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“Quando tocchiamo il punto pitt basso, siamo
pronti per i cambiamenti pin grandi.”

The Legend of Korra.

“Namadrié”
The Road Goes Ever On, J. R. R. Tolkien.

“Los caracteres de mariquita en japonés son insecto del
camino celestial. ;Por qué?. Rei me explico que el
nombre japonés es de hace mucho tiempo, cuando la
gente sefialaba a esa criatura mientras se dirigia hacia

el sol."

March comes in like a lion.

“Alguien que hacia cuerdas trenzadas me dijo una vez
que las cuerdas representan el mismo flujo del tiempo.
Las cuerdas giran... se entrelazan... se desenredan... se

rompen... y se vuelven a conectar.”

Kimi no Na wa.

“Adiés Frodo Bolson. Te entrego la luz de Earendil,
nuestra mds preciada estrella. Que ella te ilumine en los
lugares oscuros cuando las demds luces se apaguen.”

El sefior de los anillos: La comunidad del anillo.

“El enemigo tinicamente nos triplica en niimero,
alentador para cualquier griego. En este dia, liberamos al
mundo del misticismo y la tirania, y damos la bienvenida

al futuro mds esperanzador que hayamos imaginado.”

300.

“Pero acabo de tomar una decision, voy a viajar por todo
el mundo, iqual que haces t1i. Puede que encuentre
muchos peligros por el camino, puede que incluso muera,
pero... no me importa. He elegido ya tomar ese camino.
Entonces, tal vez algtin dia podamos encontrarnos de
nuevo bajo el firmamento estrellado. Ambos seremos
viajeros, Violet Evergarden. Si eso sucediera, ;podriamos
volver a ver juntos las estrellas?, dime, ;podriamos,
Violet Evergarden?.”

Violet Evergarden.
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RESUMEN DE LA TESIS

“ Cuanto silencio... Es la calma que precede a “It's so quiet... It's the deep breath before
la tempestad. No quiero luchar en una batalla, the plunge. I don” want to be in a battle
pero estar al borde de una de la cual no puedo but waiting on the edge of one I can’t escape,
escapar es aiin peot. ;Hay alguna esperanza, is even worse. Is there any hope, Gandalf,
Gandalf, para Frodo y Sam? Nunca ha habido for Frodo and Sam? There never was much hope
demasiada... tan solo la de un necio.” Just a fool’s hope.”
El sefior de los anillos: El Retorno del Rey. The Lord of the Rings: The Return of the King

Durante las dltimas décadas, los astrofisicos han desarrollado una teoria sobre cémo se forman y
evolucionan las galaxias. A pesar de ser exitosa en muchos aspectos, todavia tiene ciertas limitaciones
que trabajos tedricos y observacionales estdn tratando de resolver. En esta tesis, contribuimos con estos
trabajos tedricos abordando tres temas diferentes: bulbos galacticos, agujeros negros supermasivos y el
desarrollo de catdlogos simulados para la nueva generacion de cartografiados de banda estrecha. Hemos
abordado todos estos temas utilizando el modelo semianalitico L-Galaxies. A grandes rasgos, los
modelos semianaliticos consisten en seguir la evolucién de la componente bariénica del Universo utiliz-
ando aproximaciones analiticas aplicadas a “arboles” de fusiones de materia oscura. L-Galaxieses uno
de los modelos mas avanzados de la literatura, cuya capacidad para predecir las propiedades correctas
de las galaxias en diferentes tiempos cosmoldgicos ha sido probada durante la dltima década en muchos
trabajos. Una de las principales ventajas de L-Galaxies es la capacidad de se ejecutado en los drboles
de fusiones de materia oscura extraidos de las simulaciones Millennium cuyas diferencias en tamafios
de caja y resolucion en masa de materia oscura ofrecen la posibilidad de explorar los procesos fisicos
experimentados por la las galaxias en una amplia variedad de escalas y entornos.

