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Resumen

Es posible observar Cúmulos de estrellas Nucleares (CNs) y Agujeros Negros
(ANs) en distintas galaxias que pertenecen al universo local. Ambos objetos
pueden coexistir o no, pero hay evidencia de que ambos se correlacionan con
algunas de las propiedades globales de las galaxias (por ejemplo, el radio del
cúmulo y la masa estelar de la galaxia anfitriona o la relación entre el AN central
y la velocidad de dispersión del bulbo). La diferencia de ambos objetos radica
en su naturaleza, los ANs son los objetos más densos del universo y es imposible
obtener una medida directa de sus propiedades. Los CNs son los sistemas estelares
más densos observados y, debido a su emisión, es posible obtener más información.
La pregunta radica en si estos objectos tienen un origen en común o simplemente
es coincidencia que ambos coexistan o tomen el lugar del otro dependiendo del
tipo de la galaxia anfitriona.

En esta tesis implementamos un modelo de formación de CNs en Galacticus, un
modelo semianalítico para la formación y evolución de galaxias. Nuestro modelo
se basa la formación de CNs como resultado de la acumulación de gas en el centro
de las galaxias. Además, incluímos un modelo para la formación de semillas de
ANs basado en el colapso de estos cúmulos cuando alcanzan una masa crítica.
También exploramos como este mecanismo puede afectar la distribución final de
la masa ANs. Para ello, ajustamos diferentes parámetros libres en el modelo para
reproducir la distribución observada de las masas de los cúmulos nucleares.

Comenzamos con el mejor modelo bariónico de Galacticus, variamos los
parámetros relevantes para la evolución de los cúmulos. También exploramos
la distribución de las diferentes propiedades de los cúmulos en el momento de
colapso para estudiar su impacto.

Nuestro modelo depende fuertemente de la resolución de la simulación, lo cual
puede llevar a sobreestimaciones y subestimaciones en la población de los CNs
predicha por los distintos modelos. El colapso de los cúmulos se ve fuertemente
favorecido cuando consideramos un porcentaje menor del radio para el cálculo
de la masa cŕitica, aún así la población de ANs permanece subestimada para los
más masivos, indicando que hay más escenarios de formación por investigar.

Keywords – Agujeros negros, galaxias: núcleo, métodos: analítico
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Abstract

It is possible to observe Nuclear Stars Clusters (NSCs) and Black Holes (BHs)
in different galaxies observed in the Local Universe. Both objects may or may
not coexist. But there is evidence that both are correlated with some of the
global properties of galaxies (for example, cluster radius and stellar mass of the
host galaxy or the correlation between the central BH and the velocity dispersion
of the bulge). The difference between both objects lies in their nature, BHs
are the densest objects in the Universe and it its impossible to obtain a direct
measurement of their properties while NSCs are the densest star systems observed
and, due to their emission, it is possible get more information. The question is
whether these objects have a common origin or is it simply a coincidence that
both coexist or take the place of the other depending on the type of the host
galaxy.

In this thesis, we implement a model of NSC formation in Galacticus, a semi-
analytical model for the formation and evolution of galaxies. Our model is based
on the formation of NSCs as a result of the accumulation of gas in the center of
galaxies. Additionally, we include a model for the formation of BH seeds based on
the collapse of these clusters when they reach a critical mass. We also explore how
this mechanism can affect the final distribution of black hole mass. To do this,
we adjust the different free parameters in the model to reproduce the observed
mass function of the NSCs.

We start with the best baryon model of Galacticus and vary the relevant
parameters for the evolution of the NSCs. We also explore the distribution of the
different properties of the NSCs at the moment of collapse to study its impact.

Our model is strongly dependent on the resolution of the simulation, which can
lead to overestimations and underestimates in the NSC population predicted by
the different models. The collapse of the NSCs is strongly favored when we
consider a smaller percentage of the radius for the calculation of the critical mass,
but the population of BHs still remains underestimated for the most massive,
indicating that there are more formation scenarios to investigate.

Keywords – black hole physics, galaxies: nuclei, methods: analytical
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Chapter 1

Introduction

Black Holes (BHs) are one of the most interesting objects in the Universe. It being
difficult to directly measure their observables, such as mass, charge, and spin, it
makes it difficult to build theoretical models to understand the conditions under
which they form, growth, and how they are related to the evolution of galaxies.

The nature of BHs is still unclear; From observations we identify mainly two
families of astrophysical BHs (Volonteri, 2010), and the classification is based on
their mass.

Stellar BHs come from the end of stellar evolution, with masses in the order of
∼ 10M⊙. However, the collapse of zero-metallicity stars leads to several hundred
solar mass BHs (Bond et al., 1984; Fryer et al., 2001; Heger et al., 2003). On
the other hand, the Supermassive Black Hole (SMBH) term refers to a BH at
the center of a galaxy with masses up to and above several billion solar masses
(Volonteri, 2010).

We know of the existence of very massive objects of masses ∼ 106−109 M⊙ in the
nucleus of galaxies from the last century (Zel’dovich, 1964; Salpeter, 1964; Ghez
et al., 2008; Gillessen et al., 2009; Moran et al., 2014), which were later known
as SMBHs. Recently, we have evidence of the existence of another type of dense
object detected in the nucleus of galaxies, called Nuclear Star Clusters (NSCs).
NSCs are considered to be the densest stellar configuration in the Local Universe
(Böker et al., 2004; Côté et al., 2006; Walcher et al., 2006; Balcells et al., 2007;
Hoyer et al., 2021).
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Both objects seem to be correlated with different properties of their host galaxies.
Furthermore, it is possible to observe both objects coexisting in the center of
galaxies and also cases in which only one object is present depending on the
stellar mass of the galaxy.

The aim of this thesis is to study the formation of SMBH seeds in NSCs and its
impact on the SMBH population. For this purpose, in Section 1.1 we discuss our
current knowledge of SMBHs and, similarly, in Section 1.2 for NSCs. Finally, in
Section 1.3 we review the observed coexistence of both objects at the center of
galaxies.

1.1 Supermassive black holes

Recent observations confirming the presence of SMBHs at the center of galaxies
in the local universe have significantly advanced our understanding of the physics
close to these objects. Two examples are the direct observation of the shadow
of M87⋆ (Event Horizon Telescope Collaboration et al., 2019) and, recently, the
observation of the shadow of the SMBH located at the center of the Milky Way,
Sag A⋆ (see Fig. 1.1.1).
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Figure 1.1.1: Size comparison of the two black holes imaged by the Event
Horizon Telescope (EHT) Collaboration: M87* (Event Horizon Telescope
Collaboration et al., 2019) and Sgr A* (Event Horizon Telescope Collaboration
et al., 2022). The image shows the scale of Sgr A* compared to M87* and the
orbits of Pluto and Mercury. The diameter of the Sun and the current location of
the Voyager 1 space probe, the farthest spacecraft from Earth is also displayed.

Source: EHT collaboration.

These findings prompt us to inquire whether the occurrence of SMBHs in galactic
centers is exclusive to our Local Universe or extend beyond it.

Furthermore, we observe correlations between the mass of the SMBH and the
different properties of their host galaxies (Ferrarese and Merritt, 2000; Tremaine
et al., 2002). The most known correlation is between the mass of the SMBH and
the stellar velocity dispersion of the bulge of the host galaxy,

M•

109 M⊙
= (0.30+0.037

−0.033)
( σ

200 km s−1

)
, (1.1.1)

where M• is the mass of the BH and σ is the dispersion velocity of the bulge of
the galaxy. More correlations (and their implications) are reviewed and discussed
in Kormendy and Ho (2013). The existence of different correlations allows us to
wonder whether the formation of galaxies is linked (or not) to the formation of
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SMBHs. To answer this question, we must look to the past, specifically, to the
first black holes detected.

1.1.1 The first black holes

The most reliable observational support for the existence of SMBHs in the Early
Universe comes from the observation of high redshift quasars.

There are three different critical spatial scales (Fan et al., 2023) to describe the
mechanisms responsible for feeding the quasar. Of those three scales, two are
directly related to SMBHs:

• At distances less than 1 pc of the center of the galaxy, the mechanism
responsible of the quasar emission is from well within the SMBH sphere of
influence.

• At larger distances ∼ 1 − 10 kpc, the evolution of quasars and galaxies
is strongly coupled. An example is the correlation between the mass of
the SMBH and the velocity dispersion of their host galaxies (see Equation
1.1.1).

It is possible to find different observations of quasars at redshifts up to z > 7. A
catalog with more than 100 quasars is available in Bañados et al. (2016), with
samples at 5.6 ≲ z ≲ 6.7, which means that SMBHs had up to ∼ 1 Gyr to
grow and reach masses of about ∼ 106 − 1010 M⊙ (Natarajan and Treister, 2009;
Volonteri, 2010; King, 2015; Pacucci et al., 2017). Figure 1.1.2 shows the mass of
BHs versus the age of the Universe and shows how different formation scenarios
cannot explain masses higher than 106 M⊙.
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Figure 1.1.2: BH mass versus age of the Universe (and redshift). The red
circles mark the compilation of robust MgII SMBH masses for quasars at z > 5.9.
The red lines show the growth history (assuming constant, maximum Eddington-
limited accretion) of the most distant quasars at z > 7.5. The shaded regions
represent the mass ranges for popular BH seed formation scenarios.

Source: Fan et al. (2023)

Surprisingly, there are candidates for quasars up to z = 12 using data from
the Prime Extragalactic Areas for Reionization Science (PEARLS) survey and
the Early Release Observations (ERO) from the James Webb Space Telescope
(Juodžbalis et al., 2023). If these candidates are confirmed, the SMBHs would
have ∼ 0.4 Gyr to reach higher masses.

In summary, we know where to find SMBHs. It is possible to find them in almost
all centers of galaxies, observing quasars at different redshifts. However, how
they reach larger masses is still unclear, and the simple answer is that they must
grow on short timescales (Inayoshi et al., 2020), opening the possibility for new
formation scenarios.
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1.1.2 Formation of supermassive black holes

Different mechanisms have been proposed to explain the formation of SMBHs
(Rees, 1984; Volonteri, 2010; Woods et al., 2019; Inayoshi et al., 2020). Although
formation can occur in different contexts; in essence, they can be summarized in
one simple idea.

All systems that depend on the gravitational potential undergo a runaway process
because the potential gets deeper and deeper, being inevitable that a large fraction
of the dense object mass collapses into a SMBH seed (Rees, 1984). We refer to
a seed as a BH of an unconstrained initial mass. The range of masses is from
∼ 102M⊙ to ∼ 105M⊙ (Volonteri, 2010).

Using this scheme, we can explain the formation of SMBHs from the Direct
Collapse (DC) of a massive gas cloud (∼ 106− 108 M⊙) when the cooling process
is suppressed during collapse. This mechanism can form seeds of the order of
∼ 105 M⊙ (Rees, 1984; Volonteri and Rees, 2005; Ferrara et al., 2014; Latif and
Schleicher, 2015; Regan and Downes, 2018).

Another plausible mechanism is the collapse of remnants of Population III (Pop.
III) stars (Haiman, 2004; Whalen and Fryer, 2012; Latif et al., 2013; Singh et al.,
2023). These stars, formed from zero-metallicity gas in minihalos of mass ≈
106 M⊙ (Volonteri, 2010), are expected to have stellar masses ranging from ∼
10 M⊙ to ∼ 102 M⊙ (Hirano et al., 2014, 2015). The mass of the formed seed
is strongly dependent on the mass of its progenitor. For low-metallicity stars
(25 − 140 M⊙) the mass of the formed remnant is close to the half-mass of the
progenitor (Zhang et al., 2008). If there is a light BH seed that is forming, it is
not relevant to the system because of its similar mass to that of the companion
stars.

