended to be a sub-grid model
that is not attempting to mimic any seeding scenario. Whenever a new
DMH is resolved in the PINOCCHIO simulation, we assign it a BH mass
(MBH) scaled with the parent DMH mass (MDM):

MBH =

(
MDM

1010M⊙h−1

)1.33
1010M⊙h

−1

3× 106
, (13)

where the index of the relation is derived from Volonteri et al. (2011). We
refer to this scheme in which all halos are seeded as All Light Seeds (ALS).
Note that this is an ad-hoc model that mimics the formation of seeds from
Pop III star remnants and estimates their evolution by accretion before the
halo is resolved. Given the relatively high mass resolution of our PINOCCHIO
box (see Section 2.1.1), applying Eq. (13) to the MDM mass distribution
results in BH seed masses of the order of ∼ 101−2M⊙. This mechanism
effectively depicts a scenario where every single halo is seeded with a Pop
III remnant BH and can be considered an implementation of the standard
light-seed Pop III model described in Chapter 1. Note that this seeding
scheme has been tested previously only at the resolution of the order of the
Millennium Simulation (Xie et al., 2017). The gaea version presented in F20

and used in the model calibration described in Section 2.1.4 is based on this
latter seeding model.
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Finally, for continuity with Paper II we also consider the HMT seeding
scheme, where all halos with mass > Mthr = 7.1× 1010 M⊙ are seeded
with a 1.4× 105 M⊙ BH. This is the typical seeding scheme used in hy-
dro simulations (e.g., Vogelsberger et al., 2014), however the value of the
threshold mass is determined by the mass resolution of simulations able to
resolve galaxies in a cosmological box. The box used to obtain our results
has a much higher resolution, so this scheme can be considered as a toy
model for a seeding scheme where BH seeds appear later in the evolution
of the Universe.

2.2 results

Here we present the predicted properties of the galaxy populations based on
DMH merger trees extracted from the 40 Mpc h−1 PINOCCHIO box described
in Section 2.1.1 and translated as explained in Section 2.1.3. We evaluate the
Pop III.1 seeding model for three cases of diso = 50, 75, and 100 kpc (see
Section 2.1.5), as well as for the ALS and HMT seeding schemes. Unless
otherwise specified, we apply the accretion scheme onto the SMBH de-
scribed in Section 2.1.2.1. Throughout this work, the three cases of isolation
distance diso = 50, 75 and 100 kpc are depicted in orange, red and blue,
respectively, while the ALS and HMT models are shown in magenta and
green, respectively.

2.2.1 Occupation fractions

We examine the cosmic evolution of the fraction of galaxies that are seeded
with SMBHs, i.e., the SMBH occupation fraction, as a function of various
physical properties. In Fig. 2.4 we show the evolution of the occupation
fraction of seeded galaxies as a function of various galaxy properties from
redshift z ∼ 10 down to z ∼ 0. Different columns indicate different galaxy
quantities, from left to right: halo mass, stellar mass, hot gas mass, and SFR.
The ALS seeding scheme is by construction always identical to unity. For a
more meaningful comparison in terms of occupation fractions of SMBHs,
here we also consider the ALS case applying a cut in BH mass above 105M⊙
(hereafter depicted with the label ALS-cut).

At all epochs, the SMBH occupation fractions as a function of halo mass,
stellar mass and hot gas mass have similar behaviours across Pop III.1
seeding models. As the isolation distance decreases, the occupation fraction
rises. SMBHs tend to reside in the more massive systems, as the Pop III.1
model places them in the first locally formed mini-halos, which are more
likely to be the progenitors of the largest structures later on. While the
high-mass end occupation fraction as a function of halo mass reaches unity
for all models at redshift zero, this is not the case for the occupation fraction
as a function of stellar mass, i.e., only ∼ 60% of galaxies with highest level
of stellar mass (∼ 1012M⊙) are seeded in the diso = 100 kpc case, but rising
to about 100% in the diso = 50 kpc case. The various Pop III.1 cases show
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Figure 2.4: Occupation fraction of seeded galaxies as a function of different galaxy
properties for several redshifts. From left to right: halo mass, stellar
mass, hot gas mass and SFR. The 6 lines show different seeding mech-
anisms.
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Figure 2.5: Occupation fraction of seeded galaxies as a function of the stellar mass
at redshift zero. The 6 lines show different seeding mechanisms. In the
range of stellar masses between few in 108 and 1010 M⊙, we compare
against different observational constraints for the occupation fraction.
X-ray sources detected in local surveys pose some lower limit to the
occupation fraction as presented by Miller et al. (2015) drawn as the
yellow shaded region. In black we show the more stringent constraints
as reported by Nguyen et al. (2019) obtained from dynamical findings
in a small sample of nearby galaxies.
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occupation fractions that rise gradually for Mstar ≳ 107M⊙ to 109M⊙
as diso increases from 50 to 100 kpc. On the other hand, the HMT model
shows an occupation fraction that rises very steeply to unity for stellar
masses ≳ few× 109M⊙ across all epochs. The ALS-cut case presents a
similar shape, but shifted downward by one order of magnitude to 108M⊙
by z∼0. This reflects the fact that, when a low mass seeding scenario is
applied, the viscous accretion mode soon establishes a BH growth rate
proportional to the SFR reproducing the local scaling at the latest epochs
(Mstar ∼ 103 MBH). Therefore, applying a cut in MBH corresponds to
imposing a sharp threshold for Mstar.

Thus a key difference between the Pop III.1 models and the HMT and
ALS seeding schemes is that the Pop III.1 models have much smaller SMBH
occupation fractions at relatively high values of Mstar. This implies a
population of unseeded galaxies reaching large values of Mstar. Indeed,
in the absence of AGN feedback, these systems keep forming stars with
relatively high rates at all redshifts, which influences the SMBH occupation
fraction versus SFR, discussed below. A related consequence is that the Pop
III.1 models have a larger scatter in the Mstar −Mhalo relation, discussed
in Section 2.2.4.

When considering SMBH occupation fraction as a function of hot gas
mass, to the extent that more massive halos and/or stellar components cor-
relate with Mhot, we see similar trends. However, at intermediate redshifts
we see that there is a population of seeded galaxies with very low values of
Mhot, which are attributed to systems in which AGN feedback prevents the
build up of hot gas mass.

Fig. 2.4 also shows the evolution of the occupation fractions as a function
of SFR. At later epochs, from redshift ∼ 4 down to intermediate redshifts
(z ∼ 2), one sees how seeded galaxies, mostly residing in more massive
galaxies, tend to have larger SFR. At the same time AGN feedback begins
to influence the gas in these galaxies, leading to an efficient suppression of
star formation in massive systems. This demonstrates the effectiveness of
radio-mode AGN feedback in keeping galaxies passive. By redshift z ∼ 0 the
fraction of passive galaxies, characterized by SFRs lower than 10−3 M⊙/yr,
reaches SMBH occupation fractions of unity across all models. However, we
see that the ALS-cut scheme goes up to one for SFR around 10−3 M⊙/yr,
while it drops down to small fractions for slightly larger values of SFR. One
should keep in mind that ALS-cut does not track the whole population of
seeded galaxies, but only the ones having MBH > 10

5M⊙. As opposed to
the other models, this latter sub sample of galaxies is not exclusive in terms
of radio-mode AGN feedback since this also affects galaxies with BHs just
below the BH mass cut, contaminating the measurements of the occupation
fraction for the SFR as well as for the hot gas.

As a point of comparison with observational data, in Fig. 2.5 we illustrate
constraints for the fraction of observed local galaxies hosting a SMBH in the
range of stellar masses between few in 108 and 1010 M⊙. Observationally,
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dynamical and X-ray measurements based on local galaxies seem to agree
that at least ≳ 50% of the population in this mass range host a SMBH with
mass ∼ 104−6 M⊙ (see discussion in Greene et al., 2020). In particular,
Nguyen et al. (2019) show that out of 10 galaxies within a distance of 4

Mpc for which dynamical measurements are available, only 5 SMBHs are
detected, inferring a lower limit for the occupation fraction. Additionally,
Miller et al. (2015) advocate a lower limit of 20% with a most probable
estimate of around 70% based on the detection of X-ray sources in local
galaxies within a comparable stellar mass.

Fig. 2.5 illustrates that current observational measurements are not of
sufficient precision to discriminate between the different models. If the
quality and statistics of observational samples can be increased to reduce the
uncertainties, then the presented models could be distinguished. However,
it is interesting to note that our simulations present a better agreement in
terms of the occupation fraction when diso approaches the value of 50 kpc,
as we allow more halos to be seeded. Conversely, the 75 and 100 kpc cases
struggle to produce large enough occupation fractions while the ALS-cut
and HMT model tends to create more numerous SMBHs although still in
agreement with Miller et al. (2015). On the other hand, the ALS scenario
would be difficult to test against current observations as the totality of
galaxies in this mass range would host a BH, whose mass would span from
stellar seeds up to the SMBH regime.

2.2.2 Stellar mass function

In Fig. 2.6 we illustrate the cosmic evolution of the GSMFs evaluated for the
Pop III.1 seeding models from z ∼ 0 up to 3. For the redshift zero case, we
see that below stellar masses of approximately 3× 1010M⊙ the predicted
functions match reasonably well down to low masses of Mstar ∼ 108M⊙.
In this regime, the majority of galaxies are non-seeded, and so there is little
impact, i.e., due to AGN feedback, of varying diso. On the other hand,
reducing diso from 100 to 50 kpc has a dramatic impact at the high-mass
end of the GSMF. Specifically, while the 75 and 100 kpc models struggle to
reproduce the exponential cut-off of the GSMF above a few ×1010M⊙, the
50 kpc case is able to maintain good agreement with the observational data.
This is due to the action of AGN feedback in suppressing the build-up of
high stellar mass galaxies. We see that the ALS and HMT models, having
similar, saturated occupation fractions at high stellar masses, are also able to
reproduce the local high-mass end of the GSMF. It is worth stressing that the
agreement with observational constraints cannot be improved by a different
parameter calibration, as the lack of a central SMBH in unseeded galaxies
prevents the onset of Radio-mode feedback in the first place, and stellar
feedback alone is insufficient to reduce the number of massive galaxies
while keeping a good agreement at lower masses and using realistic loading
factors (White and Frenk, 1991).



38 host galaxies of pop iii .1 seeded smbhs

Figure 2.6: Cosmic evolution of the GSMF from redshift 0 up to 3. Solid (dashed)
lines indicate the contribution of all (seeded) galaxies, respectively. The
shaded areas depict the Poisson uncertainties in each mass bin. Results
for Pop III.1 models with 3 values of isolation distance (in proper
distance) are shown, as labelled. Observed data are in gray symbols
(Panter et al., 2007; Cole et al., 2001; Bell et al., 2003; Pérez-González
et al., 2008; Van Den Bosch et al., 2008; Bundy et al., 2005; Drory et al.,
2004; Fontana et al., 2006). As a reference, the dotted horizontal line
stands for 10 objects per mass bin in the whole volume of the box. The
GSMF tells us the isolation distance parameter that better reproduces
the observed trend, especially at the massive end. The 50 kpc case
agrees with the exponential cut off of the massive population of galaxies
from the local relation, where almost every galaxy with a stellar mass
higher than ∼ 3× 1010 M⊙ is assumed to host a SMBH, up to z ∼ 1. At
redshift 0 we compare with the HMT and ALS seeding schemes. These
two cases mostly overlap in the graph. While ALS well reproduces the
local observational trend by construction, HMT naturally seeds every
massive galaxy resulting in efficient quenching of star formation in such
systems. We use them as reference models to validate the Pop III.1
seeding at redshift z=0. The green dashed line of the HMT scheme tells
us that the fraction of seeded galaxies rises sharply up to one above
∼ 109 M⊙ as shown from Fig. 2.5.
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Figure 2.7: BHMF at redshift z ∼ 0. Solid lines indicate the contribution of different
seeding schemes. The shaded areas around the lines depict the Poisson
uncertainties in each mass bin. Observed data are taken from a sample
of local galaxies (shaded area Mutlu-Pakdil et al., 2016) and from the
unbiased corrected relation from Shankar et al. (2020) (hatched area).
As a reference, the dotted horizontal line stands for 10 objects per mass
bin in the whole volume of the box.

Moving to higher redshifts, the differences between seeded and non-
seeded galaxies become less visible in terms of average stellar mass distri-
bution, as the SMBH are not big enough to affect the evolution of the host
galaxy by means of radio-mode feedback. This also reflects in the GSMF: if
we look at the evolution of the GSMF up to redshift z ≳ 2 right at the peak
of the cosmic SFR, the different isolation distance scenarios become more
similar and all of them tend to agree with the observed data (see higher
redshift panels). This makes it more difficult to use such an observable to
discern among the seeding criteria, i.e., diso, at z ≳ 1.

2.2.3 Local black hole mass function

Here we present basic predictions for the mass distribution of the SMBH
population at z ∼ 0. As shown in Fig. 2.7, the three diso cases predict
different trends for the Black Hole Mass Function (BHMF). As a reference,
observational constraints are compared to our predictions, derived from
a sample of local galaxies (shaded area Mutlu-Pakdil et al., 2016) and
from the unbiased corrected relation from Shankar et al. (2020) (hatched
area). Overall, we see that the diso = 75 kpc case predicts number densities
of SMBHs in approximate agreement with the observational data. The
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Table 2.1: Fitting parameters and derived quantities: the slope α, the intercept
MBH,9 (at Mstar = 109M⊙), and dispersion σ are shown at z∼0. We also
report the average (geometric mean) mass of the 10 most massive BHs.

z∼0

50 kpc 75 kpc 100 kpc HMT ALS

αvh 1.38 1.71 1.69 1.37 1.29

log(MBH,9,vh[M⊙]) 4.99 4.35 4.31 5.16 5.37

σvh[dex] 0.74 0.98 0.79 0.32 0.29

αhigh 0.73 0.76 0.89 0.83 0.82

log(MBH,9,high[M⊙]) 6.08 6.05 5.97 6.06 6.19

σhigh[dex] 0.61 0.68 0.63 0.43 0.40

αlow 0.63 0.61 0.56 1.29 0.80

log(MBH,9,low[M⊙]) 6.19 6.20 6.19 6.18 6.32

σlow[dex] 0.50 0.43 0.40 0.50 0.51

log(MBH,max10[M⊙]) 8.99 9.26 9.23 8.62 8.65

diso = 100 kpc case falls slightly below the observed values, while the
diso = 50 kpc case is slightly higher.

In the high mass end, we see that both the HMT and ALS models do not
produce as many very high mass SMBHs as the Pop III.1 models. We expect
this is due to a combination of factors: 1) competition between SMBHs for
available gas mass; 2) a greater degree of AGN radio-mode feedback, due
to larger occupation fractions, which reduces the amount of gas available
for SMBH accretion. Conversely, the HMT and ALS models predict the
presence of much larger populations of lower-mass SMBHs. In particular,
the ALS model, which invokes seeds down to stellar mass scales, predicts a
large population of IMBHs.