En la primera parte de la tesis, abordamos la formacién de bulbos galacticos con especial énfasis en
la poblacién de pseudobulbos, cuya evolucidén en un universo jerarquico no ha sido del todo explorada.
Concretamente, estudiamos su proceso de formacién y caracterizamos las propiedades de sus galaxias
anfitrionas a diferentes tiempos cosmolégicos. Dentro del marco que nos proporciona L-Galaxies, las
galaxias son capaces de desarrollar un bulbo a través de fusiones con otras galaxias e inestabilidades
de disco. Suponiendo que los pseudobulbos solo pueden formarse y crecer a través de una evolucién
secular, hemos modificado el tratamiento de las inestabilidades del disco de L-Galaxies asumiendo
que solo los eventos de inestabilidad desencadenados por procesos seculares conducen a estructuras de
barra duraderas que finalmente forman y desarrollan pseudobulbos. Hemos aplicado este escenario en
L-Galaxies ejecutado sobre los arboles de fusiones de Millennium y Millennium II. Los resulta-
dos del modelo estdn en concordancia con las observaciones, mostrando que los pseudobulbos en el
universo local son estructuras pequefias (~ 0.5 kpc) alojadas en galaxias similares a la Via Lactea. Es-
tos resultados son alentadores y respaldan nuestra principal suposicion subyacente de que la estructura
de pseudobulbo se forma principalmente a través de una evolucién secular. Hemos ampliado nuestro
andlisis de pseudobulbos estudiando el comportamiento del criterio de inestabilidad de disco utilizada
por L-Galaxies cuando es aplicada a una muestra de galaxia con y sin barra extraida de la simulacién
hidrodindmica cosmoldgica TNG100, actualmente una de las simulaciones mas completas disponible. A
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pesar de encontrar una correlacién entre las predicciones del criterio analitico y el (no) ensamblaje real de
las galaxias con (no) barra, hemos detectado casos en los que el criterio analitico falla, ya sea afirmando
estabilidad del disco para galaxias barradas o inestabilidad del disco para las galaxias sin barra. Por ello,
hemos propuesto una condicién nueva adicional para ser combinada con el criterio de L-Galaxies. Esta
combinacién mejora la detectabilidad de barras y reduce la contaminacién de falsas galaxias barradas.

La segunda parte de la tesis explora el ensamblaje en masas y la evolucién del espin de los agujeros
negros supermasivos a lo largo del tiempo cosmoldgico. Para ello, hemos actualizado el modelo L-Galaxies,
incluyendo nuevos procesos fisicos. Hemos asumido que el crecimiento de los agujeros negros se des-
encadena principalmente a través de la acumulacién de gas frio después de fusiones de galaxias o in-
estabilidades de disco. Este crecimiento tiene lugar a través de una etapa de acrecimiento rdpido seguida
de un una lenta. Durante estas fases, la evolucidn del espin del agujero negro es calculada usando de las
propiedades morfoldgicas del bulbo en el que reside. Las predicciones del modelo muestran una buena
compatibilidad con los resultados observacionales como la funcién de masa de los agujeros negros, la
distribucién de sus valores de espin, la relacién entre la masa del bulbo y la del agujero negro y las
funciones de luminosidad. Una de las principales novedades de esta tesis ha sido utilizar el modelo
explicado anteriormente para explorar la formacién y evolucién de la poblacion de agujeros negros er-
rantes, es decir, una poblacién que se encuentra fuera de las galaxias en 6rbitas cerradas dentro de los
subhalos de materia oscura. Hemos descubierto que la formacién de este tipo de agujeros negros errantes
deja una huella en la co-evolucién entre el agujero negro y la galaxia anfitriona, pudiendo ser detectada
por los estudios de galaxias actuales y futuros.