In Pop. III stars with masses between 140 − 260 M⊙, the collapse is reserved
due to the domain of pair instability supernovae. This prevents the collapse, and
the star contracts rapidly until it is able to burn oxygen and silicon. Finally,
these stars are completely disrupted by the nuclear explosion. The core implodes,
burns fuel, and explodes, leaving no remnants (Kudritzki and Puls, 2000; Fryer
et al., 2001).

Finally, the most massive Pop. III stars (masses over 260 M⊙ during their main-
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sequence lifetime), the photodisintegration instability occurs before explosive
burning reverses the implosion (Bond et al., 1984). The nuclear energy generated
by pairs is not sufficient to prevent the implosion forming a massive BH (Fryer
et al., 2001).

1.2 Nuclear star clusters

In recent years, our knowledge of NSCs has advanced rapidly because of the
improvement on the resolution of telescopes. Recent observational and theoretical
work suggests that many NSC properties, such as the stellar bulge and/or the
central supermassive black hole, scale with properties of their host galaxies (e.g.,
Ferrarese et al., 2006; Wehner and Harris, 2006; Li et al., 2007; Graham and
Spitler, 2009; Genzel et al., 2010; Leigh et al., 2012; Antonini et al., 2015).

NSCs are extremely dense and massive star clusters that occupy the innermost
region or nucleus of most galaxies (Böker et al., 2002; Côté et al., 2006; Neumayer
et al., 2020). Their presence is independent of the morphological type of the host
galaxy (Light et al., 1974). For example, the work of Lyubenova et al. (2013)
demonstrates the existence of a NSC in FCC 277, a nucleated elliptical galaxy
in the Fornax cluster, while early observations of nearby galaxies such as M
31, an Sb galaxy (Redman and Shirley, 1937), or M 33, an Sc galaxy (Mayall
and Aller, 1942), reveal prominent and compact surface brightness peaks in the
center of the host galaxy, which were confirmed as a result of the presence of
NSCs (Milosavljević, 2004; Eckner et al., 2018).

Even though NSCs are present in different types of galaxies, recent investigations
show that scaling properties between NSCs and their hosts galaxies are different
in early- and late-type galaxies. The study of Georgiev et al. (2016) explores the
scaling relations between the NSC mass and the total stellar mass of the host
galaxy using a large sample of NSCs. The parameters for the fitted relations of
NSC and its host galaxies are different depending on the type of host galaxy. The
relation between the effective radius of the NSC and the stellar mass of the host
in late-type galaxies is

log

(
reff,NSC

3.44 pc

)
= 0.356+0.056

−0.057 log

(
M⋆,gal

5.61 · 109 M⊙

)
− 0.012+0.026

−0.024, (1.2.1)
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where M⋆,gal is the stellar mass of the galaxy and reff is the effective radius of the
NSC. For early-type galaxies, the relation is given by

log

(
reff,NSC

6.11 pc

)
= 0.326+0.055

−0.051 log

(
M⋆,gal

2.09 · 109 M⊙

)
− 0.011+0.015

−0.011. (1.2.2)

A possible explanation for the difference in these relations could be the existence
of different pathways to form NSCs in different galaxies.

1.2.1 Formation of nuclear star clusters

Our current models of NSC formation and evolution are based primarily on two
scenarios: a globular cluster migration channel and an in situ star formation
channel at the center of the host galaxy. More theoretical scenarios proposed;
nevertheless, we focus on the most observationally supported scenarios.

1.2.1.1 Globular cluster migration

As NSCs have been observed in different types of galaxies, it is natural to
investigate the conditions under which NSCs form. There is no simple model,
but one of the first studies suggests that NSCs may form through the infall
and merging of globular clusters driven into the nucleus by dynamical friction
(Tremaine et al., 1975). Following this scheme, different analytic works made by
Capuzzo-Dolcetta (1993) and Lotz et al. (2001) explored this scenario obtaining
similar conclusions. However, the best proof for this mechanism was performed
a year earlier by Oh and Lin (2000) with N-body simulations.

The physical process is governed by dynamical friction within the host galaxy
stellar body, causing globular clusters to be gradually pulled toward the nucleus
during their orbital motion. Of course, the strength of the dynamical friction
depends on the mass of the cluster and the velocity of the stars in the host
galaxy, which results in shorter (or larger) timescales to reach the center of the
galaxy.

Different observations show in the inner region of early-type galaxies, close to
the nucleus, that there is no evidence of the presence of massive globular clusters
(Lotz et al., 2001; Capuzzo-Dolcetta and Mastrobuono-Battisti, 2009), supporting
the validity of the mechanism and also explaining the existence of a metal-poor
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stellar population in the center of galaxies.

Many numerical and semi-analytic models quantify the efficiency of dynamical
friction. These results can be summarized as in host galaxies with early star
formation, the number of high-mass clusters (stellar masses above 105 M⋆) is
sufficient to be a plausible mechanism to form an NSC on time scales shorter
than Hubble time (e.g., Capuzzo-Dolcetta, 1993; Oh and Lin, 2000; Lotz et al.,
2001; Agarwal and Milosavljević, 2011; Neumayer et al., 2011). As mentioned
before, the time scale plays an important role in this scenario. The work by
Milosavljević (2004) demonstrates that this mechanism fails in pure disk galaxies
as a result of the migration time scales being too long. In consequence, another
possible scenario is suggested in the same article, where gas infall and subsequent
in situ star formation were the more plausible alternative in disk galaxies.

1.2.1.2 In situ star formation in the galactic nucleus

As mentioned in Section 1.2.1.1, due to the large time scale for the migration
of globular clusters to the centers in disk-like galaxies, another scenario should
explain the existence of NSCs in late-type galaxies.

In this scenario, it is suggested that in situ star formation occurs when the
gas reaches the central few pc and triggers an intense burst of star formation
(Milosavljević, 2004).

There are different mechanisms proposed to be responsible for the gas transference
and accumulation in the galactic nuclei, to be available for star formation.

The first reasonable mechanism is a bar-driven gas infall, where the gas will
move inward as a response of a non-axisymmetric potential (Shlosman et al.,
1990). Gas movement can occur through regular flows in nuclear spirals and/or
due to loss of angular momentum in star formation rings caused by dynamical
resonances (e.g., Maciejewski, 2004; Kim and Elmegreen, 2017; Hunt et al., 2008).
The observations of NGC 6946 show a clear example of this process, where the
estimation of the molecular gas mass is up to 6×107 M⊙ within a radius of 30 pc

that feeds the growth of the NSC (Schinnerer et al., 2006, 2007). In the same
way, there are simulations that suggest the fuelling of central regions is an active
process in the local Universe, at least in systems like NGC 6946 (Emsellem et al.,
2015).
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Another plausible explanation is the dissipative nucleation that occurs at high
redshift. In this process, there is clumpy star formation in nuclear spirals, which
will infall and merge in the center of the galaxy. This explains the nucleation of
spheroidal galaxies that are now devoid of gas (Bekki et al., 2006; Bekki, 2007),
and the low nucleation rate in the least massive galaxies is a consequence of the
feedback from stellar winds, and supernova explosions will more easily expel the
gas before it reaches the center of the galaxy.

In galaxies with Sérsic index less than 3.5 (a flat density profile) and, in the
absence of a NSC, the tidal forces act on the gas within about 0.1% of the effective
radius of the galaxy, compressing the gas and forming the NSC. This mechanism
can explain the observed scaling between the mass of the NSC and the host
spheroid (Emsellem and Van De Ven, 2008).

Finally, the magneto-rotational instability is also studied as a mechanism for
the radial gas transport towards the nucleus. A diffentially rotating disk of gas
under the influence of a weak magnetic field will lead to the magneto-rotational
instability causing the gas mass transference, reaching NSC stellar masses in the
order of 106 M⊙ in ∼ 1 Gyr (Milosavljević, 2004).

1.3 Nuclear star clusters and supermassive
black holes

We have direct evidence of NSCs dominating the center of galaxies with stellar
masses in the range ∼ 108 − 1010 M⊙ (Neumayer et al., 2020). In more massive
galaxies, we find SMBHs placed in the center (Kormendy and Ho, 2013). Even so,
there are different observations of both objects coexisting in the center of galaxies
(Filippenko and Ho, 2003; Seth et al., 2008; Graham and Spitler, 2009; Neumayer
et al., 2011; Civano et al., 2012; Nguyen et al., 2019).

As mentioned in Section 1.1.2, different pathways have been proposed to explain
the formation of SMBHs in different environments. One interesting channel is the
formation through runaway collisions of BHs within dense (nuclear) star clusters
(e.g., Portegies Zwart and McMillan, 2002).
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1.3.1 Collisions in nuclear star clusters

There are different studies exploring star collisions in NSCs. An example is the
work of Sanders (1970), where the effects of stellar collisions, such as mass and
energy losses, are investigated by numerical calculations in a simulation of dense
stellar systems. In the same way, Lee (1993) studies the dynamical evolution of
dense clusters of compact stars using direct N-body simulations. He finds that
a SMBH seed can be formed by runaway growth in a dense cluster of compact
stars, and the possibility of runaway growth in dense clusters of normal stars is
open.

In recent years different numerical simulations have supported the formation of
massive objects in the center of stellar clusters due to runaway collisions of massive
stars (Miller and Hamilton, 2002; Reinoso et al., 2018, 2020; Vergara et al., 2023).

In this context, Escala (2021) proposes that the observed NSCs are in a regime
where collisions are not relevant throughout the entire system, whereas well-
resolved observed SMBHs are found in regimes where collisions are expected to
be dynamically relevant (see Figure 1.3.1).
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Figure 1.3.1: The positions of NSCs are restricted within the boundaries defined
by the collisional stable region for NSCs, denoted by the thicker blue and green
lines. The blue line denotes the condition that the characteristic age of the system
is comparable or longer than the collision time: tcoll < tH. The solid green line
denotes the intersection between the relaxation time (dashed green line) and the
collision time combined with the empirical relation between the NSC mass and
the velocity dispersion

Source: Escala (2021)

Following this scheme, the results of Vergara et al. (2023) show that in NSCs
with masses larger than a critical mass, collisions become very relevant and form
a massive object (Vergara et al., 2023). In Figure 1.3.2, it is possible to observe
a trend in the efficiency of the massive object formed and the initial mass of the
NSC normalized by the critical mass. We talk in more detail about this critical
mass in Section 4.2.
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Figure 1.3.2: The left panel (A) of Fig. 5 is the black hole formation efficiency
computed by ϵBH = (1+MNSC

MBH
)−1 for 10 Myr against the initial mass of the nuclear

star cluster. The right panel (B) of Fig. 5 is the black hole formation efficiency
computed against the initial mass of the nuclear star cluster normalized by the
critical mass

Source: Vergara et al. (2023)

The aim of this thesis is to implement a NSC formation and evolution and a
collapse model to form BH seeds based on the critical mass criterion.

In Chapter 2 we briefly review the current galaxy formation theory and the
computational methods used to model it. In Chapter 3 we describe the main
concepts for modifying Galacticus and some functionalities. The physics of
the model that we include is described in 4, while the setup is in Chapter 5.
Finally, the details of the simulations and their results are disscused in Chapter
6 and the conclusion and future work are in Chapter 7.
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Chapter 2

Galaxy formation theory

In this chapter we introduce how cosmological simulations of galaxy formation
and evolution work. For this purpose, we overview the key aspects of galaxy
formation theory and the current techniques for computational simulations.