2.2.4 The MBH −Mstar relation

Here we consider the relation between central SMBH mass and galactic
stellar mass for the different models of SMBH seeding. Recall that, as
described above, these results are based on the fiducial SMBH growth
model adopted by F20. The scatter plots in Fig. 2.8 show the populations of
seeded galaxies for the various seeding schemes (columns) at redshift zero
(bottom row), with high redshift results shown in the other rows.

2.2.4.1 Redshift zero results

Focusing first on the local results, we see a general trend of more massive
black holes being found in galaxies with larger stellar masses. Since the
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Figure 2.8: Scatter plot of the evolution of the MBH −Mstar relation at several
redshifts. Different columns represent various seeding schemes. At
redshift z ∼ 0 we compare our predictions for our seeded galaxies
with several best fits from local observations: dynamical measurements
from KH+13, including massive bulge-dominated quiescent galaxies,
while R+15 use a different mass-to-light ratio, plus an extended sample
combining local early- and late-type galaxies by Greene et al. (2020)
(hereafter G+20). At z ∼ 2, we report the R+15 fit for reference. Moving
upward, the high-z rows show the comparison with recent results from
the JFAINT sample: in Pacucci et al. (2023), they directly fit the data in
the redshift range z ∼ 4− 7 while Li et al. (2024) estimate an unbiased
fit taking into account the uncertainties on the mass measurements and
selection effects. Shaded regions illustrate the intrinsic scatter at 1-sigma
according to each relation. Coloured symbols show faint AGNs taken
from Maiolino et al. (2023), Harikane et al. (2023), Übler et al. (2023)
and Kocevski et al. (2023) and reported according to their redshifts. In
the top row, results at z ∼ 10 are shown against the single data point
(GN-z11) from Maiolino et al. (2024).
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Figure 2.9: Power law fits to the MBH −Mstar relation at z ∼ 0. Dotted lines depict
local fits with associated dispersion (shaded areas). The indices α are
shown in the legend. Solid lines indicate the fit results to the median
SMBH masses (data points with dispersion) in several stellar mass bins
for different seeding models. The stellar mass range covered by the
solid lines corresponds to the fitted interval.
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Figure 2.10: Power law fits to the MBH −Mstar relation at z ∼ 5. Dashed lines
depict fits to the JFAINT data with associated dispersion (shaded
areas). For reference, we also show the dotted line reporting the R+15

fit. The indices α are shown in the legend. (a) Upper panel: Solid lines
indicate the fit results to the median SMBH masses (data points with
dispersion) in several stellar mass bins for different seeding models.
The stellar mass range covered by the lines corresponds to the fitted
interval in the global range. (b) Lower panel: As (a), but the fits extend
over the low-mass range.
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Table 2.2: Fitting parameters and derived quantities: the slope α, the intercept
MBH,9 (at Mstar = 109M⊙), and dispersion σ are shown at z∼5. We also
report the average (geometric mean) mass of the 10 most massive BHs.

z∼5

50 kpc 75 kpc 100 kpc HMT ALS

αhigh 0.75 - - 0.83 0.78

log(MBH,9,high[M⊙]) 6.08 - - 6.13 6.19

σhigh[dex] 0.46 - - 0.39 0.36

αlow 0.65 0.60 0.58 0.96 1.04

log(MBH,9,low[M⊙]) 6.07 6.02 6.01 6.13 6.23

σlow[dex] 0.39 0.38 0.35 0.49 0.58

log(MBH,max10[M⊙]) 6.75 6.65 6.56 6.91 6.93

Pop III.1 model assumes seed masses of 105M⊙, we see a flattening of
the MBH −Mstar relation to this level as one goes to lower mass galaxies.
This feature is not seen in the HMT model since requiring a threshold halo
mass of 7× 1010M⊙ naturally imposes an effective threshold on Mstar for
seeded galaxies. This feature is also not seen in the ALS seeding scheme,
since the seed masses in this model are much smaller than 105M⊙.

In general, the MBH −Mstar relation can be approximated as a power
law, especially if one restricts to limited ranges in stellar mass. We thus fit
the following function to the distributions:

MBH =MBH,9

(
Mstar

109M⊙

)α

(14)

and consider a stellar mass of 109M⊙ as fiducial scale at which to divide
low-mass and high-mass galactic systems. However, we set a lower limit of
Mstar = 108M⊙, which is designed to make the metrics of the low-mass
case easier to compare to observed systems. We also consider a very high-
mass range at Mstar > 10

11M⊙. We carry out power law fits to the binned
median values of MBH, i.e., giving equal weight to the different bins of
Mstar, which are distributed evenly in logarithm and spaced every ∼0.33

dex. We require at least 5 sources in a given bin to include it in the fit.
Every median value is then weighted with its corresponding standard error,
which in the least populated high-mass bins is about 0.3 dex. We report
the maximum range of the black hole distribution via a metric MBH,max10,
which is the geometric mean mass of the ten most massive black holes in the
simulation domain of ∼ (60Mpc)3. We also measure the dispersion, σ about
each best-fit power law MBH −Mstar relation, averaging the dispersions in
each mass bin equally. The redshift zero results for α, MBH,9 and σ for the
low-, high- and very high-mass cases, as well as MBH,max10, are reported
in Table 2.1 for the various seeding schemes. These power law fits are also
plotted in Fig. 2.9.
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For galaxies with Mstar < 10
9M⊙, the properties of the best fit power

law show that the Pop III.1 models have the most shallow power law indices,
i.e., αlow ≃ 0.6, with the diso = 100 kpc case having the shallowest index of
0.56. In comparison, the HMT model has αlow ≃ 1.3, while the ALS model
has αlow ≃ 0.8. On the other hand the amplitude of the power law fits,
as measured by MBH,9, show very little variation (≲ 0.1 dex) between the
models. The dispersion about the power law is similar among the models at
0.5 dex, except for the two larger diso cases where it drops at 0.4 dex for the
100 kpc model. This trend in the Pop III.1 models results from the fact that
for smaller values of diso, a broader variety of halos is seeded, leading to a
wider range of growth and star formation histories that then lead to greater
scatter in the MBH −Mstar relation.

In the high-mass regime, with Mstar > 10
9M⊙, the processes leading to

black hole growth and star formation result in an MBH −Mstar relation that
is relatively similar between the different seeding schemes, so it becomes
harder to distinguish the models from the statistics of their MBH −Mstar

relations. Nevertheless, from the results shown in Table 2.1 we notice that,
in contrast to the low-mass regime, the Pop III.1 models have systematically
higher values of dispersion about their best-fit power laws, i.e., σhigh ≃ 0.7,
while the HMT model has σhigh ≃ 0.5 and the ALS model 0.4. Similar
conclusions can be drawn for the very high-mass regime. We expect that
this is caused by the Pop III.1 models having quite large volumes that are
prevented from forming seeds, i.e., via the isolation distance criteria, and
these volumes can contain relatively massive halos that form galaxies with
relatively high Mstar that either never host a SMBH (see the comparatively
low occupation fractions in Fig. 2.5 of the Pop III.1 models) or gain a
relatively low-mass SMBH from later merger with a smaller halo/galaxy.

We also notice that at the highest masses there is evidence for steepening
of the power law behaviour of the MBH −Mstar relation. This is most
noticeable for the Pop III.1 models, which tend to have a greater number of
more massive SMBHs (see Fig. 2.7). After inspecting the accretion histories
of some example cases, we attribute this as being due to reduced impact of
AGN feedback in the Pop III.1 models given their overall smaller numbers
of SMBHs. Indeed, AGN feedback processes act as regulators of the cold
gas content in galaxies, by heating their cold gas component and displacing
it to the hot phase. This implies that unseeded galaxies in Pop III.1 models
tend to accumulate larger cold gas reservoirs with respect to seeded ones.
Therefore, when these galaxies became satellites in massive haloes and
merge with a central seeded galaxies, they provide more cold gas available
for accretion onto the central SMBH with respect to seeded galaxies (see
§2.1.2.1), thus enhancing the final BH mass achieved compared to the HMT
and ALS cases.

To quantify these differences, we refer to the power law fits for the
very high-mass regime (see Table 2.1). In the top panel of Fig. 2.9 we see
that for larger values of diso Pop III.1 models show a steeper slope up
to ∼1.7 for the 100 and 75 kpc cases, while other seeding criteria present
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comparable shallower trends with power law indexes of about 1.3-1.4. This
is a direct consequence of the already mentioned competition effect on the
BH accretion (e.g., see also the BHMF in Fig. 2.7). In terms of scatter, we
observe larger values in this stellar mass regime for the Pop III.1 model.

Related to the very-high mass regime of the MBH−Mstar relation, we see
that MBH,max10 is higher in the Pop III.1 models, i.e., 1− 2× 109M⊙, than
in the HMT or ALS models, where it is ≲ 5× 108M⊙. We again attribute
this to reduced competition for gas in the Pop III.1 models due to smaller
overall numbers of SMBHs. Also, the increased number of BH mergers in
HMT and especially in ALS is not significant for the overall growth of the
central SMBH, as the majority of mergers can contribute only up to a few
percent of the total mass. Recall that the extra seeds in this two schemes are
likely to happen in relatively low-mass halos since the most massive ones
are seeded in all the scenarios.

We compare our z = 0 results to various observational constraints (see
Fig. 2.9). In particular, we consider the empirical MBH −Mstar relations
obtained from: 1) the MBH −Mbulge relation from Kormendy and Ho
(2013) (hereafter KH+13), who use dynamical measurements of massive
bulge-dominated quiescent galaxies and who find an intrinsic scatter about
the relation of about 0.3 dex; 2) the Reines and Volonteri (2015) (hereafter
R+15) relation, which fits the same MBH −Mstar data set of KH+13, but
with an updated mass-to-light ratio, resulting in a lower normalization; 3)
the Greene et al. (2020) (hereafter G+20) relation, which considers low-mass
(∼ 105 M⊙) SMBHs and their host galaxies. We note that the inclusion of
low-mass objects in the G+20 fit down to stellar masses of ∼ 109M⊙ causes
the sample to be sparse and potentially biased for stellar masses below
1010M⊙, where the number of objects measured via dynamical methods is
small. We note also that low-mass and faint SMBHs are more likely to be
missed in observational surveys, potentially biasing the derived relations
(e.g., Shankar et al., 2020).

In the range of measured stellar masses from ∼ 109 M⊙ up to 1012 M⊙,
all theoretical predictions show agreement within the 1-sigma bands of the
observational fits provided by R+15 and by the sample used in G+20. As
discussed above, the largest differences between the theoretical models in
this regime are in the very high-mass regime, so this may be a promising
area for future, more detailed observational tests.

In the low-mass regime, i.e., ≲ 109 M⊙, there are larger differences
between the models. As discussed the Pop III.1 models have shallower
indices and higher amplitudes than the HMT and ALS models, and these
appear to be less in agreement with the R+15 and G+20 observational results.
However, as mentioned the data are relatively sparse in this regime and
potentially subject significant systematic uncertainties and observational
biases. From the theoretical point of view the precise amplitude and power
law index is also sensitive to choice of a single seed mass of 105 M⊙. Still,
since the models show greatest differences in this regime, we consider that
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improving the observational constraints at these lower values of Mstar is a
high priority.

2.2.4.2 High-redshift results

Moving to higher redshifts, in the first five rows of Fig. 2.8 we show the
evolution of the MBH −Mstar relation of the simulated seeded galaxies
from z ∼ 10 down to z ∼ 2. To guide the eye, the light green dashed line
shows the local relation from R+15. Table 2.2 reports power law fit results
for the z ∼ 5 sample.

As we proceed to higher redshift, the most obvious feature is that there
are relatively few massive galaxies and associated highest-mass SMBHs. To
help quantify this trend, Table 2.2 reports the results for logMBH,max10 for
the different seeding schemes at z ∼ 5. We see that log(M̄BH,max10 ≃ 7 for
most of the models, dropping to 6.56 for the Pop III.1 model with diso = 100

kpc. This is likely to reflect the fact that this case has the fewest SMBHs
and so a reduced sampling of the relatively rare conditions that lead to the
strongest growth. In the high-mass regime, the diso = 75 and 100 kpc cases
do not form sufficient SMBHs for us to measure the MBH −Mstar relation.
For the other seeding schemes, we see quite similar power law fits, but with
the Pop III.1 diso = 50 kpc case having moderately higher dispersion. In
the low-mass regime, as at z = 0, we see significantly shallower indices in
the Pop III.1 models (αlow ≃ 0.6) compared to the HMT and ALS models
(αlow ≃ 1.0). Furthermore, the Pop III.1 models have smaller dispersions
than the HMT and ALS cases. Among the different Pop III.1 models, the
effect of varying the isolation distance diso is relatively hard to distinguish
from the MBH −Mstar relation fits.

Considering the evolution with redshift, among the various seeding
schemes, the HMT is the one showing the largest evolution from z ∼ 10

down to 4 as the process of seeding halos with SMBHs starts relatively late
(i.e., z ∼ 10, see Paper II). In the ALS seeding model, the BH seeds grow
relatively fast and by z ≳ 7 they have already caught up with the SMBH
populations formed from heavy seeds. This is due to the combination of
the viscous accretion mode onto the BH and the small seed mass. In fact,
seeding with stellar mass BHs allows these objects to accrete several times
their own mass as the BH accretion rate goes up to 10 times the Eddington
limit and they keep accumulating mass until they become massive enough
to self regulate their own growth primarily via AGN radio-mode feedback
(see also Fig. 2.11).

In Fig. 2.8 we also compare the theoretical models with recent results
obtained from deep JWST galaxy surveys where it has been possible to
find very faint AGNs otherwise undetected with other facilities (hereafter
JFAINT sample). Due to the relatively small volume of our PINOCCHIO box
(∼ 60 : cMpc per side; see Section 2.1.1), caution is required when comparing
these theoretical results with the full JFAINT sample, which is derived from
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surveys covering larger volumes. In particular, larger simulation volumes
are required to make comparison with the rarest, very luminous quasars.

Focusing on redshifts 4 to 7, we plot data from Maiolino et al. (2023)
(twelve low-luminosity AGNs), Harikane et al. (2023) (ten objects), Kocevski
et al. (2023) (2 objects) and Übler et al. (2023) (1 object). This JFAINT
sample includes sources available from different surveys, specifically from
the CEERS (Finkelstein et al., 2023), JADES (Eisenstein et al., 2023) and ERO
(Pontoppidan et al., 2022) programs. In the z ∼10 row we report the single
data point (GN-z11) from Maiolino et al. (2024). Except for GN-z11 which
displays narrow Balmer lines, it is worth noting that the JFAINT sample
has been selected by looking for the broad component of the Hα and Hβ
lines by means of NIRspec requiring a specific threshold for the Full Width
Half Maximum (FWHM). Additionally, BH masses are measured using a
relation connecting the BH mass to the FWHM of the broad line, mainly
Hα, calibrated locally using the decomposition of the broad and narrow
components of the emission lines (see Maiolino et al., 2024; Harikane et al.,
2023). Stellar masses are instead typically estimated via SED fitting, which
carries significant uncertainties to corrections related to dust attenuation,
assumptions about metallicity, and AGN contribution.