Finalmente, la tercera parte de la tesis aborda el desarrollo de catdlogos simulados especialmente dis-
efados para la nueva generacion de cartografiados fotométricos de banda estrecha. Con este fin, hemos
incluido la construccién de un cono de luz dentro de L-Galaxies incorporando en la fotometria de las
galaxias simuladas el efecto de lineas de emisién producidas en regiones de formacién estelar. Esto dl-
timo ha asegurado la capacidad de los catdlogos para predecir correctamente la fotometria de galaxias
en filtros de banda estrecha. Para determinar el flujo exacto en estas lineas hemos utilizado un modelo
de emisién nebular y de atenuacién por el polvo capaz de predecir el flujo emitido por 9 lineas difer-
entes: Lya, HB, Ha, [O1I], [OIlI], [Nelll], [OI], [NII] y [SII]. La validacién de nuestro cono de luz
se ha realizado comparando con diversas observaciones el nimero de galaxias detectado en diferentes
filtros, la distribucion angular de galaxias y las funciones de luminosidad de las lineas Ha, HS, [OIl] y
[OIlI]sgp7. Hemos utilizado todos estos procedimientos para generar catdlogos especialmente disefiados
para J-PLUS, un cartografiado fotométrico de galaxias que presenta una gran cantidad de filtros de banda
estrecha. Al analizar estos catdlogos hemos demostrado la capacidad del cartografiado para identificar
correctamente la poblacién de galaxias con lineas de emision a diferentes tiempos cosmolégicos.

Como resumimos anteriormente, en esta tesis hemos abordado varios aspectos relacionados con la
formacién de galaxias, tratando de unir enfoques tedricos y observacionales. Sin duda alguna, el avance
de los modelos tedricos combinado con los datos de experimentos futuros ayudard a construir una im-
agen mds detallada de cémo se forman y evolucionan las estructuras en nuestro Universo.



ABSTRACT

“Mi querido Frodo, los hobbits son criaturas “My dear Frodo. Hobbits really are amazing creatures.
sorprendentes. Puedes aprender todas sus You can learn all there is to know about their ways in a
costumbres en un mes y después de cien afios... month and yet after a hundred years....the can still
atin te sorprenden.” surprise you.”

El sefior de los anillos: La comunidad del anillo. ~ The Lord of the Rings: The Fellowship of the Ring.

During the last decades, astrophysicists have developed a theory about how galaxies form and evolve
within the ACDM cosmological framework. Despite being successful in many aspects, this general pic-
utre has still some missing pieces that observational and theoretical works are trying to put all together. In
this thesis, we try to answer to some open problems by addressing three different topics: galactic bulges,
supermassive black holes and the development of mocks for the new generation of multi-narrow band
surveys. We have tackled all these subjects by using the L-Galaxies semi-analytical model (SAM).
Roughly, SAMs consist of dark matter merger trees populated with galaxies through analytical recipes.
L-Galaxiesis one of the state-of-the-art models whose capability to predict the correct galaxy prop-
erties at different redshifts has been proven during the last decade in many works. One of the main
advantages of L-Galaxiesis its flexibility to be run on the dark matter merger trees of the Millennium
suite of simulations whose different box sizes and dark matter mass resolution offer the capability to ex-
plore different physical processes undergone by galaxies over a wide range of scales and environments.

In the first part of the thesis, we address the cosmological build-up of galactic bulges with special
focus on pseudobulges, whose cosmological evolution in a ACDM Universe has not been fully explored
yet. In particular, we study their formation process and characterize the properties of their host galaxies
at different redshifts. Within the L-Galaxies framework, galaxies are allowed to develop a bulge com-
ponent via mergers and disk instabilities (DIs). Under the hypothesis that pseudobulges can only form
and grow via secular evolution, we have modified the treatment of galaxy DIs. In detail, we assumed
that only secular DI events lead to the development and growth of pseudobulges through the formation of
long-lasting bar structures. We have applied this pseudobulge formation scenario to L-Galaxies, run on
top of the Millennium and Millennium ITI dark matter merger trees. The outcomes of the model are
in agreement with observations, showing that z =0 pseudobulges are small structures (~ 0.5 kpc) hosted
in main-sequence Milky Way-type galaxies. These results give support to our main underlying assump-
tion that pseudobulge structure mainly form via secular evolution. We have extended our analysis of
pseudobulge structures studying the performance of the DI criterion used by L-Galaxies when it is ap-
plied on a barred and unbarred galaxy sample of the cosmological hydrodynamical simulation TNG100.
Despite finding a correlation between the analytical criteria predictions and the actual bar assembly (non-
assembly) shown in the barred (unbarred) galaxies, we have detected cases where the analytical criterion
fails, either claiming disk stability for barred galaxies or disk instability for the stable unbarred disks.
We have proposed a new extra condition whose combination with the L-Galaxies criterion improves
the detectability of bar structures and reduces both the contamination of fake barred galaxies and the
number of undetected bar formation events.
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The second part of the thesis explores the mass assembly and spin evolution of supermassive black
holes (BHs) across cosmic time. For this objective, we have updated L-Galaxies with new physical pre-
scriptions. We have assumed that BH-mass assembly is mainly triggered by gas accretion after galaxy
mergers or disk instabilities, and it takes place through a stage of rapid growth followed by a regime
of slow accretion rates. During these phases, the BH spin evolution is followed by linking it with the
morphological properties of the hosting bulge. The model predictions display a good consistency with
some local observables, such as the black hole mass function, spin values distribution, BH-bulge mass
relation and quasar luminosity functions. One of the main novelties of this thesis has been to use the BH
model previously explained for exploring the formation and evolution of the wandering black hole pop-
ulation, i.e the population of BH outside of galaxies in bound orbits within the dark matter subhalos. We
have found that the formation of these type of wandering black holes leave an imprint in the co-evolution
between the black hole and the host galaxy which can be detected by current and future galaxy surveys.