For a long time, galaxy formation and evolution have been central topics
in modern cosmology. The importance of their study begins with the first
confirmation of galaxies as extra galactic objects (Hubble, 1929).

Today we know the process of galaxy formation involves non-linear physics and a
wide variety of physical processes making it impossible to use full analytic models.
In that way, the theory is usually split into two parts:

• First, modelling the formation and evolution of the Dark Matter (DM)
halos distribution hosting galaxies using N-body simulations or analytical
methods (e.g, Press-Schechter theory).

• Then, we model the evolution of baryonic matter distributed in DM halos
formed in the previous step (Cora, 2013).

The modern theory of galaxy formation is set within the larger-scale Λ−Cold
Dark Matter (ΛCDM) cosmological model (Blumenthal et al., 1984; Narlikar and
Padmanabhan, 2001; Frenk, 2002; Bertone et al., 2005). This model can well
explain the Cosmic Microwave Background (CMB) (Komatsu et al., 2009) and
the large-scale structure (Seljak et al., 2005; Percival et al., 2007a; Ferramacho
et al., 2009; Sánchez et al., 2009). However, galaxy formation occurs at scales
much smaller than the CDM and we cannot fully rule out the possibility that
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DM is warm or self-interacting.

The key physical processes involved in galaxy formation and evolution are gravity,
cooling, star formation, feedback, mergers, and chemical evolution.

2.1 Cosmology

Different experiments measured the CMB (Dunkley et al., 2009), large-scale
structure (Tegmark et al., 2004; Percival et al., 2007a,b), Type Ia supernova
magnitude redshift (Riess et al., 2018), have shown strong constraints on the
determination of the parameters of the ΛCDM cosmology.

From observations (Komatsu et al., 2011) we know that our Universe is one in
which the energy density is shared between dark energy (ΩΛ = 0.726+0.015

−0.016), dark
matter (Ωc = 0.227 ± 0.014) and baryonic matter (Ωb = 0.0456 ± 0.0016), with
a Hubble parameter of 70.4+1.3

−1.4 km/sMpc. Perturbations in the uniform model
seem to be well described by a scale-free primordial power spectrum with power
law index ns = 0.963± 0.012 and amplitude σ8 = 0.809± 0.024.

With this model, we estimate that the age of the universe is about 13.75±0.11Gyr

old. In this context, galaxies probably began forming at z ∼ 20 − 50 (Tegmark
et al., 1997; Gao et al., 2007).

2.2 Structure Formation

In any cosmology, after fixing the initial conditions, gravity determines the shape
and amplitude of the primordial power spectrum of density fluctuation. The final
result of the non-linear evolution of a DM density perturbation is the formation of
a DM halo. These DM haloes grow through mergers. This is known as hierarchical
structure formation. The recorded evolution of these DM halos mergers is called
merger trees (see Figure 3.0.1 for a visual representation).

It is easy to think of DM halos as a construction block. The blocks used to build
a final DM halo are called progenitors, and the reconstruction of the history is
the merger tree. In those merger trees, DM halos have over-densities in which gas
falls and cools down and eventually forms galaxies (Neistein and Dekel, 2008).

The observed and predicted DM halos with N-body simulations (e.g. Klypin
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and Shandarin, 1983; Springel et al., 2005b; Heitmann et al., 2010) show that
a network of DM halos strung along walls and filaments. This is consistent with
measurements of galaxy and quasar clustering on a wide range of scales.

2.3 Halo properties and distribution

It is important to study the properties of the halos. They are the result of the
nonlinear evolution of a DM density perturbation and are approximately stable,
near-equilibrium state supported against its own self-gravity by the random
motions of its constituent particles. This is the formation of the first generation
of DM halos. As we assume a hierarchical Universe, the first halos are the
progenitors of the later generation of DM halos that form from the merging of
these earlier generations of halos.

That is why it is important to study the distribution of their masses at any
redshift and the distribution of their formation histories (i.e., have all halos with
a given mass M formed in the same way?).

To answer this question, the formalism introduced by Press and Schechter (1974)
associates halos with peaks in the Gaussian random density field of DM in the
Early Universe.

This formalism allows us to estimate the distribution of DM halo masses such
that the number of halos per unit volume in the mass range M to M + δM is
given by

dn

dM
(M, t) =

(
2

π

) 1
2 ρ0
M2

δc(t)

σ(M)

∣∣∣∣ d ln σd lnM

∣∣∣∣ exp [− δ2c (t)

2σ2(M)

]
, (2.3.1)

where ρ0 is the mean density of the universe, σ(M) is the fractional root variance
in the density field smoothed using a top-hat filter that contains, on average, a
mass M , and δc(t) is the critical overdensity for spherical top-hat collapse at time
t (Eke et al., 1996).

Different studies tried to fit the formalism of Press and Schechter (1974) with
modern N-body measurements of the halo mass function. Different attempts to
calibrate the halo mass function applied different filters and barriers (e.g., Sheth
et al., 2001), but it is impossible to reproduce accurately without adjustment
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parameters. The best fitting formula is the result of the work of Tinker et al.
(2008) where equation 2.3.1 takes the following form

dn

dM
= f(σ)

ρ̄

M

d ln σ−1

dM
, (2.3.2)

where
f(σ) = A

[(σ
b

)−a

+ 1

]
exp

(
− c

σ2

)
, (2.3.3)

with A, a, b and c free parameters determined by fitting the results of N-body
simulations, the mass variance σ2(M) is determined from the power spectrum of
density fluctuations

σ2(M) =
1

2π2

∫ ∞

0

P (k)T 2(k)ŴM(k)k2dk, (2.3.4)

where P (k) is the primordial power spectrum, T (k) is the cold dark matter
transfer function (Eisenstein and Hu, 1999) and ŴM(k) is the Fourier transform
of the real-space top-hat window function. These formalisms are important, as
they are the basis of algorithms for building DM merger trees.

Until now, we describe how DM halos form and distribute, but to characterize
a DM halo we define an overdensity ∆, which defines the virial radius of the
halo. The overdensity of recently collapsed halos with respect to the field is
approximately 200 times (in a spherical top-hat collapse model, e.g. Eke et al.,
1996), the virial radius is given by

rv =

(
3M

4πρ0∆

) 1
3

. (2.3.5)

N-body simulations indicate that density profiles of almost all DM halos can be
described in a universal form in CDM cosmologies. This profile is the Einasto
profile (Einasto, 1965) and is better than the Navarro-Frenk-White (NFW) profile
(Navarro et al., 1996, 1997). The profile is given by

ρ(r) = ρ−2 exp

(
− 2

α

[(
r

r−2

)α

− 1

])
, (2.3.6)

where r−2 is a characteristic radius at which the logarithmic slope of the density
profile equals −2, ρ−2 is a normalization factor, r is the distance from the center
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of the halo and α is a parameter which controls how rapidly the logarithmic slope
varies with radius (Benson, 2010).

2.4 Evolution of baryons

The initial distribution of baryonic matter is assumed to be approximately
uniform, and trace the dark matter distribution on scales above the Jeans length
(Arons and Silk, 1968; Gnedin and Hui, 1998). Baryons move to the deepest
potential inside DM haloes, and concentrate there.

This process is known as accretion of baryons. The amount of baryons that are
accreted from the Intergalactic Medium (IGM) depends on the depth of the DM
halo potential and the pressure of the baryons.

The concept of cooling involves a variety of processes, but the main concept is
that the initial gas that is subjected to a powerful virial shock will have its kinetic
energy converted to thermal energy, raising its temperature to approximately the
virial temperature and reaching the hydrostatic equilibrium.

This hot halo gas can cool radiatively and will eventually lose energy. Of course,
there are different mechanisms to accelerate the cooling process; atomic cooling,
Compton cooling, and molecular hydrogen cooling.

The cooling process is relevant to form dense clouds, where star formation begins.
However, there are different processes that suppress (or destroy) the formation
of these clouds as a result of heating. For example, photoheating, heating from
feedback, preheating and thermal conduction (Benson, 2010).

2.5 Galaxy-Galaxy interactions

We know that galaxies are not all isolated. There is evidence of strong interactions
between galaxies in their large-scale environment, and these interactions can
affect the evolution of galaxies. Furthermore, there are different types of
interactions between galaxies (i.e., galaxy orbits, gravitational interactions and
hydrodynamical interactions).

For a long time, numerical simulations indicated that any information from
previous generations of halos is lost after a merging process (Katz and White,
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1993; Summers et al., 1995).

The article of Tormen et al. (1998); Moore et al. (1999); Klypin et al. (1999)
demonstrate that it was a numerical issue and not physical reasonable. In other
words, DM halos can survive after merger and persist as subhalos within larger
halos.

In high-resolution simulations (e.g., Kuhlen et al., 2008; Springel et al., 2008)
there is evidence of multiple levels of subclustering (i.e., subhalos within
subhalos).

The largest halo is called host halo, whereas the halo that mergerd is called
subhalo. Both are gravitationally bound, and consequently the subhalo is orbiting
its host. The orbit of the sub-halo can interact with the galaxy in the host halo.
This is called the orbit interaction of galaxies.

When we consider gravity affecting the orbit of such subhalos, there must be
a dissipative process to reduce their orbital energies. This means that subhalos
reduce their orbital energy to move in orbits close to the center of the host galaxy.
One mechanism is dynamical friction (Chandrasekhar, 1943). Dynamical friction
tends to drag subhalos down towards the center of their host halo, where they
may merge with any other galaxy that finds itself there.

Tidal destruction is another process that can occur. When a subhalo and its
galaxy orbit each other, they experience tidal forces that can strip away the
outer parts of the galaxy or, in extreme cases, completely break it apart, forming
a stellar stream (an example is the Sagittarius dwarf galaxy in orbit around the
Milky Way Belokurov et al., 2006).

If the tidal interaction is not enough to remove material from the galaxy, the tidal
forces can heat the galaxy. This is the result of the energy transference from
the orbit to internal motions of stars in the galaxy. Heating can destroy cold
structures such as disks (Moore et al., 1996, 1998; Mayer et al., 2001b,a; Gnedin,
2003; Mastropietro et al., 2005a,b). This happens because stars experience a
rapidly changing tidal field along its orbit and gain energy in the form of random
motions, leading to the system expanding and becoming dynamically hotter.

Finally, the hydrodynamical interaction refers to the baryonic content of galaxies.
The collisionless DM is affected only by gravity, but the baryonic content of
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galaxies can be strongly affected by hydrodynamical forces.

An example is the ram pressure, where a subhalo moves through the hot
atmosphere of a host halo. The relative motion of the galaxy moving through
the intracluster medium causes a drag force to be exerted on the galaxy. In
consequence, the gas of the galaxy is stripped.

2.6 Galaxy structure formation

We know of different components of galaxies. Every structure was formed from
different processes. Here we describe the formation of the disk and the spheroid
component. Of course, there are more structures, but we refer to Kormendy
(1982) for a detailed introduction to this topic.

2.6.1 Galactic disk

The formation of a disk is related to the conservation of angular momentum.
The process starts with a gas cloud that collapses under gravity. Eventually,
the collapse stops when the system is rotationally supporteda and the angular
momentum of the gas will form a disk. This process is analogous to that of DM
halos, namely tidal torques from the surrounding large-scale structure (Hoyle
et al., 1949).