This sample of JWST-detected AGNs has been used to estimate theMBH−

Mstar at earlier epochs. Pacucci et al. (2023) (P+23) performed a direct fit of
the JFAINT data in order to derive the intrinsic MBH −Mstar relation at a
mean redshift of ∼ 5 (golden solid line), concluding that high-z SMBHs tend
to be overmassive by a factor of 10-100 with respect to the local relation. This
interpretation implies that, even with very massive seeds, super-Eddington
accretion episodes are required to frequently occur at high redshift. More
recently, Li et al. (2024) (Li+24) have presented a study of the same sample
of objects as in P+23 including a detailed analysis of the possible biases.
In fact, uncertainties due the measurement of both BH and stellar mass
and selection effects caused by flux-limited detection may lead to biased
conclusions towards an overmassive population of BHs and their host
galaxies. According to these authors, the observed data can be explained
by assuming that the intrinsic MBH −Mstar relation is more similar to the
local one (e.g., of KH+13). Their result, shown by the black line, suggests
that local and high-z relations behave in a similar way, where the JFAINT
sample is an extremely biased selection towards the most luminous objects.

Our predicted BH masses are, on average, lower by one order of mag-
nitude in BH mass with respect to the most massive BHs in the JFAINT
sample (with mean redshift ≃ 5.2), while we can reach reasonably high
stellar masses by redshift ∼ 5. Our MBH −Mstar relations do not match the
P+23 fit, while showing a much better agreement with the estimate of Li+24.
If the P+23 results are confirmed as a robust estimate for the true high-z
MBH −Mstar relation, there are two possible arguments that can explain
the lack of very massive BHs in our model predictions. On the one hand the
accretion scheme onto the central BH used in this study was calibrated by
F20 in the gaea framework to match AGN bolometric luminosity functions
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up to redshift ∼ 4. The fact that our realizations do not recover such high
BH masses may be connected with the physics implemented in the growth
model driven by gas momentum loss and viscous accretion, which sets
the timescale of the accretion rate being inversely proportional to the BH
mass as in Eq. (4). However, at higher redshift cold gas accretion may be
expected to be a more continuous process (e.g., Inayoshi et al., 2016) that
does not need trigger events such as galaxy mergers and/or disc instabilities
to happen. If true, this could lead SMBHs to grow on shorter timescales
and/or at higher efficiencies than we have so far implemented (see the
discussion in Section 2.1.2.1).

Additionally, the limited size of our PINOCCHIO box also limits our ability
to sample extreme, rare objects that undergo the fastest, most efficient
accretion. This volume effect is particularly evident by looking at the top
row at z ∼ 10, where only single objects can occasionally match the GN-z11

data point within its error bars. We note that our simulated volume is at
least a factor of 10 smaller than those probed by the JADES and CEERS
programs.

Furthermore, the measurements of BH masses using local calibrations
may be significantly biased upward (by up to one order of magnitude), as
suggested recently by Abuter et al. (2024). Other considerations are that
for the Pop III.1 and HMT models we seed galaxies with a delta function
distribution of BH mass at 105 M⊙. More realistically, we would include
a range of masses with dispersion, and this would enhance the chance to
obtain a few, larger SMBH masses.

2.2.5 Eddington ratios

Here we examine the distribution of Eddington ratios, λedd, that are present
in our modelled SMBH populations. Figs. 2.11 and 2.12 show in different
formats the distribution of λedd across different seeding models as a function
of redshift. The solid lines in Fig. 2.11 show the median λedd of the different
models, with shaded areas being the 1σ dispersion as a function of redshift.
Fig. 2.12 shows the normalized histograms of λedd in ten redshift bins. For
Pop III.1 models, the distributions, including median values, of λedd are
relatively similar. We do notice that, especially at higher redshifts, the cases
with larger diso have a higher proportion of higher accretion rate SMBHs.
Comparing high and low redshifts, at higher redshifts the SMBHs tend to
have higher accretion rates, with a median λedd of ∼ 10−3 to 10−2 down
to z ∼ 1 for diso = 75 and 100 kpc cases and z ∼ 2 for diso = 50 kpc.
After this, SMBHs start to self-regulate their growth via AGN feedback.
This decreases the available gas which in turn lowers the average accretion
to λedd ∼ 10−4 by z ∼0. However, the histograms in Fig. 2.12 show that
the SMBHs have a tail towards accretions close to the Eddington limit (or
even super-Eddington), which would manifest as luminous AGN, including
quasars.
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Figure 2.11: Medians (in log scale, solid lines) of the Eddington ratio λedd as a
function of redshift for the different seeding mechanisms. Shaded
areas denote the 1-sigma dispersion of the distributions.

On the other hand, the HMT and ALS models exhibit different distribu-
tions of λedd. In the case of HMT, the BH seeds appear at lower redshift
(z ∼ 10) in already massive halos where a substantial amount of gas available
for accretion has gathered during its previous history. At this point, the
central BHs are able to accrete efficiently resulting in λedd of about an order
of magnitude larger than in the Pop III.1 models. However, below z ∼ 3 the
HMT BHs tend to align with the behaviour of the Pop III.1 populations.

For the ALS model, the BH seeds are significantly lower in mass than the
other seeding models considered in this study. This explains the fact that
down to z ∼ 8 the large majority of BHs are accreting at super-Eddington
rates (limited at 10 times as a basic model assumption). In fact, in the
viscous accretion prescription the accretion rate is proportional to the ratio
between the BH gas reservoir and the BH mass. Until the ALS BHs reach
the supermassive regime, this ratio takes values much larger with respect
to the other models, explaining the trends observed in Figs. 2.12 and 2.11.
At lower redshifts, these systems tend to run out of gas available for BH
accretion, as all halos are seeded (e.g., see the BHMF in Fig. 2.7). We note
that by z ∼ 2 and down to the local Universe, all the models have generally
similar distributions, although the ALS model retains an excess of very high,
super-Eddington accretors, mostly being low- and intermediate-mass BHs.
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Figure 2.12: Normalized histograms (in log scale) of the Eddington ratio λedd for
in different redshift bins as a function of the seeding mechanism. The
spacing in redshift bins corresponds to a linear spacing in the logarithm
of the scale factor a.
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2.3 summary & conclusions

In this Chapter we have introduced a novel semi-analytical approach that
accounts for different SMBH seeding scenarios within theoretical models
of galaxy formation and evolution. It utilizes merger trees generated by
the PINOCCHIO code for dark matter halos, extends them by incorporating
subhalos, and then applies the gaea semi-analytical model to populate these
halos with observable galaxies. This approach allows us to investigate a
wide range of galaxy properties by adjusting various parameters governing
galaxy formation without expensive N-body and/or hydrodynamical simu-
lations. The evolution of subhalos and their merging with the main halos is
implemented via physically motivated models that have been calibrated on
simulations.

We first adapted the structure of PINOCCHIO merger trees to the Millen-
nium simulation format by adding information about the subhalos. We
assume a spatial distribution for subhalos following a Navarro-Frenk-White
density profile (NFW, Navarro et al., 1997), statistical prescriptions for
the angular momentum (Zentner et al., 2005; Birrer et al., 2014) and a
subhalo survival time since accretion (Berner et al., 2022; Boylan-Kolchin
et al., 2008). This ensures that the gaea model will be able to run on
PINOCCHIO-generated halo merger trees. We calibrated this method on a
Millennium-like PINOCCHIO box making sure that we fed the semi-analytical
model with a consistent halo mass function. By anchoring the calibration
to the local observed GSMF, we estimated a total survival time for satellite
galaxies, which is tuned to reproduce the exponential cut-off of the high-
mass end of the predicted GSMF at z ∼ 0. This approach makes it possible
to apply our fully semi-analytical pipeline to a variety of scientific cases
beyond the scope of the presented implementation.

We have primarily focused on the impact of implementing different
mechanisms for seeding SMBHs, especially focusing on the Pop III.1 model,
which postulates a new mechanism for the formation of all SMBHs. We have
investigated three values of the isolation distance that is needed for a given
minihalo to be a Pop III.1 source. For comparison, we have examined the
HMT used by the Illustris-TNG simulations in which every halo exceeding
a mass of 7.1× 1010 M⊙ is seeded with a BH of mass 1.4× 105 M⊙. As
another example case, we also considered predictions for the standard
seeding scheme implemented in gaea based on ALS. Here, the initial mass
of the BH seed scales with the initial halo mass, resulting in light seeds of
the order of stellar mass BHs.

Within our framework, we have explored the implications of this set of
seeding models when applied to cosmological volumes in a galaxy formation
and evolution framework down to low redshifts. Unlike other astrophysical
models, the Pop III.1 scenario presents the earliest and least clustered
distribution of seeds, affording relatively longer periods of time for black
hole growth via accretion, reducing the need for sustained modes of super-
Eddington accretion.
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A list of our main findings follows:

• SMBH occupation fractions: for the Pop III.1 models, SMBH seeds
are predominantly abundant in massive galaxies, with the occupation
fraction increasing as diso decreases. By z ∼ 0, the occupation fraction
reaches unity for halo masses above 1013 M⊙ across all models. AGN
feedback significantly influences the thermal state of the gas and
the SFR, quenching seeded galaxies by z ∼ 0. The observational
measurements of the occupation fraction in the local Universe as
a function of stellar mass suggest that diso < 75 kpc. In contrast,
the HMT and ALS schemes produce too many BHs in systems with
Mstar ∼ 109−10 M⊙.

• Local GSMF: the AGN radio-mode feedback affects the shape of the
GSMF by decreasing the SFR in massive galaxies, if hosting a SMBH,
and causing the exponential cut-off at the high-mass end. At z ∼ 0,
the low-mass end of the GSMFs obtained from Pop III.1 models is
generally similar to the predictions of the HMT and ALS models and
with the observations, as in this regime the number densities are
regulated by SN feedback. Above few ×1013 M⊙, smaller isolation
distances are favoured to reproduce the quenching of the majority of
massive galaxies, consistent with diso ≲ 75 kpc scenarios.

• Local BHMF: the slope of the BHMF at low SMBH masses is found to
be a crucial way to distinguish different seeding models. Our favoured
cases with diso < 75 kpc match the high-mass end of the BHMF and is
in reasonable agreement with estimates at the low-mass end. However,
it should be noted that the observational constraints are relatively
uncertain in this regime and many lower-mass SMBHs may be missed
in current surveys.

• Local MBH −Mstar relation: the predicted MBH −Mstar relations at
redshift zero show some differences between the models. The main
differences are a trend for the Pop III.1 models to have modestly
steeper indices in the very high-mass regime, i.e., with Mstar >

1011 M⊙. Larger differences are present in the low-mass regime,
i.e., with Mstar < 10

9M⊙, which reflects the imprint of the assumed
mass scale of the seeds, i.e., MBH = 105M⊙. We note that so far we
have made very simple assumptions for this seed mass. We also note
that the observational data in the regime are subject to significant
uncertainties due to the difficulty of obtaining a complete census of
SMBHs in this regime.

• High-z MBH −Mstar relation: at high redshifts, comparison of the
model MBH −Mstar relations with observational constraints derived
from JWST-detected AGN candidates remains open to debate as the
probed ranges of BH and stellar masses are likely biased upward by
the most luminous objects and not well sampled by the limited volume
of the simulation considered in this study.
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• SMBH accretion rates: the distribution of λedd suggests that, within
the viscous accretion model for the BHs adopted in gaea, massive
seeds do not grow very efficiently in their early phases, while light
seeds tend to accrete at the maximum rate allowed (i.e., 10 times
Eddington).

• Constraining diso: all three local, z ∼ 0 metrics of occupation fraction
as a function of the galaxy stellar mass, galaxy GSMF, and BHMF sug-
gest a constraint of diso < 75 kpc. Such a value places a constraint on
physical models for the isolation distance, e.g., due to photoionization
from the Pop III.1 source.

Expanding on this final point, a reference scale for radiative feedback from
the Pop III.1 sources themselves is the radius of the Strömgren sphere of a
supermassive, ∼ 105M⊙ protostar, which may have a final phase of evolution
that involves being on or close to the Zero Age Main Sequence (ZAMS) for
several Myr. Such a star is expected to have a H-ionizing photon luminosity
of S ∼ 1053 H-ionizing photons per second and to heat its HII region to
temperatures of T ∼ 30, 000K. Then, the radius of the HII region adopting a
mean intergalactic medium density is

rHII = 59.6S
1/3
53 T

0.27
3e4

(
nH

nH,z=30

)−2/3

kpc, (15)

where S53 ≡ S/(1053 s−1), T3e4 ≡ T/(3× 104 K), and nH,z=30 is the mean
number density of H nuclei in the Inter Galactic Medium (IGM) at z = 30.
We note that this mean density scales as (1+ z)3, so by z = 20, the mean
density drops by a factor of 0.310, which would increase rHII by a factor
of 2.18. We also note that the actual size of the HII region may be limited
by R-type expansion, with the timescale to establish ionization equilibrium
being longer than 10 Myr. This would tend to make the size of the HII
region somewhat smaller than the estimate given in Eq. (15). In spite of
these uncertainties, we consider the close correspondence of this ionization
feedback scale with the constraint on diso < 75 kpc derived from our semi-
analytical modelling of galaxy evolution and SMBH growth to indicate
that this feedback process may well play an important role in setting the
conditions for Pop III.1 supermassive star and SMBH formation, with the
regions affected by the HII regions forming lower-mass Pop III.2 stars
(Johnson and Bromm, 2006; Greif and Bromm, 2006b) (see Chapter 1).
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The JWST, launched at the end of 2021, has paved the way toward uncharted
territories in the field of early AGN activity. Its scientific discoveries are
already challenging our understanding of the high redshift Universe (≳ 4)
and pushing the limit beyond any expectation. The telescope’s unparalleled
Infra-Red (IR) spectral sensitivity and imaging resolution have led the very
first detection of a population of fainter (MUV ∼ −17) AGNs and their host
galaxies, featuring broad Balmer lines with FWHM ≳ 1000km/s at 4 < z < 7
(Harikane et al., 2023; Maiolino et al., 2023; Kocevski et al., 2023; Matthee
et al., 2024; Kocevski et al., 2024; Greene et al., 2024). Although the broad
emission lines are generally believed to originate from the broad-line regions
of the AGN, supported by the detection of a broad component of Balmer
lines, the nature of these lines remains a subject of debate. Nonetheless,
in this context, we will refer to these objects as AGNs. Among them,
even more recent JWST observation have unveiled a significant population
of sources, typically exhibiting a blue UV excess, red optical slope and
relatively compact morphology. These objects are known as LRDs (e.g.,
Matthee et al., 2024; Kokorev et al., 2024; Greene et al., 2024; Kocevski et al.,
2024; Akins et al., 2024).