Finally, the third part of the thesis tackles the construction of mocks specially designed for the
new generation of narrow-bands surveys. For this, we have inserted the lightcone assembly inside
L-Galaxies, including in the photometry of the simulated galaxies the effect of emission lines pro-
duced in starforming regions. The latter has ensured the mock capability to correctly predict the galaxy
photometry in narrow band filters. To determine the exact flux of emission lines we have used a model
for the nebular emission in star-forming regions, coupled with a dust attenuation model, able to predict
the flux emitted in 9 different lines: Ly, HB, Ha, [OII], [OIII], [Nelll], [OI], [NII], and [SII]. The
validation of our lightcone has been done by comparing galaxy number counts, angular clustering, and
Ha, HB, [OII] and [OIII]5007 luminosity functions to a compilation of observations. We have applied
all these procedures to generate catalogues tailored for J-PLUS, a large optical galaxy survey featuring
a large number of narrow band filters. By analysing the J-PLUS mock catalogues, we have proved the
ability of the survey to correctly identify a population of emission-line galaxies at various redshifts.

As we summarize above, in this thesis we have tackled several aspects related to the details of galaxy
formation, trying to bridge theoretical and observational approaches. The advance of theoretical models
combined with the data from future experiments will certainly help to complete a detailed picture of how
structures in our Universe form and evolve.



CHAPTER 1

INTRODUCTION
“Esta mision te ha sido encomendada a ti, Frodo de “This task was appointed to you, Frodo of the
la Comarca y si tu no encuentras la salvacion, nadie Shire. If you do not find a way, no one will.”
lo hard.”
El sefior de los anillos: El Retorno del Rey. The Lord of the Rings: The Return of the King.

1.1 The galaxy formation and evolution paradigm

Most of the visible matter in the Universe is condensed in the form of galaxies. How these structures
formed and what are the physical processes which have shaped their structure are some of the main
questions that astrophysicists try to answer. The set of all theories developed to give such response con-
solidate the so-called galaxy formation and evolution paradigm. In the next sections, we describe key
aspects of the current understanding of galaxy formation and evolution, highlighting different computa-
tional techniques that have helped shedding light on this knowledge.

1.1.1 The cosmological framework: The ACDM model

To understand how galaxies form and evolve, it is necessary to establish a cosmological framework.
Modern cosmology is built on the General relativity theory (GR, Einstein, 1916) and the cosmological
principle which states that the Universe is isotropic and homogeneous. Although this assumption might
be contradictory with the observations of galaxies and clusters, it still holds when the Universe is aver-
aged over large spatial scales. Joining of the cosmological principle with the Einstein equations of GR
leads to the Friedmann-Lemaitre-Robertson-Walker exact solution or metric which, in brief, describes a
homogeneous, isotropic and expanding Universe:

2
ds® = — *d* + az(t)( ! > £ r°d6” + r* sin” dg02) , (1.1)

1 —«r

where r, 6, ¢ are the spherical spatial coordinates, ¢ is the time and « is the curvature of the Universe
spanning from 1, 0, —1 for a closed, flat and open Universe, respectively. a(¢) term is the so-called cosmic
scale factor and describes the expansion of the Universe by encapsulating the change of the Universe
scale length with time'. By definition, the value of a(ty) = 1, where f; is an arbitrary time usually chosen
to be fo =tfwday- Usually, instead of using a(z), it is more frequent to describe the expansion of the
Universe trough the so-called redshift parameter, z, defined as:

_1-af(t)
a(d)

where z = 0 refers to the current time of the Universe. The larger is z, the smaller is the time passed since
the formation of the Universe.