It is possible to find the size of the disk by solving

j2(M)

R3(M)
=

∂

∂R
Φ(M), (2.6.1)

where j(M) is the specific angular momentum enclosing mass M and this equation
is solved for R(M). The potential Φ(M) is the sum of the self-gravity of the disk
and that of any external potential. Many authors have explored the physics of
the disk. A summary can be found in Mo et al. (1998); Mao et al. (1998).

Of course, disks are not completely thin. Disk galaxies show a vertical extension,
and the origin of this structure is still unclear. Until now there have been two
theories: internal origins (dynamical heating) and external origins (related to
accretion).
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2.6.2 Galactic spheroid

The formation of spheroids can proceed in two distinct ways. The first way is the
destruction of preexisting stellar systems in major mergers. This is a consequence
of hierarchical galaxy formation.

When two galaxies with comparable masses merge we may expect significant
changes in their structure and the formation of a merger remnant. This is due
to the violent relaxation process (Lynden-Bell, 1967). In this process, after the
merge the energy of the orbits undergoes orders of unity changes (due to the rapid
change in the potential) and randomizes the orbits (Tremaine et al., 1986). This
can turn the ordered motions of disks into the random motions seen in spheroids.

The second way is the result of the evolution of galactic disks. The dynamics of
self-gravitating disk systems naturally leads to the formation of spheroids. For
example, bars can redistribute mass and angular momentum to the build-up of
dense central mass concentrations, reminiscent in many ways of bulges formed
through mergers.

The size of the resultant spheroid depends, of course, on the formation mechanism.
A simple estimation of the size is computed by Cole et al. (2000), where the final
radius of the merger remnant (rf ) is give by

cfG(M1 +M2)

rf
=
c1GM

2
1

r1
+
c2GM

2
2

r2
+
forbitGM1M2

r1 + r2
, (2.6.2)

where two merging galaxies have masses M1 and M2 and half-mass radii r1 and
r2 respectively. The c coefficients relate the binding energy to the characteristic
value of GM2/r and depend on the density distribution of the galaxy.

2.7 Star formation and feedback

Star formation process converts gas into stars. The key ingredients which regulate
this are turbulence, magnetic fields, and self-gravity leading to interactions to
form molecular clouds and stars.

There are different attempts to model the star formation in galaxies.

A simple law is the Schmidt-Kennicutt law (Schmidt, 1959; Kennicutt, 1989,
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1998). This law relates the rate of star formation per unit of surface area, Σ̇⋆,
with the surface density of the gas, Σgas as Σ̇⋆ ∝ Σ1.4

gas.

Another model for star formation is given by Krumholz and Tan (2007). In this
model stars form in molecular clouds and so it is natural that it would be the
density of molecular gas (rather than the total gas).

The problem with almost all star formation models is that they give a star
formation rate but there is no physical motivation, and it is not possible to
guarantee that the model is accurate outside of the conditions in which it was
initially observed.

Another important physical process is feedback. Feedback regulates the cooling of
the gas. There exists different types of feedback. In the high-mass star and cluster-
forming region W51 there is evidence of thermal feedback. During the process of
forming, these high-mass stars heat a large volume and a large mass of gas in their
neighborhood (Ginsburg et al., 2017). Supernova explosions are another type of
feedback, often called kinetic feedback. The supernova explosion removes gas
from the galaxy, affecting the amount of gas available for star formation (Lucas
et al., 2020). Additionally, the building of BHs in galaxies produces feedback
and affects the evolution of the galaxy (Benson et al., 2003). The accretion of
material from the accretion disk of the BH triggers a response of radiation and/or
mechanical outflow. It is known that if there is radiative feedback, there is also
mechanical feedback. If there is only radiative feedback, the predicted BHs mass
is larger than the observed (Ciotti et al., 2009). However, mechanical feedback
alone can regulate the growth of the BHs and the Active Galactic Nucleus (AGN)
activity can effectively expel gas from a galaxy. (Springel et al., 2005a; Di Matteo
et al., 2005; Sijacki et al., 2007, 2010; Booth and Schaye, 2009).

2.8 Chemical enrichment

As mentioned in Section 1.1.2. The first generation of stars (Pop. III) must
have formed from primordial gas which is metal free. Stellar nucleosynthesis and
stellar winds and supernova explosions with heavy elements have a significant
impact on the chemical enrichment of the Universe. The presence of different
heavy elements significantly alters the rate at which the gas can cool and allows
the formation of dust.
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This enrichment strongly depends on the stellar population model. It is possible
to estimate the fraction of material returned to the Interstellar Medium (ISM).
Taking the initial mass function of Chabrier (2003) leads to around 40% of the
mass being recycled after 10 Gyr and to around 30% at 1 Gyr.

In the context of numerical galaxy formation models, the process of chemical
enrichment is simplified by adopting the instantaneous recycling approximation.
In this approximation, mass and metals are assumed to return instantaneously
to the ISM after the formation of a population of stars.

2.9 Computational techniques

There are different techniques for galaxy modeling. The two major approaches
that have been developed are numerical N-body simulations, which attempt to
directly and numerically solve the fully nonlinear equations governing the physical
processes. The second, semi-analytic modeling, attempts to construct a coherent
set of analytic approximations which describe the same physics.

In recent years a different, a third more empirical approach, utilizing so-called
"halo occupation distributions" has become widely used.

All techniques have strengths and weaknesses, and choosing one or another
depends on the science you want to do. Here, we introduce the aim of each
technique.

2.9.1 Numerical N-body/Hidrodynamical

The most accurate computational method. This solves the physics of galaxy
formation via direct simulation, in which the fundamental equations of
gravitation, hydrodynamics, and perhaps radiative cooling and transfer are solved
for a large number of points.

In this scheme, it is common to model dark matter as collisionless, since it
responds only to the gravitational force. For the velocities and gravitational
fields occurring during structure and galaxy formation non-relativistic Newtonian
dynamics is enough for solving the evolution of the initial distribution of dark
matter. This initial distribution is usually a Gaussian random field of density
perturbations consistent with the power spectrum of the CMB.
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A problem related to this method is the contribution of all particles that act on a
single particle. In practice, numerical techniques, such as particle mesh (Kravtsov
et al., 1997) and tree algorithms (Springel, 2005), are used to reduce this problem
into something more computationally inexpensive.

To study galaxy formation, dark matter alone is insufficient, and baryonic
material must be added. This makes the problem much more difficult since
at least the pressure forces must be computed and the internal energy of the
baryonic matter must be tracked. To add the baryonic component, particle-
based methods (e.g., Smoothed Particle Hydrodynamics (SPH), Springel, 2005)
have been successful. SPH is a computational method that is used in astrophysics
to simulate solid mechanics and fluid flows. Another technique developed for this
purpose is the Eulerian grid method (Ricker et al., 2000; Fryxell et al., 2000;
Plewa and Müller, 2001; Quilis, 2004). In Eulerian methods, there is a fixed
space subdivided by a regular grid where the parameters of the fluid (density,
velocity, etc.) are calculated per cell.

On large scales, these methods work well. The problem arises when we explore
the process below the resolution of the simulation. The treatment of physics is
often at the "subgrid" level and the semi-analytic approach is used.

2.9.2 Semi-Analytic

The semi-analytic technique treats the various physical processes associated
with galaxy formation using approximate analytic techniques in order to reduce
computational resources. The degree of approximation varies considerably with
the complexity of the physics being treated.

Semi-analytical models are calibrated to match N-body/hydrodynamic
simulations. This allows the construction of samples of galaxies orders of
magnitude larger than possible with N-body techniques. This is useful for a rapid
exploration of the parameter space and the model space (Henriques et al., 2009).
The primary disadvantage is that they involve a higher degree of approximation.

Some examples of semi-analytical models are GALFORM (Cole et al., 2000),
SAGE (Croton et al., 2016) and Galacticus (Benson, 2012). All of them have
differences in the implemented prescription of physics. However, all of them are
able to reproduce and give insights into the galaxy observables.
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2.9.3 Halo occupation distribution

Many authors have demonstrated that the Halo Occupation Distribution (HOD)
can fit a wide variety of galaxy data. The HOD scheme is used to study galaxy
clustering (e.g. Benson et al., 2000) and they map observable properties of galaxies
onto properties of dark matter halos, but do not include actual modeling of
physical processes.

In the HOD framework, the relation between the galaxy and matter distributions
is fully defined by the probability distribution that a halo of virial mass M

contains N galaxies (P (N |M)), the relation between the galaxy and the spatial
distributions of DM within halos, and the relation between the galaxy and the
velocity distributions of dark matter within the halo (Berlind and Weinberg,
2002).

This empirical model, as simple as it is, predicts the galaxy-halo connection quite
well, and is useful to describe the galaxy formation history and to generate mock
catalogs.
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Chapter 3

Galacticus

Galacticus is a semi-analytic code of galaxy formation and evolution developed
by Benson (2012). As a semi-analytic model, it works solving equations describing
the evolution of galaxies in a merging hierarchy of DM halos in a DM-dominated
universe. Although Galacticus can solve galaxies in this context, it also
provides other functionalities, such as computing halo mass functions, power
spectra, analyzing particle simulations, and performing Markov-Chain-Monte-
Carlo (MCMC) simulations.

Galacticus is designed to be modular and easily extensible to all its
functionality. This feature makes Galacticus a powerful tool, due to our
understanding of galaxy formation being a fast evolving field.

The main characteristics of Galacticus are summarized in three features:
extensible implementations for all functions, modular components for tree nodes,
and a centralized Ordinary Differential Equations (ODE) solver.

Tree nodes are DM merger trees plus node components. A dark matter merger
tree is the merging history of DM halos from small clumps to larger objects (see
Fig. 3.0.1).
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Figure 3.0.1: Visual representation of a single merger tree history constructed
with Galacticus. The final DM halo is at z = 0. All the halos are scaled
with the logarithm of the mass. The figure is automatically constructed within
Galacticus.

Source: Galacticus output

A node represents a single DM halo (or sub-halo) along with everything inside
it, such as gas, stars, BHs, etc. Each thing a node may contain is called a
"component".

The evolution of the equations which describe how the components are interacting
in a node is managed by the central ODE solver.

3.1 Coding Galacticus

The process of writing code in Galacticus depends on what exactly you want
to do. Usually, minor modifications include writing new classes and functions
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which components can require for their evolution depending on the assumed
physics. This modifications are usually written in Fortran and XML. Major
modifications could include C.

In this work, we implement a new component in Galacticus. This involves
more work, but the fundamentals are the same; write new classes and functions
and define how the new component is related to the other.

3.1.1 Component definition

Each node in the merger tree consists of an arbitrary number of components.
Each component represents a specific class of object, which could be a DM halo,
a BH, a galactic spheroid, etc.

A component of each class may consist of one or more different implementations
of that component class; these implementations represent the properties of the
component (stellar mass, gas mass, size, etc.). For example, the disk component
class has three different classes; simple, simple-sized, and standard. The difference
between these classes is the properties defined and the differential equations which
describe the physical processes. Some functions (or classes) require a specific class
due to the dependence on properties, which might not exist in one class but it
does in other.

Additionally, each component contains methods (functions) which can be used
to access its properties, query its interfaces, and which are used internally to
perform ODE evolution, output, etc.

3.1.2 Implementing a new component

Implementing a new component involves writing modules, classes, and functions
(and the interface to tell Galacticus how to link the new component). The
code needs to handle initialization, creation, evolution, and responses to any
events. Everything that can interrupt suddenly the evolution of the properties
(for example mergers of galaxies).