The presence of AGNs in these objects, if further confirmed, would have
a dramatic impact on early galaxy formation and evolution, the study of
SMBH seeding schemes as well as on their role in the reionization of the
Universe. Recent claims indicate that the estimated space density of JWST-
detected AGNs could be as large as 102 − 103 times the extrapolated faint
end of the quasar luminosity function (Maiolino et al., 2023; Harikane et al.,
2023; Kocevski et al., 2024). Assuming an escape fraction consistent with
bright quasars, they could well become key actors in the overall ionizing
budget and contribute to a significant fraction of the reionization process
(e.g., Giallongo et al., 2015; Finkelstein et al., 2019; Giallongo et al., 2019;
Boutsia et al., 2021; Grazian et al., 2022; Madau et al., 2024). Hence, the
standard picture in which star forming galaxies are the primary sources
responsible for the reionization (e.g., Robertson et al., 2015), may have to be
revised.

However, this population of AGNs reveals rather peculiar and unique
hallmarks. Most notably, they often go undetected in the X-ray surveys,
contrary to expectations for typical AGNs (for instance, in terms of the
ratio between Hα and X-ray luminosity). Even in stacked X-ray images of
71 JWST-detected AGNs between 2 < z < 11, Maiolino et al. (2024) found
no detection in Chandra observation, despite the BHs being significantly
overmassive with respect to the host galaxy stellar masses when compared

55
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to local scaling relations (e.g., R+15). In parallel, other studies have ventured
the idea that the observed broad emission could arise from different pro-
cesses. For instance, the intense emission and extreme compactness of LRDs
could be explained via SED fitting of starburst galaxies (Pérez-González
et al., 2024). Moreover, multi-epoch monitoring of relatively massive AGNs
(∼ 108M⊙) has shown no variability over time scales longer than typically
associated with an accreting SMBH of this mass (Kokubo and Harikane,
2024). Viable alternative options offered by this study span from fast out-
flows to Raman scattering of the UV stellar continuum in order to explain
the broad emission. These various interpretations underscore the urgent
need for further investigation into these peculiar yet widespread objects.

In this Chapter we delve into the observational properties of our modelled
SMBHs and we focus our predictions on the latest results in the observa-
tional landscape, particularly within the latest JWST findings. The aim of
this study is to test the Pop III.1 seeding model detailed in Chapter 1 and
applied in galaxy formation and evolution models as presented in Chapter 2.
Using this scheme, we utilize the model proposed by Cammelli et al. (2024)
to make predictions on physical and observable quantities of AGNs, such as
BH masses, AGN luminosity functions and Eddington ratios, at z > 4 and
test whether it is possible to put some constraints on the possible SMBH
seeding scenario. In particular we compare with data from recent works
reporting a sample of faint AGNs detected with JWST.

In Section 3.1, we describe the methods and assumptions to estimate
the properties of our SMBHs visible as AGNs. The main results and the
comparison with the observed data are presented in Section 3.2, while
Sections 3.3 and 3.4 summarize the results and discuss possible tensions
and viable interpretations of such comparisons. The preliminary results of
this Chapter will be presented in the future paper:

• Vieri Cammelli, Jonathan C. Tan, Pierluigi Monaco et al., in prep.,
“The formation of supermassive black holes from Population III.1 seeds. IV.
Observational implications for early SMBH populations in the JWST era.”

3.1 methods

Here we extend the approach introduced in the previous Chapter and
published in Cammelli et al. (2024) to predictions of observational properties
of SMBH populations at high redshift. We will consider the seeding schemes
outlined in Section 2.1.5.

3.1.1 Inferring the AGN properties

Basic AGN properties are inferred or derived directly from the outputs
of the gaea model coupled with the PINOCCHIO merger trees. In fact, BH
masses and accretion rates onto the central BH are calculated on-the-fly
within the algorithm and provided in the output. Note that the BH accretion
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rate is derived according to Eq. 4. Instead, bolometric luminosities Lbol are
calculated from the accretion rate ṀBH following the approach of F20. For
radiative efficient AGNs, meaning Eddington ratios λedd larger than 0.1, we
have:

Lbol =
ϵrad

1− ϵrad
ṀBHc

2, (16)

where c is the speed of light and ϵrad is the radiative efficiency, here
assumed equal to 15%. For less efficient AGNs, defining Ledd as the Ed-
dington luminosity, we consider (see Churazov et al., 2005; Hirschmann
et al., 2014):

Lbol = 10Leddλ
2
edd. (17)

Moreover, numerical simulations suggest that very low, Radio-mode,
accreting BHs result in highly inefficient systems, with ϵrad as low as 2%
(e.g., Sądowski and Gaspari, 2017). In the following, we do not attempt
to model any dust obscuration correction to the intrinsic luminosity of
the AGNs. Finally, in order to compare our predictions to observational
constraints in the intrinsic UV band, we adopt bolometric corrections from
Shen et al. (2020):

Lbol
LUV

= c1

( Lbol
1010L⊙

)k1

+ c2

( Lbol
1010L⊙

)k2

, (18)

where c1 = 1.862, k1 = −0.361, c2 = 4.87 and k2 = −0.063. Conversely, for
the stellar emission coming from the host galaxies, gaea already outputs
a list of magnitudes in several pre-selected bands, including the UV. At-
tenuated magnitudes are also available and calculated within the model as
detailed in De Lucia and Blaizot (2007) by means of a combined approach
which accounts for both the homogeneous ISM component and the molecu-
lar clouds around newly formed stars (Devriendt et al., 1999; Charlot and
Fall, 2000).

3.2 results

In the previous Chapter, we presented the MBH −Mstar relation at various
redshifts, comparing it against JWST observations in the range 4 < z < 7,
particularly from Maiolino et al. (2023), Harikane et al. (2023), Übler et al.
(2023), and Kocevski et al. (2023). Despite the significant uncertainties in
these observational measurements, it is important to note that our estimated
BH masses are, on average, about one order of magnitude lower than those
of JWST-detected faint AGNs at a given stellar mass, and they remain
consistent with local scaling relations. We now turn to a comparison of the
model Ultraviolet Luminosity Function (UVLF)s with several observational
constraints. The UVLF is often employed as a key metric for evaluating
our understanding of the physical processes occurring within galaxies and
AGNs from a simulation perspective. Both star formation and AGNs exhibit
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significant emission in the UV, and specific characteristics of the SED in
this band can serve to disentangle between of the star formation rate and
BH accretion rate. As a result, the UVLF reflects the overall activity within
AGNs and their host galaxies.

Figures 3.1 and 3.2 show the evolution of the predicted UVLFs as a
function of redshift (4 < z < 9) for different seeding schemes. As in
Chapter 2, we maintain the same nomenclature and colour coding: orange,
red, and blue represent the Pop III.1 model at different isolation distances
diso of 50, 75, and 100 kpc, respectively; green indicates the HMT scheme;
and magenta denotes the ALS scenario. The grey dotted horizontal lines
indicate a value corresponding to 10 objects per magnitude bin across the
entire volume of the box, serving as a conservative sampling limit for our
simulations. The orange solid line represents the composite UVLF from the
Pop III.1 model at 50 kpc in a dust-free scenario, meaning no attenuation
has been applied to the stellar emission. The 75 and 100 kpc cases are not
shown, as their composite UVLFs coincide with that of the 50 kpc model,
making them indistinguishable at this scale. This overlap results from the
limited volume of our simulation box, which extends the model predictions
primarily within the galaxy dominated regime of the UVLF (e.g., Finkelstein
and Bagley, 2022). Consequently, variations in the diso seeding distance,
which influence SMBH abundances, have minimal impact on the composite
UVLF. The orange shaded area indicates the possible range due to dust
attenuation in the intrinsic stellar emission in the UV band, with the lower
limit corresponding to the fiducial attenuation law described in Section 3.1.
We also report the total (composite) UVLF for the HMT and ALS schemes as
a green and a magenta solid line, respectively. Note that the total luminosity
of the single objects is calculated by adding up both the AGN and host
galaxy luminosity. Notably, all models exhibit only mild evolution of total
UVLFs with redshift and generally reproduce the observational estimates
reasonably well. It is important to recall that the model parameters have
been calibrated to match local and lower redshift (z ≲ 4) scaling relations
and galaxy property distributions, including UVLFs (see Section 2.1). Thus,
our estimated UVLFs constitute genuine predictions of the model.

The UVLFs of AGNs are instead shown in dotted lines. In order to
count active SMBHs, in the AGN UVLF we select seeded galaxies with
an Eddington ratio λEdd > 0.1. The relative contribution of AGNs to the
total UVLF — i.e., the AGN UVLF — varies significantly depending on
the seeding scheme. Focusing on the Pop III.1 models, they shows the
expected trend observed in the previous Chapter regarding the SMBH
occupation fractions as a function of various galaxy properties. As diso

decreases, a greater fraction of halos meets the isolation criterion, leading to
an increasing number of halos — and consequently, galaxies — being seeded
with SMBHs. At fainter magnitudes (around MUV ∼ −17), the AGN UVLF
more than doubles on average between the 100 kpc and 50 kpc cases across
all redshifts. Similarly to the trend observed in the GSMF, we find that as
we examine larger luminosities (and thus larger masses), the AGN UVLFs
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Figure 3.1: Cosmic evolution of the UV luminosity function at redshift from ∼4 up
to ∼6 for different seeding cases, as labelled. Solid lines indicate model
predictions of the composite total contribution from stellar and AGN
emission by all galaxies with no dust attenuation. Dashed lines show the
same total contribution from active (λEdd > 0.1) seeded galaxies only (i.e.
the AGN UVLF). The shaded area depicts the uncertainty due to dust
attenuation at such early epochs, where lower limit represent the total
dust obscuration as assumed by gaea (see text). Several observations
for galaxies, AGNs and composite UVLFs are shown, according to the
legend.
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Figure 3.2: Same as Fig. 3.1 in the redshift range z ∼ 7− 9.
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tend to converge towards a similar value. The most luminous galaxies,
residing in the most massive halos, are seeded consistently, regardless of
diso. The predictions for the ALS also show a mild evolution over the
considered redshift range, with an average fraction of AGNs across different
magnitudes of ∼ 0.5. In contrast, the HMT model exhibits a different
evolution for the AGN UVLF. This scheme seeds halos based on a threshold
criterion, resulting in a rapid increase in the number density of SMBHs
below a certain redshift, which is determined by the mass threshold. For the
values considered here for the HMT scheme, the majority of seeds appear
between redshifts 10 and 3. Consequently, the trend in AGN UVLF reflects
this behaviour: at z ∼ 9, only a few luminous objects are seeded, contributing
marginally to the overall UVLF. As we move to lower redshifts, the fraction
of seeded AGNs quickly approaches unity, already reaching this level at
z ∼ 7 for the most luminous sources. By z ∼ 4, almost the entirety of the
UVLF brighter than MUV ∼ −20 is dominated by AGNs.

For a comparison with observational data, in Fig. 3.1 we compile obser-
vational constraints for galaxy, AGN and composite UVLFs from several
studies 1. The latest JWST derived AGN UVLFs are depicted as diamonds 2.
It is noteworthy that the Pop III.1 predictions align relatively well with the
UVLFs derived from Harikane et al. (2023) and Maiolino et al. (2023) within
the redshift range of 4 ≲ z ≲ 7, both in terms of slope and normalization.
This model would naturally predict the large abundance of high redshift
faint AGNs witnessed by JWST. In contrast, at the high-luminosity end, the
HMT scheme generates a larger number of AGNs, exhibiting a much flatter
slope compared to the Pop III.1 model and the observed UVLFs, while
showing a decline at fainter magnitudes. The ALS seeding scenario predicts
on average systematically larger values with respect to the observation, even
though they marginally lie within the uncertainties. However, it would be
hard to explain an AGN fraction of about 0.5 extending all the way to the
faintest objects, e.g. the significant impact that AGNs would have on the
reionization of the Universe, even though latest observations claim a non
negligible contribution from AGNs (see the introduction to this Chapter).

3.2.1 Comparison with JWST-derived properties

In the previous Section, we showed that the comparison with the UVLFs
based on UV magnitudes detected by JWST shows a remarkably strong
agreement for the Pop III.1 model in terms of both shape and normalization.

1 Pre-JWST data are from Akiyama et al. (2018), Parsa et al. (2018), Labbe et al. (2023), Harikane
et al. (2022), Adams et al. (2020), Stevans et al. (2018), Ono et al. (2018), Finkelstein et al.
(2015), Bouwens et al. (2021), van der Burg et al. (2010), Giallongo et al. (2019), Niida et al.
(2020), Kim et al. (2020), Shin et al. (2020), Matsuoka et al. (2018), Kashikawa et al. (2015),
Onoue et al. (2017), Pelló et al. (2018), Bowler et al. (2015), Fujimoto et al. (2022), Bowler et al.
(2017), Schenker et al. (2013), Ishigaki et al. (2018), McLure et al. (2013), McLeod et al. (2016),
Rojas-Ruiz et al. (2020), Morishita et al. (2018) and Stefanon et al. (2019)

2 JWST observational data are from Harikane et al. (2023), Maiolino et al. (2023), Kocevski
et al. (2023) and Matthee et al. (2023)
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This finding encourages further exploration of this comparison. Specifically,
Harikane et al. (2023) and Maiolino et al. (2023) provide estimates for
bolometric luminosities and BH masses for these proposed faint AGNs. As
discussed at the beginning of this Chapter, these measurements are based
on the broad emission of Balmer lines, particularly Hα. The measured line
fluxes are used to derive line luminosities, which are then converted into
bolometric luminosities through a bolometric correction. Additionally, the
mass of the BH can be inferred by assuming a relationship which depends
on the luminosity and the FWHM of the Hα line (see next Section). It is
important to note that these relationships, calibrated at z ∼ 0, are assumed
to remain valid within the redshift range examined in the surveys. These
estimates can be directly compared to the corresponding properties derived
from gaea, as detailed in Section 3.1.

In Fig. 3.3 we focus on the comparison between the estimated bolometric
luminosities Lbol and BH masses MBH as from Harikane et al. (2023) and
Maiolino et al. (2023) against 2 specific realizations of our seeding schemes:
the Pop III.1 model with diso = 75 kpc (top panel) and the HMT scheme
(bottom panel). Given the range of luminosities, BH masses and UVLFs, we
consider that these two realizations are representative and informative about
the comparison. As the average redshift of the JWST sources is about ∼ 5.2,
we compare with model predictions at a similar redshift ∼ 5. In both panels,
we see that our model predictions fail to reproduce the bulk of the JWST data
points. The Pop III.1 model produces on average bolometric luminosities
and BH masses that are at most ≳ 1 order of magnitude lower than the
observational constraints. In the bottom panel, the HMT scheme shows
similar results in terms of the most extreme objects, although its overall
distribution indicates a higher level of activity compared to the Pop III.1
model. This is consistent with the distribution of Eddington ratios described
in Figures 2.11 and 2.12. However, as discussed in the previous Section,
the HMT model tends to slightly overpredict the AGN UVLFs at z ∼ 5 (see
Fig 3.1) while the Pop III.1 scenario aligns well with the observational data.