There is a convention to define a new component. The code is split into three
or four files, although some components might not need all of these files. In this
thesis, we split the component definition into three files:
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objects.nodes.components.NuclearStarCluster.F90 The primary file that
describes the NSC component and its properties. This file also contains
functions to manipulate the component evolution through a merger tree.
In other words, the scales for the ODE solver, the behavior during mergers,
etc.

objects.nodes.components.NuclearStarCluster.bound_functions.F90

Contains functions that will be bound to the component object. These
functions will include any functions that get or set values of properties in
the component. In our case, it is relevant to define functions to calculate
the radius and the velocity of the cluster.

objects.nodes.components.NuclearStarCluster.data.F90 Contains any
data that may need to be shared between the above two files. These
contain parameters which control some property of the component that
is the same for all instances (e.g. the values to normalize the equation
describing the radii evolution in NSCs).

In the objects.nodes.components.NuclearStarCluster.F90, the component
definition itself takes the form of an embedded XML document. A minimal
example is as follows:

<component>

<class>NSC</class>

<name>standard</name>

<isDefault>true</isDefault>

<properties>

<property>

<name>isInitialized</name>

<type>logical</type>

<rank>0</rank>

<attributes isSettable="true" isGettable="true" isEvolvable="false" />

</property>

...

...

</properties>

<functions>
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objects.nodes.components.NuclearStarCluster.standard.bound_functions.inc

</functions>

</component>

The definition begins with the tag <component> which indicates that we are
defining a new component. The tag requires additional information:

class The name of the class is the name of the type of the component, in our
case the name is NSC.

name The name of the component refers to the implementation of the class. Here
we define the name of the [class] as [standard].

isDefault Specifies whether this should be the default implementation of this
class. It is important if we define more than one implementation.

properties Contains an array with the property elements of this
implementation. Each defined property should have extra information
about its implementation:

name The name of the property.

type The type can be real, logic, abundances, chemical or

KeplerOrbit.

rank It is 0 if the property is a scalar or 1 for an 1-D array.

attributes The attributes are characteristics of the property, this
control if the property can be called for other modules.

isSettable If true then the value of this property can be set
directory.

isGettable If true, then the value of this property can be obtained
from the directory.

isEvolvable If true, this property evolves as part of the
Galacticus ODE system.

function The name of the file which contains the bound functions of the
component.

Depending on the property, more/less information can be required to link the
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property with other modules/functions in Galacticus.

3.1.2.1 Component Initialization

When a component is defined, it is important to create a module for its
initialization. This is to avoid duplication of components in the nodes when
performing calculations. Without this module, Galacticus can solve two (or
more) copies of the component in one galaxy.

It is important to note that initialization is not the same as creation. Initializing
a component is the previous step before creation, and it is useful to read the
parameters or allocate the workspace before creation and the evolution of the
component. In general, components are created in response to events. In our
case, NSCs are created in response to star formation in the spheroidal component
of the host galaxy.

3.1.2.2 Component Evolution

We mentioned that the defined component has properties that are described by
attributes. Each property with an isEvolvable attribute set to true is included
in the ODE solver of Galacticus. Otherwise, the property can be computed
analytically with an internal function.

That means Galacticus will create two functions that allow the rate of change of
a property to be adjusted and the absolute scale used in the ODE error control
to be set. The first one is a rate compute function. This should be defined to
perform any calculations necessary to determine the rate of change of the property
and adjust the rate appropriately.

3.1.2.3 Evolution Interrupts

It is often necessary to interrupt the smooth ODE evolution of a node in
Galacticus.

For example, if a galaxy merges with another galaxy (in this case, the evolution
of the properties must be stopped and handle the merger) or if a component must
be created before evolution can continue (e.g. there is a spheroidal galaxy and at
some point of the evolution a disk needs to be created).
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The rate adjust and rate compute subroutines allow for interrupts to be flagged
via their interrupt and interrupt procedure arguments. If an interrupt is required,
then interrupt should be set to true, while interruptProcedure should be set
to point to a procedure which will handle the interrupt. Then, provided no
other interrupt occurred earlier, the evolution will be stopped and the interrupt
procedure called before evolution is continued.
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Chapter 4

Model implementation in
Galacticus

In this chapter, we describe the physics of the NSC model and the BH formation
scenario implemented in the Galacticus code.

4.1 Nuclear star cluster model

As we mentioned in Section1.2.1, there are different mechanisms to explain the
presence of NSCs in the center of galaxies. For this work, we assume that NSCs
are formed from the cold gas accumulated in the center of the galaxy. The
gas transfer rate to the center is assumed to be correlated with the global star
formation rate in the galaxy, leading to the formation of NSCs through in situ
star formation at the galactic center, as in the model of Barausse (2012) and its
improvement made by Sesana et al. (2014). The rate is given by the relation used
by Graham and Spitler (2009); Haiman et al. (2004); Lapi et al. (2014); Antonini
et al. (2015),

ṀNSC
gas = Aresψbulge, (4.1.1)

where ψbulge is the star formation in the bulge, and Ares ≈ 10−3 − 10−2 is a free
parameter (Sesana et al., 2014; Antonini et al., 2015).

Furthermore, we need to provide to Galacticus a mass distribution for the
NSC, due to the dependence with other functions (i.e. the computation of the
half-mass radius, surface density). This is not an easy choice; it is hard to directly
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observe the structure (or resolve the kinematics) of NSCs and find the mass
distribution of these objects. An important tool is integral field spectroscopy,
which reveals substructures within the NSCs (Neumayer et al., 2020), providing
some information about the real distribution. In the same work, many NSCs
appear to be nonspherical, and the observations of edge-on spirals by Seth et al.
(2006) identified elongated disk-like structures in NSCs.

The mass distribution for NSCs is a Sérsic profile with n = 2.28 (Pechetti et al.,
2020).

The size of the NSC is not easy to define. There is no agreement between the
models describing the distribution of stars in NSCs. However, it is assumed that
the radius scales with the square root of the luminosity (Turner et al., 2012;
Antonini et al., 2015; Neumayer et al., 2020).

rNSC = r0 [pc] ·

√
Mdyn

106M⊙
. (4.1.2)

In equation 4.1.2, the dynamical mass is defined as Mdyn = MNSC
gas + MNSC

⋆ .
Furthermore, we fix the value of r0 = 3.3 [pc] as this is the mean size of the
observed NSCs (Neumayer et al., 2020). We also include an efficiency parameter
ϵr used to calculate the critical mass of NSCs. The parameter rescales the radius
rNSC → ϵrrNSC with 0 < ϵr ≤ 1 an input parameter.

We compute the velocity of NSC at a given radius, as the orbital velocity of the
dynamical mass,

vNSC(r) =

√
GMNSC

dyn

rNSC

. (4.1.3)

The star formation rate in NSCs is assumed to occur in a ’quiescent’ star
formation mode for our nuclear gas reservoir as in Sesana et al. (2014),

ṀNSC
⋆ = fc

MNSC
gas

tSF
. (4.1.4)

The interpretation of equation 4.1.4 is that star formation in the gas reservoir
takes place on a timescale tSF, previously modeled by Krumholz et al. (2009) and
improved by Sesana et al. (2014). Star formation is assumed to occur in clouds
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and involves only a fraction fc of the cold gas available in the reservoir.

t−1
SF = (2.6 Gyr)−1 ×


(

Σres

Σth

)−0.33

, Σres < Σth,(
Σres

Σth

)0.34

, Σres > Σth

, (4.1.5)

with Σth = 85 M⊙ pc−2 and Σres =
MNSC

gas

4πr2NSC
the surface density of the reservoir for

an spherical mass distribution. The meaning of two branches in Equation 4.1.5
is that the cloud density is determined by internal processes or by the external
pressure in galaxies with large surface densities.

Furthermore, the fraction of cold gas available for star formation strongly depends
on the fraction of molecular gas. For metallicities Z > 0.01 (relative to the solar
metallicity), star formation occurs in molecular clouds. On the other hand, if
Z < 0.01, the star formation takes place in the atomic phase of the gas (Krumholz,
2012). This is summarized in Equation 4.1.6:

fc =

1−
[
1 +

(
3
4

s
1+δ

)−5
]− 1

5 , if fc > 2%,

2% , otherwise
(4.1.6)

where

s =
ln (1 + 0.6χ)

0.04Σ1Z
, (4.1.7)

χ = 0.77(1 + 3.1Z0.365), (4.1.8)

δ = 0.0712(0.1s−1 + 0.675)−2.8, (4.1.9)

Σ1 =
Σres

M⊙ pc−2
. (4.1.10)

Finally, we need to estimate the stellar age of the system. Stellar age depends on
the ratio of old and young stars that determines the ’age’ observed. In order to do
that, we use equation 4.1.11. This expression corresponds to the mass-weighted
age:

⟨t⟩ = t−
∫ t

0

dt′t′Ṁ(t′)

∫ t

0

dt′Ṁ(t′), (4.1.11)

where Ṁ(t′) is the star formation rate at time t′, and t is the present time of the
NSC.
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4.2 Nuclear star cluster collapse

In this Section, we describe the model for the formation of BH seeds inside NSCs.
This scenario is completely based on the work of Escala (2021). His work shows
that it is possible to form BHs in NSCs in virial equilibrium, with masses larger
than 108 M⊙ and with short collision times. For extremely dense stellar systems,
it means they will be globally stable against collisions, leading to a destabilization
of the cluster and collapse into a central massive object.

To quantify the role of collisions in NSCs, it is important to define the collision
timescale tcoll. This timescale quantifies how frequent collisions are in any system
with a large number of particles (in this case, stars).

The collision timescale depends on the characteristic (dispersion) velocity σ of the
system and the particle (star) mean free path λ (Binney and Tremaine, 2008),
leading to tcoll =

λ
σ
. The value of σ in a virialized system is σ ≈

√
GM
R

, with
M and R the stellar mass and the radius of the NSC. It is possible to determine
the probabilistic mean free path for a system with a number density of stars n
and the effective cross section Σ0 as λnΣ0 = 1 (Landau and Lifshitz, 2013; Shu,
1991). Using these expressions it may be easy to show that the collision timescale
is equivalent to

tcoll =
λ

σ
=

1
nΣ0√
GM
R

, (4.2.1)

tcoll =

√
R

GM(nΣ0)2
. (4.2.2)

The numerical density n of stars with mass M⋆ and radius R⋆ in a cluster with
a total stellar mass M , radius R, and a total number of stars N = M/M⋆, is
obtained dividing the total number of stars and the volume of the cluster.

n =
N

V
=

3

4π

M

M⋆

1

R3
. (4.2.3)
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Replacing the number density in the Equation 4.2.2 we obtain:

tcoll =

 R

GM
(

3
4π

M
M⋆

1
R3Σ0

)2


1
2

,

M3 = R7

(
4π

3

1

tcoll

M⋆

Σ0G
1
2

)2

,

M = R
7
3

(
4π

3

1

tcoll

M⋆

Σ0G
1
2

) 2
3

. (4.2.4)

From equation 4.2.4, if the age of the system tH is comparable to the collision
time of the system (tcoll ≤ tH), we can define the critical mass

Mcrit(R) = R
7
3

(
4π

3

M⋆

tHΣ0G
1
2

) 2
3

, (4.2.5)

where Σ0 = 16
√
π(1 + Θ)R2

⋆, with Θ = 9.54((M⋆R⊙)/(M⊙R⋆))(100 km s−1/σ)2.
The defined critical mass gives the condition for the formation of a BH seed in
Galacticus.

We also introduce a mass threshold parameter to avoid the collapse of NSCs in
masses below the specified value.

4.3 Black hole formation

Originally, Galacticus assumes that every galaxy hosts a SMBH seed in its
center. The initial mass (M•) of the seed is set as an input parameter.

Now, we introduce a new mechanism into the code to form BH seeds. If the
stellar mass of NSC is greater than the critical mass MNSC

⋆ > Mcrit and a mass
threshold (MThreshold), a new seed is formed in the center of the galaxy and then
merges instantly with the previous seed in the center of the host galaxy. The new
BH seed has a mass proportional to the stellar mass of the system attenuated by
a free efficiency parameter ϵ (see equation 4.3.1).

M• = ϵ•M
NSC
⋆ , (4.3.1)
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4.4 Black hole growth

The evolution of the black hole mass is given by

Ṁ• = (1− ϵradiation − ϵjet)Ṁ0, (4.4.1)

where ϵradiation is the radiative efficiency of the accretion flow feeding the black
hole, ϵjet is the efficiency with which accretion power is converted to jet power, and
Ṁ0 is the rest mass accretion rate. This rate is computed assuming Bondi-Hoyle-
Lyttleton accretion from the spheroid gas reservoir (with an assumed temperature
of Tspheroid) enhanced by a factor of α, and from the Circumgalactic Medium
(CGM). The gas clouds are assumed to be not self-gravitating and uniform at
infinity.

The explicit equation for Ṁ0 is

Ṁ0 = Ṁ•,spheroid + Ṁ•,CGM, (4.4.2)

where
Ṁ•,spheroid =

4πG2M2
•ρgas,spheroid

c3s
, (4.4.3)

with cs the sound speed in the gas (assumed to be ideal and with temperature
Tspheroid) (Edgar, 2004). The contribution of CGM is calculated the same as for
the spheroid component, resulting in

Ṁ•,CGM =
4πG2M2

•ρgas,CGM

c3s
, (4.4.4)

with and cs the sound speed in the CGM gas with the temperature of the CGM
assuming a virial profile.

The second mechanism to increase the mass of BHs is due to mergers; in these
mergers, it is assumed that the resulting properties follow the model of Rezzolla
et al. (2008). This computes the resulting spin from a binary merger and assumes
that there is negligible energy loss after the emission of gravitational waves,
resulting in a new BH with mass M•,new given by

M•,new =M•,1 +M•,2, (4.4.5)



4.4. Black hole growth 39

where M•,1 is the most massive BH and M•,2 is the less massive BH.

4.4.1 Contribution from the nuclear star cluster to the
BH accretion rate

Our reservoir of gas for the NSC contributes to the accretion rate, introducing a
new term in the equation 4.4.2:

Ṁ0 = Ṁ•,spheroid + Ṁ•.CGM + Ṁ•,NSC, (4.4.6)

where Ṁ•,NSC is analogous to the accretion contribution from the spheroid
component (see the first term on the right side in equation 4.4.3):

Ṁ•,NSC =
4πG2M2

•ρgas,NSC

c3s
, (4.4.7)

with cs the sound speed for an ideal gas with an assumed temperature T = 100K,
which is the same temperature of the bulge.
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Chapter 5

Simulations

In this chapter, we talk about the set up of simulations run in Galacticus. We
briefly describe the receipts for our simulations and, of course, the theory behind
them. We start from the best baryonic model constrained in Galacticus.

We use the evolveForests task provided by Galacticus. This task
generates a set of merger trees for DM halos and then evolves them forward
in time according to whatever physics specified in the parameter file.

5.1 Cosmology and structures growth

First, we need to fix the cosmological model. We start by selecting
’matterLambda’ functions. This means that all the cosmological functions in
function of time are computed assuming a universe containing collisionless matter
and a cosmological constant Λ.

The cosmological parameters of our model are H0 = 67.36, ΩM = 0.3153, ΩΛ =

0.6847, Ωb = 0.0493 and TCMB = 2.72548 (Planck Collaboration et al., 2020).

Once the cosmological background is fixed, we specify the linear theory power
spectrum.

We compute the mass variance of cosmological density fields computed from a
filtered power spectrum

σ2(M) =
1

2π2

∫ ∞

0

P (k)T 2(k)W 2(k)k2dk, (5.1.1)
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where P (k) is the primordial power spectrum, T (k) is the transfer function, and
W (k) is the power spectrum variance window function (in this case, just a top-hat
function). The mass variance is normalized via the parameter σ8 = 0.8111(Planck
Collaboration et al., 2020).

The primordial power spectrum is modeled as a power law:

P (k) ∝ kns , (5.1.2)

where ns = 0.9649 is the power spectrum index at wavenumber kref = 1.0

(Planck Collaboration et al., 2020). The transfer function is the fitting formula
of Eisenstein and Hu (1999) for the Cold Dark Matter.

The linear growth of cosmological structures is assumed to be collisionless matter,
the pressure terms for the growth of baryons are ignored, and there is no
wavenumber dependence.

The critical overdensity for the collapse is based on the spherical collapse in a
matter plus cosmological constant universe and the same option is chosen for the
virial density contrast. For more details, see Percival (2005).

The selected DM halo mass function is Sheth et al. (2001). The form of this mass
function is

νf(ν) = 2A

(
1 +

1

ν ′2q

)(
ν ′2

2π

) 1
2

exp

(
−ν

′2

2

)
, (5.1.3)

where ν ′ =
√
aν, a = 0.707, q = 0.3 and A = 0.322.

5.1.1 Dark matter halos

We specify a single level hierarchy to handle the hierarchy of substructures that
form as halos merge. This means that a DM halo can contain a subhalo, but the
subhalo cannot contain a subhalo.

The density profile selected for the DM halos is the Navarro-Frenk-White profile
(Navarro et al., 1996, 1997), and the DM profile concentration uses the fit of Gao
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et al. (2008),

log10 c = A log10Mhalo +B (5.1.4)

A = −0.140 exp

[
−
(
log10 a+ 0.05

0.35

)2
]

(5.1.5)

B = +2.646 exp

[
−
(
log10 a

0.50

)2
]
, (5.1.6)

where a is the expansion factor.

The spin of the DM halos is taken from the distribution formula of Bett et al.
(2007)

P (log10 (λ)) = A

(
λ

λ0

)3

exp

[
−α

(
λ

λ0

) 3
α

]
, (5.1.7)

where A = 3 ln
(
10αα−1

Γ(α)

)
, λ0 = 0.04326, α = 2.509 and λ is the dimensionless

spin parameter introduced by Peebles (1969).

The DM halo is related to the galactic structure solver. In our case, the sizes of
galactic components by assuming that their self-gravity is negligible and baryons
do not modify the DM density profile. The radius of a given component is then
found by solving

j =
√
GMDM(r)r, (5.1.8)

where j is the specific angular momentum of the component, r is radius and M(r)

is the mass of DM within radius r.

5.1.2 Circumgalactic physics

The accretion of material from the Intergalactic Medium (IGM) onto the
Circumgalactic Medium (CGM) is given by

Ṁaccretion =

{
Ωb
ΩM
Ṁhalo if Vvirial > Vreionization or z > zreionization

0 otherwise
, (5.1.9)

where zreionization = 9.97 (Hinshaw et al., 2013) is the redshift at which the
Universe is reionized, Vreionization = 35 km s−1 is the virial velocity below which
accretion is suppressed after reionization.
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The mass distribution of the CGM is

ρCGM(r) ∝ [r2 + r2core]
3β/2, (5.1.10)

where rcore is 0.259 times the virial radius and β = 2
3
.

This gas is cooled and feeds the galaxy. The cooling function is computed
internally using the Cloudy code.

The cooling radius is computed by finding the radius at which the time available
(see equation 5.1.11) for cooling equals the cooling time (see equation 5.1.12).

The available time for cooling is computed using the model of White and Frenk
(1991),

tavailable = exp [f ln tUniverse + (1− f) ln tdynamical], (5.1.11)

where f = 0.835, tUniverse is the age of the Universe and tdynamical is the dynamical
time of the CGM.

On the other hand, the cooling time is

tcool =
N

2

kBTntot

Λ
, (5.1.12)

where N = 3.0 is the number of degrees of freedom in the cooling gas with
temperature T and Λ is the cooling function (computed by Cloudy).

Finally, the cooling rate is computed using the model of White and Frenk (1991),

Ṁcool = 0.659 ·

{
4πr2infallρ(rinfall) ˙rinfall if rinfall < rCGM,outer

MCGM/τCGM,dynamical if rinfall ≥ rCGM,outer
, (5.1.13)

where rinfall is the cooling radius, ρ(r) is the CGM mass distribution (see equation
5.1.10), τCGM,dynamical is the dynamical time of the CGM, and rCGM,outer is the
outer radius of the CGM.

5.1.3 Star formation

Star formation in galaxies is separated into two components. The disk and the
spheroid components have their own star formation rate.

For the disk component, the star formation rate is given by
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Ṁdisk
⋆ =

Mgas,disk

τdynamical,disk
, (5.1.14)

where τdynamical,disk is the dynamical time of the disk:

τdynamical,disk = ϵ−1
⋆ τdynamical

(
V

200 km s−1

)α

, (5.1.15)

with ϵ⋆ = 0.2536, α = −3.2781, τdynamical = rdisk/Vdisk and this value is not
allowed to fall below 1.871 Gyr.

In the same way, the spheroid component uses the same star formation rate
receipt:

τdynamical,spheroid = ϵ−1
⋆ τdynamical

(
V

200 km s−1

)α

, (5.1.16)

with ϵ⋆ = 0.0030, α = 1.993, τdynamical = rspheroid/Vspheroid for τdynamical,spheroid, and
this value cannot fall below 13.16 Gyr.

The initial mass function of the stellar population selected is the model of
Chabrier (2001), where

ϕ(M) ∝


M−1 exp

−

[
log10

M
Mc

σc

]2

2

 for 0.1 < M [M⊙] < 1

M0.69 for 1 < M [M⊙] < 125

0 otherwise

, (5.1.17)

where σc = 0.69 is the width of the lognormal part of the initial mass function.

The feedback from star formation is modeled as a power law, where the outflow
is given by

Ṁoutflow =

(
Voutflow

V

)α
Ė

Ecanonical
, (5.1.18)

where Voutflow is velocity scale at which the supernovae (SNe)- driven outflow rate
equals the star formation rate. For the disk component Voutflow = 49.95km s−1,
while for the spheroid component Voutflow = 41.529km s−1. The exponent is α =

3.38 for the disk and α = 2.47 for the spheroid component. Furthermore, the
outflow is limited to a minimal timescale in units of the dynamical time of each
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component. For the disk, it is 0.0004 times the dynamical timescale, while for
the spheroid it is 0.002.

5.2 Galaxy mergers

When a satellite merges with its host galaxy, the mass movement is determined
by the masses of the satellite (Msatellite) and the central galaxy (Mcentral).

if Msatellite > fmajorMcentral, all mass from both satellite and central galaxies
moves to the spheroid component of the central galaxy, with fmajor = 0.197.

Otherwise: Gas from the satellite moves to the dominant component of the
central and stars from the satellite moves to the spheroid of the central.
The mass in the central galaxy does not move.