This denotes a complex picture: although the Pop III.1 model reproduces
the AGN UVLFs for the faint JWST-detected AGNs, and the HMT case even
overpredicts them, both scenarios fail to match the quantities estimated
from JWST Hα broad emission measurements. It is important to note that,
while this may partly arise from the limited volume of our simulation box
— preventing access to larger luminosities and BH masses — the apparent
inconsistency with AGN UVLFs would persist. In fact, observationally,
the estimated BH masses and bolometric luminosities as well as the AGN
UVLFs are derived from the same set of objects. Conversely, if using similar
assumptions as above, running our simulations on a larger box would
indeed recover more massive and luminous BHs; however, they would
appear at brighter magnitudes in AGN UVLFs compared to the observed
data. In the following section, we explore this apparent tension further and
propose potential issues.



3.2 results 63

Figure 3.3: Bolometric luminosities as a function of the BH masses. Coloured
diamonds show estimates from Harikane et al. (2023) and Maiolino et al.
(2023) with an average redshift of ∼ 5.2. Top panel: Black points represent
model predictions for the Pop III.1 model with diso = 75 kpc at redshift
z ∼ 5. Bottom panel: same as the top panel for the HMT seeding scheme.
Dotted gray straight lines denote the bolometric luminosity relative to
the Eddington limit for several fractions, from 1 down to 0.01, for a
given BH mass. This comparison indicate that our simulated SMBH fail
to mimic the activity and the mass of SMBHs as inferred by the Hα line
detected in JWST sources.
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3.3 discussion

Before discussing the inconsistencies between our predictions and JWST-
derived data, it is important to first review the potential sources of uncer-
tainty that may affect the observational estimates. The AGN UVLFs, as
described by Harikane et al. (2023) and Maiolino et al. (2023), are calculated
by applying a multiplication factor to the galaxy UVLF, which accounts
for the fraction of AGNs identified in the survey based on redshift and
magnitude bins. While it seems reasonable to assume that the AGN UVLF
behaves similarly to the galaxy UVLF in this magnitude range, this assump-
tion may introduce systematic biases. Furthermore, the number of detected
AGNs in these surveys is highly sensitive to the selection criteria used (e.g.,
Hα FWHM, signal-to-noise ratios, and the FWHM of forbidden lines). Even
small variations in these criteria can lead to significant differences in the
number of AGNs identified.

On the other hand, estimates of BH masses and bolometric luminosities
rely on locally calibrated relations, which may not be applicable at higher
redshifts. Recent work by Abuter et al. (2024) suggests that using relations
calibrated at z ∼ 0 may overestimate BH masses by a factor of 3-4, or
even up to 10. Similarly, bolometric corrections at high redshifts may
behave differently, especially given the unique properties of these AGNs, as
discussed in the introduction of this chapter.

The arguments presented suggest that significant uncertainties may be
influencing the results, and caution should be exercised when interpreting
them. Nevertheless, we treat these estimates as direct values and propose an
alternative perspective on the conclusions drawn by Harikane et al. (2023)
and Maiolino et al. (2023). As noted earlier, we are unable to simultaneously
reconcile the AGN UVLFs with the inferred BH masses and/or bolometric
luminosities. Specifically, while we can reproduce the AGN UVLF, the
resulting BH masses are significantly lower by up to ≳ 1 order of magnitude.
Moreover, our BH accretion rates are a fraction of the Eddington rate
(see Fig. 2.12), and we envisage no peculiarities there. To address these
discrepancies, provided that BH masses and bolometric luminosities are
estimated accurately, Harikane et al. (2023) proposed that a high extinction
of Av ∼ 4 magnitudes in the UV band could be assumed to explain the
reported trend in the UV luminosity function. However, this would result
in a bolometric AGN LF that might conflict with reasonable extrapolations
from lower redshifts, potentially exceeding current constraints on the quasar
bolometric LF at z ∼ 3 (e.g., Fiore et al., 2012; Ueda et al., 2014).

This sample of AGNs detected by JWST was initially selected using NIR-
Cam imaging, which enabled measurements of MUV. The targets were then
followed up with NIRSpec to obtain spectroscopic redshifts and detailed
spectra. While the NIRCam observations rely on straightforward photo-
metry of the sources, the NIRSpec data require spectral line fitting and
decomposition to separate the AGN emission from that of the host galaxy.
Although the spectral information provides crucial insights into the nature
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of the emission — whether originating from stars or the AGN — it may
be subject to systematic errors, particularly when the spectrum is poorly
resolved, and the derived quantities depend heavily on strong assumptions,
as previously discussed.

As a key test to address potential caveats, we calculate black hole masses
and bolometric luminosities directly from the UV magnitude (MUV), de-
riving first the bolometric luminosity and then the Hα luminosity. For
bolometric corrections, we adopt again those from Shen et al. (2020) in
Eq. (18) and the methods described by Harikane et al. (2023) and Maiolino
et al. (2023). The black hole masses are estimated in terms of the width
FWHMHα

and the luminosity LHα
of the broad component of the Hα:

log
(MBH

M⊙

)
= C+α log

( LHα

1042 erg/s

)
+β log

(FWHMHα

103 km/s

)
, (19)

where the values of the normalization factor C and the exponents α and β
vary according to Harikane et al. (2023) (C = 6.30, α = 0.55 and β = 2.06)
and Maiolino et al. (2023) (C = 6.60, α = 0.47 and β = 2.06) and reference
therein. For the FWHMHα

, we use the measurements reported in these
works. In our estimates, we do not attempt to fully deblend the AGN
component from the host galaxy’s light. Instead, as a first approximation,
we assume that the entire UV radiation observed in MUV comes from the
AGN, meaning that our estimated values should be considered upper limits
for both the bolometric luminosities and the black hole masses.

In Fig. 3.4 we show the results of our measurements of bolometric lu-
minosities (top panel) and BH masses (bottom panel) for the sample of
AGNs detailed above. For bolometric luminosities, our MUV -inferred val-
ues, despite being treated as upper limits, are typically ≳ 1− 2 dex smaller
than those derived from the Hα luminosity, with only a few objects dis-
playing consistent Lbol. The bottom panel shows the estimated BH masses
via the two different methods. Similar to the bolometric luminosities, the
MUV-inferred masses tend to be smaller, by up to one order of magnitude,
though the discrepancy with the Hα-derived estimates is less pronounced
compared to the bolometric luminosities. This difference is partly due to the
fact that BH mass estimates from Eq. (19) depend on bolometric luminosity,
via Hα luminosity, raised to the power of β, which is typically calibrated to
be around 0.5 at z ∼ 0.

As a consistency check, we also attempt to compare our MUV -inferred
masses and luminosities from the sample of Harikane et al. (2023) and
Maiolino et al. (2023) against model predictions as in Fig. 3.3. Fig. 3.5 shows
the comparison with the synthetic data based on the Pop III.1 model with
diso of 75 kpc. For the MUV-inferred estimates, we find that the tension with
the predicted AGN UVLFs, previously highlighted in Fig. 3.1, is partially
alleviated. Our model predictions now successfully capture the majority of
the JWST-observed sample, particularly for the most luminous and massive
objects.
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(a)

(b)

Figure 3.4: Top panel: upper limits for bolometric luminosities estimated from MUV

against Hα-inferred measurements as from Harikane et al. (2023) and
Maiolino et al. (2023). Bottom panel: same as in the top panel but for BH
mass estimates.
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Figure 3.5: Bolometric luminosities as a function of the BH masses. Similarly to
Fig 3.3, coloured empty diamonds show estimates from Harikane et al.
(2023) and Maiolino et al. (2023) now derived from their UV magnitude
MUV as explained in the text. Black points display model predictions
for the Pop III.1 model with diso = 75 kpc at redshift z ∼ 5. This
comparison indicates that our simulated SMBH partially reproduce the
activity and the mass of SMBHs as inferred by the MUV detected in
JWST sources.
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Given these results, we consider that it will be crucial to further investigate
the apparent tension between observed data and predicted quantities. Our
model predictions can only partially align with the observational results, as
shown in Section 3.2. We recall here that model predictions are based on
basic and widely used assumptions (see Section 3.1) and we do not envisage
systematic issues dramatically affecting the model estimates. A potential
caveat lies in the limited observational sample, likely under-representative
of the broader SMBHs population at these epochs (e.g., Li et al., 2024) and
potentially representing the rarest and most luminous objects. Aside the
discrepancies between our predictions of bolometric luminosities and BH
masses and the AGN UVLFs, we notice a potential inconsistency within the
JWST-derived data themselves. Our revised observational estimates contrast
with the values reported in literature. Even under the assumption that
AGN activity dominates the UV emission in these objects, i.e. effectively
providing upper limits for the derived AGN properties, our MUV-inferred
estimates lie typically well below those inferred from Hα estimates (see
Fig. 3.4).

3.4 conclusions

In this Chapter we utilise the semi-analytical approach introduced in
Chapter 2 to make predictions of observable quantities of SMBHs in terms
of AGN properties. We focus our effort in comparing model predictions
of AGN physical properties against observational constraints, such as BH
masses, bolometric luminosities and UVLFs . We collect forecasts from the
different SMBH seeding scenarios as detailed in Section 2.1.5 in the redshift
range from 4 < z < 9, with particular emphasis on z ≲ 7 where recent
results from JWST observational campaigns are available. Our aim is to test
whether the comparison with high redshift observational data can help in
disentangling different SMBH formation mechanisms, including the Pop
III.1 model. Given the large uncertainties and apparent inconsistencies in
the JWST estimated properties, we also attempt to re-derive upper limit
measurements and discuss possible issues.

Our main results include:

• UVLFs: the total combined UVLFs show strong agreement with ob-
served data, particularly at the brightest magnitudes, within the un-
certainties of dust attenuation. Across all SMBH seeding models, the
UVLFs exhibit mild cosmic evolution up to z ∼ 9, with no significant
dependence on the seeding scheme. The Pop III.1 model accurately
reproduces AGN UVLFs for faint AGNs detected by JWST, while the
HMT model tends to overestimate them, especially for MUV ≲ −20.

• BH Masses and Bolometric Luminosities: while the Pop III.1 model
aligns with the AGN UVLFs observed by JWST, it fails to match the
data for BH masses and bolometric luminosities, with differences
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up to ∼ 1− 2 orders of magnitude. The HMT model shows similar
discrepancies, despite its overprediction of the bright-end AGN UVLF.

• Revised BH Mass and Luminosity Estimates: to address this inconsist-
ency, we revisited the methods used to derive bolometric luminosities
and BH masses in the literature. Instead of using Balmer line fluxes
and FWHMs, we calculated upper limits based on the assumption that
the UV emission is entirely AGN-driven. These UV-based estimates
differ significantly from the Hα-derived values, with the latter exceed-
ing our upper-limit estimates for both bolometric luminosities and BH
masses.

• Partial Reconciliation with Model Predictions: comparing model
predictions withMUV-derived estimates partially resolves the observed
tension, but highlights the need for future observations to address
potential sources of systematic errors. These may include issues with
bolometric corrections, scaling relations for BH mass estimates, and
line flux/FWHM measurements.

• Further Investigation Required: current observational constraints are
insufficient to distinguish between different SMBH formation models.
Additional analysis is needed to reduce uncertainties and resolve key
inconsistencies between model predictions and observational data.





4
A S E A R C H F O R S M B H S V I A VA R I A B I L I T Y A C R O S S
C O S M I C T I M E

The previous Chapters have highlighted the pressing need for observational
constraints on SMBH formation theories. The search for AGNs in the early
Universe is driven by several key factors. Each AGN detected guarantees the
presence of at least one SMBH, providing a lower limit on the abundance
of SMBHs. Accurately measuring their abundance is essential for testing
competing SMBH formation theories (e.g., Rees, 1978; Volonteri, 2010; Banik
et al., 2019; Inayoshi et al., 2020; Singh et al., 2023; Hayes et al., 2024). The
observed number density of SMBHs, along with their inferred seeding mech-
anisms, serves as a crucial empirical input for galaxy formation simulations,
where AGN play a fundamental role in regulating galaxy evolution, lumin-
osity functions, star formation quenching, and other critical processes. The
most valuable insights are expected to emerge from the largely unexplored
epoch before z ∼ 6. Recently, thanks to the groundbreaking capabilities of
the JWST launched in 2021, numerous studies have reported the detection
of AGNs during the reionization period (e.g., Harikane et al., 2023; Matthee
et al., 2023; Greene et al., 2023; Maiolino et al., 2023; Bogdán et al., 2024;
Kokorev et al., 2024). However, to meaningfully differentiate between com-
peting formation theories, studies must be able to constrain the comoving
density of SMBHs down to levels of 1 per 103 Mpc3, corresponding to host
galaxies with luminosities significantly below the characteristic luminosity
L∗ (Banik et al., 2019).

In this Chapter we introduce what we consider may be a crucial dia-
gnostic that can independently identify AGN across cosmic time and dif-
ferent galaxy populations, namely time variability. Specifically we address
this task by re-imaging the historic deep HST fields, the HUDF, thereby
studying variability in the faintest galaxies, at the volume densities needed
to discriminate between SMBH seeding scenarios. In Hayes et al. (2024)
(hereafter H24) we report first results from the detailed study of variability
between different epochs. The main result of H24 is the report of three
high-z, i.e., between z = 6− 7, AGN candidates identified via variability
and implication of these results for nSMBH ≳ 7× 10−3 cMpc−3 and thus
possibly constraining SMBH seeding models. Here we present the full
variability analysis of the HUDF09 (GO 11563, PI: Illingworth), HUDF12

(GO 12498, PI: Ellis) and HUDF23 (GO 17073, PI: Hayes) data sets, including
detection of AGN at various thresholds of significance and over the full
redshift range of the source population.

In Section 4.1, we describe the observational campaigns and the meth-
odology applied in the data reduction as well as the analysis to select

71
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Table 4.1: Observing epochs and times.

Year Filters Orbits GO# / PI

2008-9 F105W 24 11563 / Illingworth

F160W 53

2012 F105W 72 12498 / Ellis

F140W 30

F160W 26

2023 F140W 30 17073 / Hayes

This table lists the observing epochs, filters
used, orbits, and the corresponding GO num-
bers and PIs.

variable candidates for AGNs. The main results are presented in Section 4.2,
while Section 4.3 discusses variability as a method to seek SMBHs. The
implications in the landscape of SMBH seeding formation mechanisms are
summarized in Section 4.4. The results presented in this Chapter will be
part of the future paper:

• Vieri Cammelli, Jonathan C. Tan, Matthew J. Hayes, Richard S. Ellis,
Pierluigi Monaco et al., in prep., “Glimmers in the Cosmic Dawn. II. A
census of supermassive black holes via photometric variability across cosmic
time.”

4.1 datasets and methods

In this Section we present the observational datasets and the methodology
used in this study, following a similar approach to H24, with particular
emphasis on the search for variable objects.

4.1.1 Observations & data reduction

To enhance our sensitivity to high-redshift variable AGN, we targeted the
HUDF due to its provision of samples with the highest comoving volume
density. This field was initially observed in the optical with Advanced
Camera for Surveys (ACS) (Beckwith et al., 2006), followed by key Near
Infra-Red (NIR) mode observations with WFC-3/IR during 2008-2009 under
HUDF09, capturing images in three filters (F105W, F125W, and F160W) over
192 orbits. In 2012, the field was re-imaged under HUDF12, significantly
deepening the F105W and F160W exposures and adding a fourth filter,
F140W, to search for Lyman break galaxies at z ∼ 8.