The size of the remnant spheroid is computed using the algorithm of Cole et al.
(2000):

(M1 +M2)
2

rnew
=
M2

1

r21
+
M2

2

r22
+
forbit

c

M1M2

r1 + r2
, (5.2.1)

where M1 and M2 are the baryonic masses of the components of the merging
galaxies that will end up in the spheroid component of the remnants and r1 and
r2 are the half mass radii of those same components. rnew is the half mass radius
of the spheroidal component of the remnant galaxy and c = 0.5 is a constant
which depends on the distribution of mass and forbit = 1.1695 depends on the
orbital parameters of the galaxy pair.

The timescale of the merger is computed using the modifier of Villalobos et al.
(2013), where

τmerge = (1 + z)ατ ′merge, (5.2.2)

where α = 0.471 and τ ′merge is the timescale computed using the dynamical
calibration of Jiang et al. (2008). The multiplier value required in their fitting
formula is 0.313.
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5.2.1 Merger trees construction

The DM merger trees are constructed internally by Galacticus. Inside this
merger trees, DM halos (and subhalos) are placed.

The selected algorithm is a minor modification of the original algorithm developed
by Cole et al. (2000). The original algorithm splits the halo mass M1 into two
masses, M2 and M3. The first mass determined is M2, this mass is determined
from the branching distribution function in the range Mres to M1

2
. Mres is the

resolution mass, then M3 is determined by

M3 =M1(1− F )−M2, (5.2.3)

where F is the fraction of the parent halo mass gained through sub-resolution
accretion in this timestep. Here, it is possible to observe that the subresolution
accretion is removed from the mass M3 and not from M2. When M2 is close to
M1/2 an asymmetry is shown in progenitor mass functions close to M1/2.

This is solved by first drawing a mass M ′
2 from the mass branching distribution

function and then defining

M2 = M ′
2(1− F ), (5.2.4)

M3 = (M1 −M ′
2)(1− F ). (5.2.5)

The algorithm requires choosing two parameter values that control the numerical
precision of the algorithm.

mergeProbability=0.1 It is the maximum probability of a binary merger
allowed in a single timestep. This allows the probability to be kept small, so
that the probability for multiple mergers within a single timestep is small.

accretionLimit=0.1 The maximum fractional change in mass due to
subresolution accretion allowed in any given timestep when building the
tree.

This building method requires us to specify the probabilities with DM halos
can merge. We chose probabilities calibrated with N-body simulations and
constrained with observational data based on the work of Parkinson et al. (2008)



5.3. Free parameters summary 47

plus an additional term.

G

(
σ1
σ2
,
δ2
σ2

)
= G0

(
σ1
σ2

)γ1 ( δ2
σ2

)γ2 (
1− σ2

2

σ2
1

)γ3

. (5.2.6)

In this equation, σi = (Mi) is the usual present-day, linear-theory mass-variance
in spheres enclosing an average mass M , M2 is the mass of the parent halo, M1

is the mass of the child halo, and δ2 is the critical overdensity for collapse at
the epoch of the parent. The values of the best match with observations are the
following:

G0 = +1.14254683789855,

γ1 = −0.327359703026759,

γ2 = +0.0587448775510245,

γ3 = +0.645617093475741.

Finally, we need to specify the z = 0 masses of the trees and how many trees
to create. We select a uniform distribution of tree masses with masses between
3.0 · 109 − 1.1 · 1015 M⊙. We also specify treesPerDecade=384. This is the
number of trees per decade of halo mass to generate. Finally, the sample rate of
the halo mass is given by a power law:

γ(M) = log10M/MMinimum
− α

α+1 , (5.2.7)

with α = 1, and MMinimum = 3.0 · 109 M⊙.

5.3 Free parameters summary

Our model has free parameters that need to be fixed.

• Ares : Appears in equation 4.1.1, and regulates the amount of gas which is
transferred to the NSC gas reservoir.

• a : The free parameter in the mass distribution.

• ϵ•: The free parameter which regulates the fraction of stellar mass of the
NSC converted into a seed.

• ϵr: We introduce an efficiency parameter to use a fraction of the radius of
the NSC to compute the critical mass.
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The next Section describes the models used to fix the parameters mentioned
above.
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Chapter 6

Analysis

In this chapter, we describe the models run and analyze the respective results of
the simulations.

6.1 Estimating the value of Ares

To estimate the value of Ares we compare the nuclear star cluster mass function
predicted by Galacticus as function of Ares with the one observed in the Local
Universe.

Originally, Antonini et al. (2015) reported the value of Ares ≈ 10−3 − 10−2. In
order to calibrate the NSC mass function, we explored different values for Ares

close to the previously reported. Initial values are given in Table 6.1.1.

Model Ares Resolution [M⊙]
A 1 · 10−4 4.86 · 107
B 5 · 10−3 4.86 · 107
C 1 · 10−2 4.86 · 107
D 5 · 10−2 4.86 · 107
E 1 · 10−1 4.86 · 107

Table 6.1.1: Values of Ares for models A, B, C, D and E in Galacticus. All
the simulations use an equal mass resolution.

From comparing with the observed mass function in Figure 6.1.1, model A
decreases from ΦNSC = 10−1 Mpc−3 dex−1 to ΦNSC = 10−5 Mpc−3 dex−1 faster
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Figure 6.1.1: Nuclear star cluster mass function for different values of Ares (solid
blue lines) indicated in Table 6.1.1. The observed NSC mass function (solid pink
line) is constructed using the available data from Neumayer et al. (2020). All
models show a clear tendency to decrease the population as the mass of the
NSCs increases. This figure corresponds to the output of Galacticus at z = 0.
Note that the x-axis corresponds to the dynamical mass of the NSC.

than other models and predicts a maximum NSC mass close to 107 M⊙.
Consequently, model A underestimates the observed population of NSCs.

Models B and C decrease from ΦNSC = 10−1 Mpc−3 dex−1 to ΦNSC =

10−5 Mpc−3 dex−1 but with NSC masses from 102 M⊙ to ∼ 109 M⊙. Both
models still underestimate the observed population of NSCs at masses higher
than 106 M⊙. However, the maximum masses predicted are close to 109 M⊙,
which is in agreement with the observations.

On the other hand, models D and E maintain the predicted population of NSCs
approximately constant at ΦNSC ∼ 10−1 Mpc−3 dex−1 for NSCs with masses
between 102 − 106 M⊙ and reach NSC masses up to 1010 M⊙. These models
fit well with the observed mass function in the range of 106 − 109 M⊙ but
predict masses larger than we observe. For models D and E, the overestimation
in the population occurs in masses below 107M⊙. This could be due to the mass
resolution of the simulation.

We choose Ares = 1 · 10−2 (model C) as the best fit value for the parameter Ares.
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This is consistent with the value reported by Antonini et al. (2015) to calibrate
their in-situ NSC formation scenario.

6.2 Resolution

Once the value of Ares is fixed, we explore the effect of mass resolution in our
simulations. The values adopted to explore a range of resolutions are given in
Table 6.2.1.

line Model Ares Resolution [M⊙]
F 1 · 10−2 4.86 · 107
G 1 · 10−2 4.86 · 108
H 1 · 10−2 4.86 · 109
I 1 · 10−2 4.86 · 1010

Table 6.2.1: Values of the mass resolution for models F, G, H and I. The value
of Ares is fixed and set equal to 1 · 10−2 in all models.

We explore different values for the mass resolution ranging from 4.86 · 107M⊙ to
4.86 · 1010M⊙. The values used are tentative to study the general behavior of the
mass function under changes in resolution.

In figure 6.2.1, all the models predict different values for the NSC population
with masses between 103 − 105 M⊙ and show an abrupt decrease from ΦNSC ∼
10−2 Mpc−3 dex−1 to ΦNSC ∼ 10−5 Mpc−3 dex−1 in the mass function at ∼ 107 M⊙.

Models F and G show similar behaviors, both models start with ΦNSC ∼
10−1 Mpc−3 dex−1 at MNSC = 102 M⊙ and maintain the line approximately
constant until they decrease from MNSC = 105 M⊙ to MNSC ∼ 109 M⊙. Models
H and I show a completely different tendency; Model H predicts ΦNSC =

10−2 Mpc−3 dex−1 at MNSC = 102 M⊙, increases the value of ΦNSC until it reaches
a peak (ΦNSC ∼ 10−1 Mpc−3 dex−1) in MNSC ∼ 104.5 M⊙ and then decreases to
ΦNSC ∼ 10−5 Mpc−3 dex−1. Model I starts from ΦNSC = 10−4 Mpc−3 dex−1 at
MNSC = 102 M⊙, grows to ΦNSC ∼ 10−2 Mpc−3 dex−1 in NSCs with masses
between 106 − 107 and then decreases until it reaches ΦNSC = 10−5 Mpc−3 dex−1.
Model I is the only one comparable to the observed NSC mass function, but
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Figure 6.2.1: NSC mass function (solid blue lines) for the different models
indicated in Table 6.2.1. The solid pink line corresponds to the observed mass
function. This corresponds to the output of Galacticus at z = 0. The x-axis
shows the dynamical mass of the NSC.

underestimates the mass function in NSCs with a mass in the range of ∼
104.5 − 106 M⊙.

We explore mass resolutions close to 4.86 · 1010 M⊙ (model I) to analyze the
convergence of the mass resolution in the neighborhood. The Table 6.2.2 shows
the resolution values for models close to model I.

Model Ares Resolution [M⊙]
J 1 · 10−2 9.0 · 109
K 1 · 10−2 1.0 · 1010
L 1 · 10−2 2.0 · 1010
M 1 · 10−2 3.0 · 1010
N 1 · 10−2 4.86 · 1010

Table 6.2.2: Values of the resolution for Ares = 1 · 10−2 in the vicinity 4.86 ·
1010 M⊙ resolution.

From figure 6.2.2 it is possible to note that all models overlap in the range of
107− 109 M⊙, while the order of magnitude of the NSC mass function is different
in the low mass regimen (102 − 106 M⊙). Models J and K are similar to each
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Figure 6.2.2: NSC mass function for different values of the mass resolution in
the vecinity of 4.86 · 1010 M⊙ resolution . The models are indicated in table 6.2.2
compared with the observed NSC mass function. This corresponds to the output
of Galacticus at z = 0.

other; both start at ΦNSC ∼ 10−4 Mpc−3 dex−1 at MNSC = 102 M⊙, reach a peak
at ΦNSC = 10−1 Mpc−3 dex−1 in NSCs with mass ∼ 104.5 M⊙ and then decay.
Models L, M, and N have similar behaviors but reach a peak at different masses;
model L has the peak (ΦNSC ∼ 5 · 10−2 Mpc−3 dex−1) at MNSC = 105 M⊙, model
M reaches the peak (ΦNSC ∼ 10−2 Mpc−3 dex−1) at MNSC = 106 M⊙, while model
N has the maximum value (ΦNSC ∼ 10−2 Mpc−3 dex−1) at MNSC ∼ 107 M⊙.

Model M is the best approximation to the observed mass function in masses
below 106M⊙. However, model M correctly predicts the mass function in the
range 104.5−107 M⊙, but with an underestimate in the NSC population at masses
larger than 107 M⊙. A possible explanation could be that the mechanism explored
in this thesis is not sufficient to reproduce the observed population of NSCs, and
more scenarios must be considered to reach a large population of NSCs with
higher masses.

On the other hand, the resolution also affects the BH mass function. To observe
the effects of the resolution, in figure 6.2.3 we show the comparison with the
predicted BH mass function and the observed mass function.
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Figure 6.2.3: BH mass function for different values of the mass resolution (solid
blue line) in the vecinity of 4.86 · 1010 M⊙ resolution. The observed BH mass
function is constructed with the available data from Kormendy and Ho (2013).
The models are indicated in Table 6.2.2. All models converge at a final BH mass
∼ 108.5 M⊙. This corresponds to the output of Galacticus at z = 0.