To search for photometric variability across all sources within the HUDF
IR footprint, we re-imaged the field in September 2023 using the F140W
filter, replicating the centre, field orientation, and depth (30 orbits) of the
HUDF12 observation. We processed the F140W image with the calwfc3
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pipeline and astrodrizzle (STSCI Development Team, 2012) software, using
High-Level Science Products (HLSP) from the Mikulski Archive for Space
Telescopes (MAST) as reference images. Additionally, we re-processed the
F140W image from the UDF12 campaign to confirm our methods align with
the depth of the HLSP image. Concurrently, we independently re-processed
the F105W and F160W images from the 2009 and 2012 epochs to search for
variable sources over the shorter, earlier time baseline. This setup enables
variability searches across three epochs: the period from 2009 to 2012 is
covered by the F105W and F160W filters, while the span from 2012 to 2023

is sampled by the F140W filter alone (see Table 4.1 for details).

4.1.2 Photometry

For a given filter and time baseline, we run Source Extractor (Bertin and
Arnouts, 1996) on both epochs. We use an rms map based on the weight
map produced by astrodrizzle for each filter, which is itself an inverse
variance image based on the input exposures that contributed to each pixel.
For each detection, Source Extractor outputs the geometric properties of
the detection ellipse, specifically World Coordinate System (WCS) and pixel
coordinates, and photometric properties of the detected object, namely the
flux, the magnitude and their respective errors estimated accordingly.

Rather than using Source Extractor in the standard single mode, we opt
for the dual mode approach. In single mode, both source extraction and
photometry are performed on the same input image. However, dual mode
allows for source detection and aperture determination using one image
(the detection image), while photometric measurements are made on a second
image (the photometry image). In contrast to H24, where we implement the
dual mode approach using the single epochs themselves as detection images
in both directions, we employ a common detection image for any given filter
and epoch. Specifically, we use a combined stacked frame from multiple
epochs for the unconvolved F105W, F140W, and F160W images, along with
the original HLSP in F125W, all matched to the same WCS. This method
provides a ’global’ list of source coordinates and apertures that remain
consistent across different runs of Source Extractor, ensuring one-to-one
correspondence for all extracted photometric catalogues in any given filter.

Instead of conducting ’extended’ galaxy photometry, such as using Kron-
like or moment-centred apertures as done by Source Extractor, we aim
to obtain photometry centred on the brightest, unresolved sources within
each galaxy determined from the ultra-deep stack. To achieve this, we rely
on the coordinates of the brightest pixels reported by Source Extractor

and the background images it generates during its background subtraction
process. At these coordinates, we perform aperture photometry within
4-pixel diameter (0.′′26) apertures, applying local background subtraction to
exclude local (non-compact) galaxy light.
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We then assemble a photometric catalogue for each individual filter
(epoch) by running Source Extractor in the dual mode. As stated above,
the dual mode assures us that a possible photometric variability, if any,
comes from the same region of the sky, once every frame have been co-
aligned with respect to the HLSP. Hence, for each image, we obtain pho-
tometry of each galaxy nucleus, where AGN variability is expected. We
consider that off centre variability would be likely due to SN and/or stellar
cluster activity in the outskirts of the galaxy. However, such an effect could
contaminate the high redshift (z > 6) population of variable candidates, be-
ing likely unresolved objects. Given the infinitesimal probability to observe
a SN/stellar cluster in the footprint of the HUDF at high redshift (∼ 10−4),
we regard this effect as a negligible contamination. Moreover, detecting a
SN at these epochs would itself be a remarkable discovery.

Finally, we compare these local aperture magnitudes in each image relative
to the photometric uncertainty of each source. Additionally, the drizzling
process causes artificially underestimated uncertainties due to the correlation
of signal between adjacent pixels. We account for this effect by multiplying
the uncertainties by a correction factor, assumed to be constant over the
processed area (e.g., Casertano et al., 2000; Fruchter and Hook, 2002, see
Fig. 4.1). It is worth underlining that our photometric measurements do
not aim for accurate estimation of the absolute flux, rather to a comparison
between two different epochs in terms of relative variation.

4.1.3 Identifying Variable Sources

Following H24, we identify variables in each matched pair of filters using
two techniques: comparing the nuclear/central photometry of galaxies at
different epochs and detecting residual sources in pair-subtracted images
in any given filter. Regions near the image edges are excluded due to the
dithering pattern causing excess noise and we focus solely on a central
region of the HUDF covering 123′′ × 139′′.

4.1.3.1 Photometric comparison

The photometric comparison method follows a similar approach to that
of O’Brien et al. (2024). We first correct for a systematic offset of approx-
imately 0.01 magnitudes that is observed at all magnitudes, likely due to
slightly imperfect zeropoints in images taken many years apart. Under the
assumption that the vast majority of sources in the field will not vary, we cal-
culate the standard deviation of the ∆m distribution in 0.5 mag bins, where
∆m = m1 −m2 is the magnitude difference. The magnitude labels always
refer to the time ordering of the different epochs, being 1 the first visit and
2 the second one. We then propagate the uncertainty on the magnitude
difference derived from our photometric catalogues in the following way:

σ∆m
=
( 2.5
ln 10

)√(σF1

F1

)2
+
(σF2

F2

)2
, (20)
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Figure 4.1: Calibrated photometric uncertainties to identify variable candidates. We
plot the photometric variability, measured as the magnitude difference
between the two epochs, as a function of the mean magnitude in F105W,
F140W and F160W, as labelled. Every grey dot represents a source that
has been measured in both observations. Black dots show the intrinsic
1σm scatter of the data measured in bins of 0.5 mag width. Golden
circles depict the calibrated photometric 1 σm uncertainties in each bin
(see text). The inner pair of yellow lines are polynomial fits to these
calibrated uncertainties. The next sets of yellow lines show 2 σm and
3 σm uncertainties, scaled from the 1 σm fit. Red squares highlight
sources that are estimated to be ⩾ 3 σm variables. The right-hand panel
shows a histogram of the distribution of magnitude differences for all
objects detected in the field.
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where σF and F are the flux error and the flux as estimated by Source

Extractor, respectively.

To calibrate our estimates of the uncertainties, we compare the observed
standard deviations of the ∆m distributions in magnitude bins of 0.5mag
width over the range from 25 to 29.5 mag with the estimated mean photo-
metric uncertainties in each bin from Eq. (20). We then compute the total
average scale factor that globally adjusts the uncertainty reported in Eq. (20)
to match the observed ∆m standard deviation. For the F105W, F140W, and
F160W filters the resulting calibration scale factors are 0.97, 0.95, and 0.90,
respectively. Next we fit a polynomial function to the calibrated estimates
of the 1σ uncertainties in each magnitude bin. It is by a comparison of this
estimated 1σ uncertainty as a function of magnitude that a given source’s
significance of variability is ultimately assessed in a two-epoch observation
in a given filter. Fig. 4.1 reports the ∆m of all the detected sources in the
corresponding filter (grey points). The golden curves represent the inner
1σm range of the distribution at each magnitude and are polynomial fits to
the golden points (and scaled by a factor of 2 and 3 σm). This lines determ-
ine the variability level of every object which we assign a value calculated
as the ratio between ∆m and the associated 1 σm variation at that specific
magnitude.

We consider three thresholds of significance for variability: 2 σm; 2.5 σm;
and 3 σm. For a source to be classified as a candidate variable, it must have
a ∆m/σm ⩾ 2 in at least one filter. For a visual interpretation, we refer to
the red squares in Fig. 4.1, where we use ∆m/σm ⩾ 3 in each filter for which
we apply the same photometric error calibration and selection procedure of
the variable candidate sources.

Our verification process, which includes examining the number of sources
in the images and the distribution of ∆m/σm, shows that this criterion res-
ults in a contamination level from non-varying sources down to magnitudes
as faint as ∼ 30 that we need to account for. In order to do that, we calculated
the number of false detections expected at a given significance level assum-
ing a Gaussian statistics. We discuss this in detail in Section 4.3. Fig. 4.2
reports the histograms of ∆m/σm for each filter/epoch. The red dashed
lines are Gaussian fits to the blue histogram.

4.1.4 Difference Imaging Variables

As a complement to variability identified via aperture photometry, we also
generate pair-subtracted images for each filter. From these images we may
identify variable sources that were not detected via aperture photometry.
We are also able to assess the morphology of photometric variables. In
particular, single AGNs are expected to appear as compact, unresolved
variable sources. For this process, each image is first smoothed with a small
Gaussian kernel of 0.5 pixels. Then images taken in the same filters were
directly subtracted, resulting in six “difference images”. We then applied
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Figure 4.2: Histogram of ∆m/σm for the total sample of detected sources in F105W,
F140W and F160W as labelled, in blue. The red dashed line shows the
Gaussian fit to the histogram values.
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Table 4.2: Number of matched AGNs against Lyu et al. (2022) across all the three
filters.

Significance Level Fraction of AGNs Corr. factor

> 2 σ 13/31 2.38

> 2.5 σ 9/31 3.44

> 3 σ 6/31 5.17

Source Extractor to these difference images, adjusting the effective gains
to account for increased sky noise due to the subtraction process, which
mimics a shallower integration time. Each detected source is manually
inspected, and spurious artefacts are removed. Here we retain sources with
a variability significance of 5 σ or higher.

4.1.5 Redshift determination and known AGNs

We cross-correlate each of these sources with positions from known redshift
catalogues, including spectroscopic data from VLT/MUSE (Bacon et al.,
2023), the JADES GTO program for spectroscopic redshifts using NIRSpec
(Bunker et al., 2023), photometric redshifts from NIRCam+HST (Rieke et al.,
2023), and the Ultraviolet UDF photometric catalogue (Rafelski et al., 2015).
Fig. 4.3 show the redshift distribution derived from the cross-match with
the cited catalogues. Note that the depicted redshift is the spectroscopic one
when available, and the photometric one otherwise.

Additionally, we cross-correlate with known AGNs in the GOODS-S field,
as compiled by Lyu et al. (2022). For this latter we apply the same mask to
exclude the image edges, as described at the beginning of this Section. In
Table 4.2 we report the number of matched AGNs in the field against the
more complete sample of Lyu et al. (2022) as a function of the significance
threshold for variability detection (in units of σm). We consider that such
fractions can be used to account for variability incompleteness, as detailed
in the next Section.

4.2 results

4.2.1 Detected Variable Sources

Photometric variability (m1−m2) of sources in the HUDF in the three filters
as a function of mean magnitude is shown in Fig. 4.1, along with estimates
of the 1 σ, 2 σ and 3 σ uncertainties. We can identify a total of 76 sources
with photometric variability significance larger than 3 σm in at least one
or more filters. We also consider a significance level of 2.5 σm, for which
we find 149 variable candidates. Lowering the significance threshold at 2

σm, we retain a catalogue of 443 objects for which either photometric or
spectroscopic redshift are available from the cross-match against published
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data as in Section 4.1.5. H24 confirm the photometric variability as a method
in finding convincing AGN. In fact, among the selected sources we detect
two confirmed AGNs at z = 2− 3.2, which illustrate the robustness of this
technique at redshifts where they can be independently confirmed. Among
the best studied regions of the extragalactic sky over the past 2 decades,
the HUDF has been targeted in all different kinds of survey across the
electromagnetic spectrum: independent AGN confirmation methods span
from deep optical and NIR spectroscopy to VLT/MUSE and HST/grism, the
deepest X-ray imaging from Chandra, radio continuum imaging, and deep
Spitzer imaging to measure MIR colours (see the discussion in Section 4.4).
H24 also present results for transient events, most likely SN, and shows
how they can act as interlopers at lower redshift (z ∼ 2− 3). Nonetheless,
Super Luminous Supernovas (SLSNs) are more of a concern as they can
reach above our limits in UV brightness (Yan et al., 2018). However, using
rate calculations from Moriya et al. (2019), we regard the SLSN scenario
very rare as the rate per year of such an event in the HUDF footprint would
be ∼ 7× 10−4. We present here the revised results, with particular focus
upon the statistical and spatial properties of candidate variable objects up
to redshift z ≲ 9. We first include the redshift distribution of our sources.
We then present the estimated number density of our confident variable
sources. The study of the morphology and photometric inferences of the
sources considered here is beyond the scope of this work and will be further
investigated in a future work.

4.2.2 Redshift distribution

Fig. 4.3 shows the redshift histograms of our sample of selected variable
sources. Different colours depict different samples according to the signific-
ance level (> 2, 2.5 and 3 σm) as detected in at least one filter. We see that
the vast majority of candidates resides at z ≲ 4 for all cases of significance
threshold, even thought the fraction of sources that we retain at z ≳ 4 is
an increasing function of the required σm level. This suggests that we can
asses the true variability of the high redshift objects with more robustness.
We also note that with respect to H24 we are able to recover (at > 2σm), on
top of the 3 candidates at z > 6, a few extra tens of sources extending up to
a maximum (photometric) redshift of 8.74, with a total of 4 objects at z > 8,
7 within 7 < z < 8, and 16 in the range 6 < z < 7. These numbers add up to
a total of 27 sources at z > 6. Among them, we can retrieve a spectroscopic
redshift for 3 candidates. Table 4.3 reports the properties of this sample of
high-z variable candidates.

For a visual representation of the field, Fig. 4.4 shows the spatial distribu-
tion of the variable sources superimposed on the HUDF footprint in the sky.
Different symbols indicate the different ranges of the maximum, across the
3 filters, significance level in units of σm as detailed in the legend, colour
coded according to the estimated redshift from Fig. 4.3.
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Figure 4.3: Redshift distribution of the variable candidate sources. Different colours
refer to the specific significance thresholds for variability detection in
units of σm. At redshift between 6 < z < 7 we also include the 2 extra
sources detected in H24 which are not selected as variables in this work.

Figure 4.4: Sky map of variable candidates in the HUDF. The estimated redshift
is shown by the colour of the symbol with reference to the colour-bar.
Different symbols refer to different significance levels as indicated in
the legend.
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4.2.3 Comparison with previous analysis

Here we discuss the differences between the photometric analysis conducted
in H24 and the motivations that led us to present the updated version in this
work. Briefly, while using the same Source Extractor configuration, in H24

we run the dual mode, using one of the two epochs as the detection image
and performing photometric measurements in both epochs. This process
was carried out in both time directions, depending on which epoch was
used as the detection frame. Despite the straightforward approach, the final
outcome has several disadvantages. i) Since the detection image is not the
deepest available, Source Extractor places the apertures based on the peak
pixel in the specific epoch. This introduces susceptibility to the peculiar
variability effects of the single epoch, which generally may not be reflected
in the other epoch due to off-centre variable emission. ii) Slight uncorrected
misalignment between the two epochs, taken several years apart, can shift
the coordinate systems, thereby distorting the detected variability. iii) The
combination of these factors prevents us from considering sources that
become fainter over time between the detection and measurement images
(see H24 for details). As a result, when calculating the σm to evaluate
the significance of the sources, one has to rely on a one-sided distribution,
which may under-represent the total sample and complicate the calculation
of calibrated uncertainties (see Section 4.1.3).

These considerations led us to revise the procedure and adopt a global
approach, using an ultra-deep stack as the detection frame across all epoch-
s/filters (see previous Section 4.1.2). It is worth noting that the different
methodologies yield some variation in the reported list of variable sources.
In particular, H24 identifies three remarkable variable sources at 6 < z < 7.
Of these three objects, two are recovered in this study, including one selec-
ted via difference imaging, while the third source is missed in the current
approach due to differences in aperture placement affecting the variability
assessment in H24 (see Section 4.1.2).

4.3 variability as a method to find smbhs

Through photometric monitoring conducted in three epochs — 2008/2009,
2012, and 2023 — we discover several variable sources in the Hubble Ultra
Deep Field. We advocate that variability searches are a highly effective
and comprehensive tool for identifying AGN in deep imaging surveys.
While only a portion of AGN can be detected through their variability, the
significant advantage of this approach lies in its ability to survey the entire
field with no prior selection, offering a fully multiplexed view. Unlike other
methods such as radio or X-ray diagnostics, which are limited by detection
thresholds, variability searches ensure that any object captured in imaging
data can be examined for activity.

Historically, high-redshift luminous quasars have been known for some
time (Fan et al., 2006; Mortlock et al., 2011; Bañados et al., 2018), though they
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are typically much brighter, by four magnitudes or more, than the sources
we detect. More recently, there have been reports of AGN at even higher
redshifts with luminosities closer to L⋆ (Maiolino et al., 2023; Harikane et al.,
2023; Larson et al., 2023). However, our survey, which is restricted to the
small volume of the HUDF, has already identified several likely AGN in
the 6 < z < 7 redshift range, as also detailed in H24. This suggests a higher
co-moving number density of AGN at these epochs than what has been
previously reported. In the following we first revise the results in terms of
estimated SMBH number density from our previous analysis done in H24.
Secondly we described how we extend the approach to the full sample of
variable candidate sources.

In H24, we estimate for the first time the comoving number density of
SMBHs via a variability study. Considering the survey probes a volume of
approximately 10,500 comoving Mpc3 within the redshift range of 6 to 7, we
calculate a number density estimate of nSMBH ∼ 2.9× 10−4 cMpc−3. It is
important to note that only a subset of AGN within a given luminosity range
is expected to be detectable via variability searches. In fact, as mentioned
in Section 4.1, Lyu et al. (2022) published a catalogue of confirmed AGN
in the GOODS-S field, which fully encompasses the HUDF region targeted
in our study. Of the 31 AGN from their catalogue that fall within our
HUDF footprint, we detect 8 objects through photometric variability, with
redshifts ranging from 0.6 to 3.2. Thus, assuming the ratio 8/31 can be
used to roughly estimate a variability completeness correction factor, this
boosts the estimated number of variables by the correspondent factor of
3.85. We stress here that Lyu et al. (2022) identified these AGN through
various methods, including mid-IR colours (4 AGN), X-ray luminosities (7
AGN), radio loudness (7 AGN), optical spectroscopy (1 AGN), and, in some
cases, variability. Several AGNs were identified by more than one diagnostic
technique.

Crucially, none of the selected candidates have been previously reported
through photometric variability, including those found in earlier works
using HST imaging by Lyu et al. (2022) and the 45 sources reported by
Cohen et al. (2006). It is reasonable to expect discrepancies between NIR
long-baseline studies considered here (and in H24) and earlier surveys.
Notably, the imaging data from these previous studies are shallower, taken
at shorter wavelengths, and covered shorter time baselines compared to
our re-imaging of the HUDF in the near-infrared. Additionally, none of the
AGN in our sample with redshifts greater than 6 are present in the Lyu
et al. (2022) catalogue, likely because they are too faint to be identified using
traditional techniques given the current observational limits.

It is important to note that our survey is sensitive only to AGN with a
minimum luminosity ofMUV ≃ −18.6, meaning this estimate still represents
a lower bound on the true value of nSMBH. In contrast, Harikane et al. (2023)
detected AGN via broad emission lines and estimated nSMBH from z ∼ 4 to
7 by extrapolating their assumed luminosity function down to MUV ≃ −17.
To ensure a fair comparison, in H24 we apply the same method to our data,
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Table 4.4: UV luminosity function correction as function of redshift. The second
column indicates the correction factors using different compilations of
fits to the UVLF at different redshifts. The values derived from the case
adopting a conservative Schechter UVLF are reported in the last column
(see text).

Redshift Corr. factor Corr. factor

UVLF compilation UVLF conservative

z ∼ 0.3 0.05 0.09

z ∼ 0.8 0.74 0.15

z ∼ 1.5 0.15 0.29

z ∼ 2.5 0.41 0.50

z ∼ 3.5 0.72 0.78

z ∼ 4.5 1.37 1.19

z ∼ 5.5 2.8 1.81

z ∼ 6.5 5.8 2.8

z ∼ 7.5 12.9 4.5

z ∼ 8.5 29.3 7.4

estimating a luminosity function correction factor (assuming M⋆ = −20 and
α = −2) of approximately 7. This correction derived in H24 increases the
estimate of nSMBH to ∼ 7.7× 10−3 cMpc−3.

In this work we adopt a similar strategy and extend this approach to
the whole sample of variable candidate sources. Additionally, from the
total sample of variable candidates, as shown in the histogram in Fig.4.3,
in each redshift bin we first correct by subtracting the expected number of
false detections (for every significance level, 2, 2.5 or 3 σm) by assuming
a Gaussian statistics on the entire number of detected sources in the field.
This enables us to explore the trend of nSMBH as a function of both redshift
and the variability significance threshold. Concurrently, we are able to
assess the robustness of our methodology in relation to the criteria used to
classify source variability. As noted in Section 4.1.5, Table 4.2 presents the
estimates for the variability completeness correction factor at three different
significance levels. As discussed earlier, this serves as the initial correction
to account for AGNs which do not show variability in the considered time
window between the two epochs.

To obtain a more accurate measurement of the nSMBH, it is essential to
estimate a correction for the luminosity function. Given the substantial
differences in redshift for the sources in our sample, such a correction
cannot be considered constant. The UVLF evolves over time, peaking at
cosmic noon (z ∼ 2) and steadily decreasing in both normalization and L⋆ as
redshift increases. Additionally, the detection limit of the survey, expressed
in absolute magnitude Mlim, needs to be updated as a function of redshift.
As a result, the relative contribution to the total volume density of galaxies
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within the magnitude range between Mlim and −17 changes over time.
We address this by calculating the luminosity function correction based
on a compilation of UVLF estimates. Specifically, we integrate the double
power-law fits detailed in Finkelstein and Bagley (2022) for the redshift
range z ∼ 3 to 9. At lower redshift, we integrate UVLF fits from GALEX and
UVCANDELS survey programs (Arnouts et al., 2005; Sun et al., 2024). At
z ≲ 4 the correction to apply turns around as the detection limit overcomes
the UVLF lower bound (MUV ∼ −17). We refer to this case as the compilation
UVLF corrections. For continuity with previous works, we also consider
a simple case in which we model the UVLF with a Schechter function
(Schechter, 1976) similar to H24 by assuming M∗ = −20 and α = −1.2.
These parameter are estimated by requiring what it would be the UVLF in
order to obtain a roughly constant nSMBH as a function of the redshift. We
will refer to this latter as the conservative UVLF correction case. In Table 4.4
we report the UVLF correction factors.

Fig. 4.5 presents our results for the estimated comoving number density
of SMBHs, nSMBH, as a function of redshift calculated in bins (delimited
by the gray dotted vertical lines) from z ≳ 0 to 9 for the compilation case. It
also shows previous estimates from Harikane et al. (2023) and from H24

in black and red diamonds, respectively. Error bars are calculated as the
sum in quadrature of the uncertainties due to Poisson errors on both the
raw number counts (corrected for the false detections) and on the variability
completeness correction fraction of matched AGNs (Table 4.2) plus the
uncertainty on the luminosity function correction (Table 4.4). For this latter,
we adopt a conservative relative error of 10% given the uncertainties in
the integration carried mainly by the detection limit magnitude and the
lower bound of -17 as reported by Harikane et al. (2023). Our estimates are
consistent with our previous analysis in H24 even though slightly higher
in the z ∼ 6− 7 bin and systematically higher than Harikane et al. (2023)
at redshift larger than 5, while similar values are obtained in the interval
at z ∼ 4− 5. At a given redshift, our estimates from different significance
levels show a fairly stable trend, suggesting that the methodology is not a
strong function of this choice. In the z ∼ 3− 4 redshift bin we notice that our
number densities indicate a large scatter as a function of the significance
threshold, due to the dearth of 3 σm variable candidates in this redshift range
with respect to the 2 σm counts (Fig. 4.3). Overall nSMBH shows a slightly
decreasing trend up to redshift about 4-5, where nSMBH ∼ 10−3 cMpc−3,
and then it raises by ≳ 1 order of magnitude at the highest redshift bins up
to ∼ 3× 10−2 cMpc−3. Solid lines show predictions from the Pop III.1 model
as a function of different isolation distances (Singh et al., 2023). Dashed
lines illustrate predictions from the HMT model in green and from the
Direct Collapse model in pink. The black square at z = 0 is calculated by
Banik et al. (2019) by assuming that every galaxy at luminosities greater
than 0.33 L⋆ is hosting an SMBH, with uncertainties ranging from 0.1 L⋆ to
L⋆. Since the occupation fraction of galaxies has been shown not to be a step
function (e.g., Cammelli et al., 2024), these values should be regarded as a
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Figure 4.5: Redshift evolution of SMBH abundance. Comoving number density
of SMBHs, nSMBH, is plotted versus redshift, z. Estimated counts of
candidate AGNs in the correspondent volume are represented with
the filled diamonds with black edges, for the 2 (turquoise), 2.5 (lime)
and 3 σm (magenta) significance thresholds, in different redshift bins
between z ∼ 0− 9. In each bin, we subtract from the row counts the
expected number of false detections according to a Gaussian statistics
for the correspondent significance levels. These values are corrected
first for variability incompleteness by multiplying for the correction
fraction detailed in Table 4.2, and secondly for luminosity function
incompleteness (see Table 4.4, second column). For this latter, we collect
a compilation of fits to the UVLF at several redshifts (see text, compilation
case). At z = 0 we depict the estimated number density of SMBHs from
local galaxies (Banik et al., 2019, black square). The red diamond
shows the observational constraint derived by Hayes et al. (2024). Broad
emission line sources at z = 4− 7 (Harikane et al., 2023) are shown
with the black diamonds. For the z ∼ 4 − 7 sources, the fraction of
non-active SMBHs remains highly uncertain, and we leave all points as
lower limits. Brown stars indicate the number densities from the known
AGN sample of Lyu et al. (2022). Since these Various Pop III.1 formation
models (Banik et al., 2019; Singh et al., 2023) with isolation distance
parameters, diso, from 50 to 200 kpc (proper distance) are shown by the
coloured solid lines. At low redshifts these decrease compared to the
maximum value attained (dotted lines) account for merger events. The
green dashed line shows the SMBH seeding assumed in Vogelsberger
et al. (2014) based on a Halo Mass Threshold (HMT) above a mass of
7.1× 1010M⊙ (being the shaded region a factor of two variation in this
mass scale). Models of SMBH formation via Direct Collapse from Chon
et al. (2016) are depicted by the pink dotted line.
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Figure 4.6: Redshift evolution of SMBH abundances as in Fig. 4.5, but with luminos-
ity function corrections from Table 4.4, third column, for the conservative
case of a Schechter LF (see text).

lower bound to constrain the population of SMBHs in the local Universe.
Seeding models that do not reproduce this minimum values at z ∼ 0 will not
be able to explain the origin of the whole population of SMBHs, although a
combination of different seeding schemes still could.

In Fig. 4.6 we show the nSMBH estimates as in Fig. 4.5, but for the simple
case of UVLF corrections discussed above. In this scenario, our estimates
denote a similar trend with respect to the compilation case, but with smaller
deviations from a constant behaviour. The value of nSMBH spans from
∼ 10−3 cMpc−3 at z ∼ 4 − 5 up to almost 10−2 cMpc−3 at both z ≳ 0

and z ∼ 6− 9. We stress that in both cases, UVLF corrections are highly
uncertain as they are poorly measured at magnitudes as faint as MUV ∼ −17,
especially at high redshift. Their impact can dramatically affect our final
estimates of nSMBH.

We also emphasize that since not all AGN are detected down to MUV ≃
−17, this estimate should still be treated as a lower limit. At these redshifts,
nSMBH can only be empirically estimated by counting AGN, which includes
only those SMBHs that are in an active, rapidly accreting state. To determine
the true comoving density, an additional correction would be required for
the fraction of SMBHs that are currently passive. However, we present
all density values as lower limits due to the lack of observational data to
estimate this correction at these epochs.
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4.4 discussion & conclusions

In this work we provide estimates of the nSMBH as a function of redshift
from the local Universe out to z ∼ 9. We achieve this by comparing the
photometric variability in different epochs taken from HST observations of
the HUDF. Thanks to archival data, such a methodology has been applied
to different WFC-3 filters: in F105W and F160W we exploit previous survey
programs from Illingworth (2009) and Ellis et al. (2013), while in F140W
we utilize the more recent epoch from Hayes et al. (2024). We argue that
photometric variability can be used as a relatively robust tool to seek AGNs,
especially at high redshift, as it does not require any specific conditions but
being visible in imaging data. Other, more common, diagnostics for AGN
are instead limited by several observational challenges, for instance in terms
of spectral resolution, signal-to-noise ratio or detection limits.

Our estimated measurements can impact and constraint the current know-
ledge of SMBH formation mechanisms and their implementation in simula-
tions. For instance, the resulting abundance of the HMT scheme in terms of
SMBH number density as a function of redshift is depicted by the green line
in Fig. 4.5. By redshift z ≃ 6.5, this model yields an SMBH number density
of approximately nSMBH ∼ 10−3 cMpc−3, with the number increasing rap-
idly as the universe evolves. At redshift z = 0, the SMBH number density
reaches around nSMBH ≃ 2× 10−2 cMpc−3, which is close to observational
estimates of nSMBH(z = 0) ∼ 10−3 − 10−2 cMpc−3 (Vika et al., 2009; Banik
et al., 2019). However, if a substantial population of SMBHs have been
ejected from their host galaxies or have extremely low luminosities, these
estimates may underestimate the true nSMBH(z = 0).

An alternative formation scenario is the DCBH model, where SMBHs
originate from metal-free, UV-irradiated, and atomically cooled halos, which
are relatively massive (see Chapter 1). This mechanism has been proposed
to explain the formation of large SMBH seeds in the early universe (e.g.,
Bromm and Loeb, 2003). Nevertheless, simulations of this process have
been struggling to get a sufficient number of SMBHs in place to match the
observed population at z = 0. Among others, Chon et al. (2016) found a
density of nSMBH ∼ 10−4 cMpc−3, while a total SMBH density ranging
from nSMBH ∼ 10−7 − 10−6 cMpc−3 was derived by Wise et al. (2019).