It is possible to see that all models converge to a maximum mass of ∼ 108.5M⊙

and overestimate the BH mass function in masses below ∼ 108M⊙. Although the
overestimation ranges from almost one order of magnitude, the shape of the BH
mass function does not change abruptly as the resolution varies. Actually, in low
masses, all the models increase the value of Φ• until they reach a peak and start
to decrease. Models J, K, and L begin to decrease at M• = 106 M⊙, and models
M and N start to decrease at M• = 107 M⊙ where the maximum is reached
(Φ• = 10−1 Mpc−3 dex−1). On the other hand, Models M and N start at Φ• ∼ 3 ·
10−3 Mpc−3 dex−1 at M• = 104 M⊙, grow until the peak (Φ• = 10−2 Mpc−3 dex−1)
occurs at M• = 107 M⊙ and then decrease to Φ• = 10−5 Mpc−3 dex−1.
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6.3 Formation of black hole seeds

Each galaxy contains an initial BH seed M• = 10 M⊙. In Table 6.3.1, we show
the values of ϵr used to calculate the critical mass of NSCs. We do not allow
NSCs to form in model R. The purpose of this restriction is to compare the
mass function of BHs without the contribution of the accreting gas from the NSC
gas reservoir and the formation of BH seeds.. We include a lower threshold for
the minimum stellar mass that a NSC must contain to form a BH seed. This
threshold is introduced to avoid collapse in NSCs with non-physical masses due
to the numerical method.

Model Ares Resolution [M⊙] ϵr ϵ• MThreshold [M⊙]
O 1 · 10−2 3.0 · 1010 1 0.5 103

P 1 · 10−2 3.0 · 1010 0.5 0.5 103

Q 1 · 10−2 3.0 · 1010 0.1 0.5 103

R 1 · 10−2 3.0 · 1010 - - -

Table 6.3.1: Values of the ϵr parameter controlling the percentage of the radius
of the NSC used to compute the critical mass. Model R does not include gas
accretion from the gas reservoir and does not form any seeds from the new
included channel. We assume that the efficiency formation of the seed is ϵ• = 0.5
as this value is the maximum efficiency reached in Vergara et al. (2023).

In figure 6.3.1, we show the mass function of NSCs (solid blue lines) compared
to the mass function of the critical masses (dashed purple lines) for each model
mentioned in table 6.3.1.

All NSC mass functions overlap and there is no considerable change due to the
formation of seeds; Models O, P, and Q predict ΦNSC = 10−4 Mpc−3 dex−1 at
MNSC ∼ 103 M⊙, increase the value of ΦNSC until they reach a peak (ΦNSC ∼
5 ·10−2 Mpc−3 dex−1) at MNSC ∼ 106 M⊙ and then decrease. The behavior of the
critical mass distributions is similar, but a decrease in the value of ϵr moves the
distribution to the left; the critical mass distribution of model O has a behavior
similar to the NSC mass functions, reaching a peak 106 M⊙ but also shows critical
masses higher than predicted by the model and observed. Models P and Q have
peaks in ∼ 107.8M⊙ and ∼ 108.5M⊙, respectively, but with similar values in
ΦNSC ∼ 5 ·10−2 Mpc−3 dex−1. Models P and Q predict critical masses larger than
the NSC masses, which means that NSCs are very stable to form a BH seed in
these models.
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Figure 6.3.1: NSC mass function (solid blue lines) for galaxies containing NSC
with dynamical masses larger than 103 M⊙. We include the critical mass function
for each model (dashed purple lines) and the observed NSC mass function (solid
pink line).

Figure 6.3.2 shows the BH mass function predicted by Galacticus. Comparison
between each model shows that the distribution does not change considerably
with the inclusion of the new model. While models O, P, and Q start with
Φ• ∼ 10−3 Mpc−3 dex−1 at M• = 104 M⊙, grow to Φ• ∼ 3 · 10−2 Mpc−3 dex−1 at
M• ∼ 106.9 M⊙ and then decrease to Φ• ∼ 3·10−4 Mpc−3 dex−1 at M• = 108.5 M⊙,
the model R maintains the population of BHs approximately constant (Φ• ∼
10−2 Mpc−3 dex−1 in BH masses between 104 − 106 M⊙), increases a negligible
amount and then decreases. The main change is the increase in the maximum
mass predicted by Galacticus and the tendency to decrease the predicted BH
population as the mass of the BH decreases.

A possible explanation for the lower masses reached could be the late formation
of the seeds, resulting in short timescales to accrete the material and merge with
other SMBHs. Although there is an increase in the final mass, the increment is
less than one order of magnitude.
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Figure 6.3.2: BH mass function (solid blue lines) for galaxies containing a
BH with masses larger than 104 M⊙. We include the observed mass function
constructed with the available data in Kormendy and Ho (2013).
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6.4 Properties of collapsed NSCs

We explore the properties of collapsing NSCs by extracting relevant information
at the collapse moment. We extract the stellar mass, critical mass, velocity, and
radius of the NSCs.
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Figure 6.4.1: Properties of the NSC at the moment of collapse. In the y-axis
is the stellar mass of the NSC normalized by the critical mass. In the x axis
is the age (in Gyr), radius (pc) and the velocity (km s−1), from left to right,
respectively. The age and the radius distribution of the NSCs are restricted to
0.8Gyr to 2.1Gyr and 0.01 pc to 0.11 pc, respectively. The velocity distribution
shows a different behavior and takes values on the order of 10 km s−1 and 102

km s−1. The colorbar indicates the number of NSCs collapsing per bin.

From the figure 6.4.1, it is straightforward to observe that model O and P do
not form BH seeds. Model Q is the only model where the conditions to form
a BH seed are fulfilled. In this model, the ages of the NSCs are restricted to
values ranging from 0.8Gyr to 2.1Gyr. Similarly, the radius of the NSCs ranges
from 0.01 pc to 0.11 pc, while the velocity takes different values on the order of
10 km s−1 and 102 km s−1.

From the figure 6.4.2, it is possible to see that the number of BH seeds decreases
as the mass of the BH increases. This means that the model is efficient in forming
light seeds (in the order of 103M⊙), but it does not exclude the formation of heavy
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seeds up to 105M⊙.
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Figure 6.4.2: Mass distribution of the formed BH seeds by model Q. The peak
of the distribution occurs at M• = 103M⊙, where 35 BH seeds were formed. The
most massive formed seeds reach masses ∼ 105.5M⊙. There is a gap in the mass
distribution.

In summary, model Q shows that the formation of BH seeds inside NSCs is
possible, but with a strong dependence on the radius in the critical mass. The
model predicts an efficient formation of light seeds (∼ 103M⊙) but does not
exclude the formation of heavy seeds with masses on the order of ∼ 105.5M⊙.
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Chapter 7

Conclusions and future work

7.1 Conclusions

We have implemented an in situ NSC formation and evolution model in
Galacticus and have calibrated the NSC mass function to the observed using
the available data from Neumayer et al. (2020).

We find that our value of Ares = 1 · 10−2 is in the range previously reported by
Antonini et al. (2015). A higher value of Ares results in larger NSC masses than
observed. We also find that our best match models underestimate the number
density of NSCs with dynamical masses larger than 107 M⊙. This could be
explained due to the lack of another formation mechanism (e.g., globular cluster
migration).

The results of our simulations strongly depend on the resolution. To reproduce
the observed NSC mass function, we decreased the mass resolution, resolving just
the most massive DM halos. This is relevant because the in situ star formation
scenario is related to more massive halos and galaxies, where the time scale from
migration of globular cluster from the disk to the center is too large to contribute
to the final mass of the NSC. However, the overestimation of NSCs with dynamical
masses less than ∼ 106 M⊙ when the resolution is increased (that means that we
resolve less massive DM halos) could be due to our spatial resolution limits in
telescopes when they observe the center of galaxies.

We find that at the moment of collapse, all the NSCs in model Q have a similar
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radius; ranging from 0.01 pc to 0.11 pc, and the age of the NSCs is also restricted
to values between 0.8Gyr and 2.1Gyr. The velocity of NSCs shows an interesting
behavior, while the majority of NSCs collapse with velocities of the order of
10 km s−1, there are a few clusters that collapse at velocities of the order of
102 km s−1. This might occur in dense clusters, where the core of the cluster
encloses more stars and the collision rate timescale increases.

The inclusion of this new scenario of BH formation increases the final mass
reached in the BH mass function predicted by Galacticus, but it is still not
sufficient to reach masses higher than 108.5 M⊙. This could be due to the late
formation of the BH seeds. According to our simulations, the collapse occurs
when the universe is 2− 6 years old. This corresponds to z ∼ 3 to z ∼ 1, which
implies that BHs have a short time to grow and reach larger masses.

7.2 Future work

The following steps are to explore more parameters related to BH growth, for
example, the temperature of the gas that feeds the BH and the value of ϵ•.
Furthermore, the inclusion of a tidal disruption of the stars of the NSCs when
they move close to the BH or the inclusion of more formation scenarios could
help to calibrate the BH mass function at z = 0. Inclusion of more scenarios
could form early BH seeds that will have more time to grow from accretion and
mergers, and reach larger masses at z = 0.

Once the model is calibrated at z = 0, we plan to construct the BH mass
function at high redshifts. This will allow us to make predictions for gravitational
wave emissions from the merge of BHs with intermediate masses for the Laser
Interferometer Space Antenna (LISA). LISA is expected to detect the emission of
gravitational waves from BH binaries, and according to Barausse et al. (2023), a
crucial aspect of the model for predicting the emission of the gravitational waves
is the initial mass function of the black hole seeds at high redshift. With the
model calibrated, we will be able to make predictions for the gravitational waves
emitted by the mergers of the BHs formed under this scenario.

However, for the local universe, we expect the Extremely Large Telescope (ELT)
equipped with the Multi-AO Imaging Camera for Deep Observations (MICADO)
to resolve the dynamics of dense stellar systems and black holes in near galaxies.
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This is due to the point-source sensitivity comparable to the James Webb Space
Telescope and a resolution of about a factor 6 better (Davies et al., 2018). This
will facilitate the measurement of proper motions in dense NSCs that could host
(or not) a BH. Actually, this problem arises with the slope of the MBH−σ relation.
In elliptical galaxies and classical bulges of disk galaxies, the first estimate was
MBH ∝ σ4 (Tremaine et al., 2002), but recently the relation was adjusted to
MBH ∝ σ5.6 (McConnell and Ma, 2013). The slope of the relation is different
for globular clusters and the hosted BH. The work of Lützgendorf et al. (2013)
found that the relation is MBH ∝ σ2.3, which implies that the slope is defined by
different formation processes.

With the MICADO instrument, the possibility of resolving the proper motions of
NSCs in the local universe is open. It will be interesting to analyze any anisotropy
that could imply the existence of a massive object at their center. From figure
6.4.2 we would expect to observe at least BHs with masses ≳ 105 M⊙ inside the
NSCs in the local universe.

The ELT/MICADO and the JWST telescope will increase the observational
sample of NSCs and BHs. Due to the improvement in the spatial resolution
of the telescopes, it is expected to reduce the error bars in the BH and NSC mass
estimation and, in consequence, reduce the errors in the scaling relations between
their properties, which will give us insights about their origins.
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