Predictions for the evolution of the comoving number density of SMBHs
originating from Pop III.1 seeds have been made by Banik et al. (2019) and
Singh et al. (2023). A key parameter in the Pop III.1 model is the isolation
distance diso, which refers to the minimum distance a Pop III.1 source must
be from already-formed sources to remain undisturbed. This distance is
largely determined by the impact of radiative feedback. To account for the
observed population of low-redshift SMBHs, with a density of nSMBH(z =

0) ∼ 5× 10−3 cMpc−3, the isolation distance must be approximately diso ≃
100 kpc (proper distance), or about 3 cMpc at the typical formation redshift
of z ∼ 30. The model predicts that the number density of SMBHs, nSMBH,
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remains roughly constant from redshift z ∼ 25 to z = 0, with only minor
reductions over time due to mergers (see Fig. 4.5).

More recent efforts include the implementation of the Pop III.1 model in
galaxy formation and evolution models, following the co-evolution of SMBH
and the host galaxy (Cammelli et al., 2024). In the previous Chapters we have
shown, based on galaxy population properties and scaling relation, that diso

must be smaller than 75 kpc in order to reproduce the local GSMF and SMBH
occupation fraction. The HUDF variability estimates of nSMBH(z) presented
here, for the compilation case, span from few× 10−3 cMpc−3 at redshifts
z ≲ 5 rising by almost one order of magnitude up to ∼ 3× 10−3 cMpc−3

by z ∼ 8− 9. We also note that in the lower redshift range (z ≲ 5), we are
less sensitive to AGN variability as the intrinsic UV-optical emission from
the central engine, responsible for the variability, progressively drops out of
the considered IR filters, moving to the visible spectrum. Additionally, time
dilation decreases as we observe at lower redshift. Since IR variability is
expected to occur on longer time scales with respect to the central variation
in the UV-optical (for a review, e.g. Lyu and Rieke, 2022), this might wash
out the variable signal at later epochs. This suggests that our estimate
of the nSMBH(z) may be underestimated at these redshifts and overall
they indicate a more plausible scenario where diso is ≲ 75 kpc. Similar
conclusions can be drawn for the estimates of nSMBH(z) at z ≳ 6 in the
simple UVLF correction case, with a slightly less constraining value for
diso smaller than 100 kpc. For HMT models reproducing such number
densities at z ≳ 6 would translate in setting the halo mass threshold for
SMBH formation to be ≲ 3× 1010M⊙. However, these models increasingly
face tension as they predict a significantly higher abundance of SMBHs than
the estimated nSMBH at z = 0. Moreover, in the high redshift regime, the
HUDF variability-based estimate of nSMBH is about 100 times larger than
the direct collapse model prediction by Chon et al. (2016), and at least 10,000

times greater than the estimate provided by Wise et al. (2019).

Finally, provided that the estimated values presented here for the SMBH
number density will be further consolidated at high redshift, especially in
the compilation case for UVLF corrections, this result would be in tension
with the local estimate of nSMBH at z = 0 (e.g., Banik et al., 2019). Assuming
negligible effect of mergers in reducing the overall number of SMBHs, this
would suggest that we are ignoring a potentially significant population of
SMBH in the local Universe and z ∼ 0 estimates would need to be revised.

4.4.0.1 Close SMBH pairs at the cosmic Dawn

Similarly to the analysis carried out in H24, a valuable test for SMBH seeding
schemes consists in measuring the actual distance between candidate AGN
pairs. It is helpful to remind here that the Pop III.1 model with diso ≃
100 kpc in proper distance would correspond to a comoving separation of
about 3 cMpc (if the relative motion by z ∼ 7 is negligible). Also, the HUDF
footprint at this epoch would be ∼ 5.5 cMpc on a side. In our sample, at
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z > 6 we are left with the 27 sources listed in Table 4.3 and 3 of them have
spectroscopic redshift available. Since we cannot asses the true distance
with even one photometric redshift in a single pair (already a ∆z = 0.01 at
z ∼ 7 would be ∼ 2.5 cMpc, comparable to diso), we have searched among
the pairs having both spectroscopic redshift available. In this high-z regime,
we find none and no constraint can be used to rule out specific scenarios.
Among the overall sample, we identified 24 pairs separated by less than 3

Mpc in the redshift range 0.6 < z < 1.5. However, caution must be exercised
at later epochs as SMBH host galaxies start merging and SMBHs can be
likely found orbiting around each other in close pairs. In order to use this
test as constraint for SMBH formation scenarios, spectroscopic confirmation
of high redshift variable candidates are crucially needed. On a similar
note, confirming the multiplicity nature of these source would assess the
prediction of the Pop III.1 model as only single SMBHs powering these
AGNs would be a viable option.



5
F I N A L R E M A R K S

In this Thesis work, we have first studied the implication of the Pop III.1
seeding mechanism when embedded in a global approach within a galaxy
formation model. In particular, we have investigated the ensemble properties
of galaxy populations and how the presence of such massive SMBH seeds
affects their evolution. We have looked at the occupation fractions as a
function of several galaxy properties and their evolution through cosmic
time as well as at the scaling relations between the host galaxy and the
SMBH. The predicted growth of the SMBHs has been used to predict their
observational contribution to the galaxy LF, fitting the estimated masses and
luminosities into the recent landscape of JWST observations. In the second
part of the Thesis we have illustrated results from a recent observational
campaign with HST using a novel technique to identify, via photometric
variability, potential candidates for high redshift SMBHs. In the following
we present the main conclusions of each Chapter.

5.1 summary

5.1.1 Host galaxies of Pop III.1 seeded SMBHs

In Chapter 2, we present a new semi-analytical approach to modelling
SMBH seeding scenarios within galaxy formation models, incorporating
the PINOCCHIO code for dark matter halos and the gaea model for galaxy
evolution. By leveraging merger trees and refined models for subhalos, this
method allows the study of a wide range of galaxy and SMBH properties
with a computational cost of a fully semi-analytical approach. Our calibra-
tion against the Millennium Simulation highlights the capability to produce
consistent halo and galaxy properties across cosmic time, as well as merging
times for satellites galaxies.

Key findings include the impact of different seeding models — particu-
larly the Pop III.1 seeding scenario — on the occupation fractions, GSMF,
the role of AGN feedback, and mass functions of SMBHs. For the Pop III.1
models, SMBH seeds tend to form at early epochs (z ∼ 25− 30), exhibiting a
high occupation fraction in massive galaxies, especially with an isolation
distance diso < 75 kpc, which our models suggest as fiducial values to
reproduce local constraints. This distance aligns with the radius of ionizing
feedback from massive Pop III.1 stars, hinting that radiative feedback from
these sources may be a decisive factor in regulating SMBH seeding.
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The predictions of theMBH-Mstar relations for both low and high redshifts
demonstrate some distinct trends among seeding scenarios, with the Pop
III.1 model yielding a modestly steeper relation at the high-mass end. At
lower masses, different initial seed masses are shown to affect the slope
of the BHMF, although uncertainties in observational constraints make
definitive conclusions challenging. Moreover, AGN feedback significantly
influences the shape of the GSMF by reducing the SFR and quenching
massive galaxies, consistent with observed trends in local galaxies.

5.1.2 High redshift SMBHs in the JWST era

We utilized the semi-analytical approach described in Chapter 2 to make
predictions on the observable properties of SMBHs, focusing on AGN char-
acteristics. Specifically, we compared model predictions for AGN properties
— such as black hole masses, bolometric luminosities, and UVLFs — with
observational constraints. We focused on the redshift range 4 < z < 9,
where recent JWST observations are available. Our objective was to assess
whether high-redshift data could help distinguish between different SMBH
formation models, including the Pop III.1 scenario. Given the uncertainties
and apparent inconsistencies in JWST estimates, we also re-evaluated upper
limit measurements and considered potential sources of error.

The combined UVLFs across seeding models align closely with observed
data at the brightest magnitudes, accounting for dust attenuation uncer-
tainties. The total UVLFs show limited cosmic evolution up to z ∼ 9, with
minimal sensitivity to the choice of seeding model. Notably, the Pop III.1
model matches the faint AGN UVLFs observed by JWST, while the HMT
model tends to overestimate the UVLFs for MUV ≲ −20. However, our
predictions diverge from JWST estimates of BH masses and bolometric
luminosities by up to 1–2 orders of magnitude. To address these inconsist-
encies, we re-examined the methods for deriving bolometric luminosities
and BH masses. By assuming UV emission is entirely AGN-driven, we
calculated upper limits for these quantities. These UV-based estimates were
significantly lower than those derived from Hα measurements, with the
latter exceeding our UV-based upper limits. Using MUV-derived estimates
alleviates some tension between model predictions and observed data.

5.1.3 A census of SMBHs via AGN variability in the HUDF

In the final Chapter, we presented redshift-dependent estimates of SMBH
number densities, nSMBH, extending from the local universe up to z ∼ 9.
Utilizing photometric variability data from HST HUDF observations across
multiple epochs, we estimated SMBH densities by identifying candidate
AGNs through variability analysis, bypassing the limitations of traditional
AGN diagnostics.
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Our findings suggest that AGN variability can reliably identify SMBHs,
especially at high redshift, where standard AGN indicators often fall short.
The resulting SMBH number densities from our analysis allow for a compar-
ison with model predictions. For the Pop III.1 model, at z ≳ 6 this suggests
an isolation distance diso ≲ 75 kpc, which aligns with our results from the
previous Chapters. Meanwhile, models based on DCBHs show significant
underprediction for nSMBH.

We also attempt to quantify the geometrical separation in close pairs of
SMBHs. Our analysis is limited due to insufficient spectroscopic redshifts
among observed AGN pairs. However, at intermediate redshifts 0.6 < z <
1.5, we detect several candidate pairs within a 3 cMpc separation, which
may offer a future test for seeding mechanisms, pending spectroscopic
confirmation.

5.2 future prospects

The Pop III.1 model examined in this Thesis provides valuable insights
into supermassive black hole formation and incorporates beyond-standard-
model physics by considering Weakly Interacting Massive Particles as dark
matter candidates. The numerous predictions and results presented here
have significant potential for further exploration of this model, as well as
other SMBH seeding models.

• The current Pop III.1 model implementation assumes feedback sources
are present in every halo. Moving forward, we aim to refine this by
limiting feedback sources to other Pop III.1 seeded halos or possibly
including Pop III.2 seeded halos as well. Additionally, we plan to intro-
duce a time-dependent isolation radius to more accurately represent
the expansion of radiation bubbles over time.

• A next major step that is needed to enable further comparison of model
results with observational data in the JWST era requires a better under-
standing of possible observational systematics. Further observations
are needed to identify and address systematic sources of error, includ-
ing potential issues with bolometric corrections, scaling relations, and
line flux/FWHM measurements. Current observational constraints
are inadequate to conclusively distinguish between SMBH formation
models. Additional research is necessary to reduce uncertainties and
address discrepancies between model predictions and observational
data.

• Another promising avenue is to develop different SMBH growth mod-
els to make predictions for their observability and to possibly alleviate
challenging tensions. Especially in the high redshift regime, our as-
sumed model for SMBH growth might not be able to capture the
initial accretion phase of these objects. We plan to investigate several
recipes, from simple Eddington limited accretion scenarios to SFR
driven accretion schemes.
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• Our calibrated galaxy survival time for satellite galaxies can serve as
a first step to calculate the merging rates of SMBH binaries. Under
simplistic assumptions, it will be possible to predict the gravitational
wave emission from these different seeding scenarios for the current
and next generation of GW detectors.

• The variability analysis to search for SMBH underscores the need
for further investigation and refinement. Future work on variabil-
ity data and spectroscopic follow-up at high redshift will be crucial
for assessing SMBH multiplicity and seeding scenarios, especially to
discriminate different SMBH formation mechanisms.

In conclusion, the Pop III.1 model offers an attractive mechanism to
explain the origin of supermassive black holes across cosmic time. The
future prospects listed above draw a promising and interesting picture for
the development of new methods and techniques that will allow for a better
understanding of our Universe.







A
G A L A X Y S U RV I VA L T I M E

As discussed in Section 2.1.4, we adopt the sum of two different time scales
when dealing with galaxy mergers. First, we estimate the time the subhalo
will survive within the main halo group, which has been evaluated via
comparison against N-body simulations Berner et al. (2022). Secondly we
keep track of the orphan galaxies by adding a second time which mimics
the phase during which a galaxy would orbit around the central one and
eventually merge with it. In Fig. A.1 we present the estimated total survival
time of satellite galaxies as a function of the halo mass ratio calculated at
the halo merging time taken from pinocchio using the values reported in
Eq. (12). In particular, we report data from the seeded halos for the diso =

50 kpc case. This distribution of points has been calibrated to reproduce the
Millennium one as obtained from the standard implementation of gaea. The
impact of the total survival time proposed in Eq. (10) and (11) introduces
a dual dependence. Mergers with comparable halo masses tend to last on
average few Gyr and typically this happens when the two merging halos
belong to the low mass end of the halo mass function. As one increases
the mass of the primary halo, it will eventually merge with even smaller
halos. For these cases the total survival time will overshoot the age of the
Universe and the two structures will never merge. This is in agreement with
findings in simulations (Somerville and Davé, 2015). The more comparable
are the encounters, the more efficient we expect the interaction to be (i.e., via
dynamical friction, ram pressure stripping, tidal disruption forces), resulting
in a shorter time scale. Conversely, on average small galaxies joining a
massive central galaxy group are thought to undergo very minor physical
effects, ending up orbiting around the central galaxy undisturbed for tens
or thousands of Hubble times.
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Figure A.1: Estimated total survival time in Gyr for seeded halos for the diso =

50 kpc case as a function of the halo mass ratio and color coded with
the mass of the most massive (primary) halo.



B
C A L I B R AT E D G A L A X Y S T E L L A R M A S S F U N C T I O N

The galaxy survival time introduced in Section 2.1.3 and showed in Ap-
pendix A as a function of the halo mass ratio plays a crucial role in shaping
the GSMF. Once again we note that our calibration process has been per-
formed aiming at reproducing the Millennium-based result at redshift 0, and
not against observational data. In this appendix we show the results from
the calibrated GSMFs at redshifts z ∼ 1 to 3. In particular we emphasize that
our pinocchio-based GSMF well reproduces the Millennium-based predic-
tions up to z ∼ 3 and above. The agreement between the 2 different trends is
depicted in Fig. B.1, where we indicate Millennium- and pinocchio-based
GSMFs in blue and red, respectively. This supports the goodness of our
calibration of the galaxy survival time in order to obtain reliable model
galaxy catalogues.
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Figure B.1: GSMF predictions based on the Millennium simulation box (blue lines)
compared to the GSMF extracted from our Millennium-like pinocchio

box run used for the calibration of the merging times (see Section 2.1.4).
Upper panels: satellite and central galaxies contributions to the GSMF
are reported separately in dotted and dashed lines, respectively. Lower
panels: total GSMFs. Gray symbols show observational estimates as
reported in Fig. 2.2.
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