1.2)

The scale factor it is used to relate the physical or proper coordinates, 7, to the comoving ones, ¥, as: 7= a(f)%.
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By coupling the Friedmann-Lemaitre-Robertson-Walker metric with the energy-momentum tensor of
a perfect fluid with density p and pressure P, we obtain the Friedman equations which, in short, describe
how the Universe evolve with time:

a\ . 81Gp(r) Kk A
(a(t)) sH =T 43
i\ _ 4nGp(r) 3P\ A
(i) = o)+ 9

where H is the Hubble parameter, G is the gravitational constant and A is the cosmological constant
introduced by Einstein in his field equations of GR. Given that the components of the Cosmos can be
found in three different flavours: matter (or no relativistic particles, m), radiation (or relativistic particles,
r) and vacuum energy (v), it is evident that pressure and density can be rewritten as:

p(1) = pm(?) + pr(1) + py (1)

1.5
P=P,+P, (1.5)

where Py, =0 since matter has a pressureless nature. The density of each component is not constant with
time but it changes as the Universe evolves. While the matter energy density varies as py, (f) = pm(fo) a=3(1),
the radiation one does it as p;(f) = pr(fo) a~*(t). Meanwhile, vacuum energy is a constant term with time
pv(t) =py. The values of pn (%), pr(fo) and py are usually expressed with the dimensionless density para-

meters:.
_ Pm(to) . _ pr(10) . Py A

" pa(t) T pate)” T parlto)  2H?
where Qpn, +Q, + Q, =1, Hy is the Hubble parameter at ¢ =fy and p.(#o) is called critical density of the
Universe at =1ty , expressed as:

(1.6)

_ 3H; L7
pcr(t0)= % ( . )

Thanks to many observational works, we know the exact composition of the Universe with high accuracy
(see e.g. Colless et al., 2001; Bennett et al., 2013; Planck Collaboration et al., 2014, 2016). Approxim-
ately, the values of Q, and Q, are 0.3089 and 0.6911, respectively’. Commonly, the vacuum energy
term, €, is known as dark energy. On the other side, the matter component is usually divided between
baryon and dark matter. While the former is composed by protons, neutrons and electrons and con-
solidate galaxies and stars, the latter does not display electromagnetic radiation, interacts only trough
gravitational force (collisionless) and dominates the Qp, term (~90% of Q). Among all the proposed
cosmological models during the last decades, the most popular and used one is the so-called Lambda
Cold Dark Matter (ACDM or standard model) which assumes a flat (k =0) and expanding (A # 0) Uni-
verse with a cold nature (i.e non-relativistic) for the dark matter particles.

Despite the above cosmological framework is well established and explains the different compos-
ition of the Universe, the understanding of how structures formed and grew in our Universe has been
one of the most important problems in astrophysics which not all the proposed models have been able
to solve. Indeed, very few of them are capable to generate matter distribution compatible with obser-
vations. As described above, if the cosmological principle in which is based our modern cosmology
would hold perfectly and matter distribution was perfectly isotropic and uniform, no structure formation
would be allowed. To overpass this shortcoming some modifications in the cosmological principle were
required. The final answer arrived thanks to the temperature map of the cosmic microwave background
(CMB). The small temperature fluctuations observed (AT /T ~ 107>) were a proof that the early Universe
(z~1000) was no purely homogeneous but it contained small inhomogeneities which might have acted

2We do not refer to the radiation component given that the today’s matter energy density is much larger than the radiation
one, dominated by photons of the cosmic background and neutrinos of the early Universe.
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as the seeds of the current structures. In theoretical models, these inhomogeneities are parametrized by
the relative density contrast:

Ap(ri, 1) _ p(ri 1) — p(1)

p(1) p(t)

where the sub-index i denotes different positions in the Universe, p(¢) is the mean cosmic matter density
of the Universe at time ¢ and p(r;, ) the cosmic matter density of the Universe at time ¢ and position
ri. Although the small values of AT/T in the CMB suggest |6(7;, #)| << 1, the regions where 6(r;, 1) >0
generated gravitational fields stronger than the average, delaying the expansion of the Universe at that
positions and time. As a consequence, d(r;, f) regions were able to increase with cosmic time causing
a stronger and stronger gravitational field, leading regions with larger and larger density contrast in a
process known as gravitational instability. In some specific cases, these overdense regions were able to
collapse by their gravity, reaching a virial equilibrium and forming what is known as virialized structures.
Given that the matter component of the Universe is dominated by dark matter (DM), these virialized
mass concentrations are mainly formed by DM and they form the so-called dark matter halos. Larger
structures will form trough the mergers of these dark matter halos leading to the matter distribution that
we observe nowadays. Such a model of gravitational instability for the structure formation has been
applied to many cosmological models. Interestingly, ACDM model has been one of the most successful
in reproducing the observed matter distribution of the Universe.

(5(}",', l) =

(1.8)

1.1.2 The galaxy formation: how matter transforms into light

Our current galaxy formation scenario is based on the White and Rees (1978) paper which proposed that
galaxy formation starts as soon as a dark matter halo collapses and virializes. Falling into the poten-
tial of the DM halo, part of the baryon component of the Universe collapsed within it. It is established
that during the infalling towards the DM halo center, the gas shocks to the halo virial temperature and
settles into hydrostatic equilibrium. In massive halos where the virial temperature exceeds 10’K the
gas would be fully ionized with the only possibility of losing energy, i.e the so-called cooling process,
trough bremsstrahlung emission. In smaller halos with virial temperature < 10°K the cooling process
would take place via excitations and de-excitation processes and rotational and vibrational molecular
lines (Dalgarno and McCray, 1972; Abel et al., 1997; Galli and Palla, 1998). During this cooling pro-
cess, the White and Rees (1978) theory assumes that the gas flows towards the central parts of the dark
matter halo forming a rotationally supported gaseous disk. If the amount of gas mass cooled is large
enough, its self-gravity dominates over the one exerted by the halo, leading to the collapse of the disk
structure and triggering the formation of stars (Bromm, 2013). If gas cooling is sustained for a long time,
the final result is the formation of a large and massive stellar disk. Feedback processes are expected
to regulate the star formation in galaxies warming-up and expelling gas from the disk via energy injec-
tion. Supernovae and AGN feedback are expected to be the most efficient, involving, respectively, the
death of stars and the gas accretion onto the supermassive black holes (Silk and Rees, 1998; Fabian and
Nulsen, 1977; Li et al., 2015). While the former is expected to regulate the star formation in low-mass
galaxies, the latter takes place in the most massive ones (Somerville and Primack, 1999; Croton, 2006).
Stellar deaths not only halt star formation, due to feedback on surrounding gas, but also deposit elements
heavier than helium/lithium (metals hereafter) in the interstellar medium (ISM). These metals are indeed
produced during the evolution of stars through nuclear-fusion reactions. The relative abundance of these
metals in the galaxy gas will be reflected in the mass and metallicity of the stars that would be formed
in future star formation episodes. The galaxy formation paradigm takes also into account the large scale
processes that influence the evolution of galaxies. These processes are galaxy flybys and mergers which
in brief provokes changes in the galaxy stellar disk structure (in many cases destroying it) and trigger the
formation of a dense and compact stellar structure in the inner region of the galaxy called bulge (Kauft-
mann et al., 1993a; Mihos and Hernquist, 1996a; Baugh et al., 1999).
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1.1.3 Studying galaxy formation trough computer simulations

Although most of the advances on the galaxy formation and evolution theory have been done thanks
to observational studies, numerical simulations have been needed to complement and refine our actual
knowledge about galaxies and dark matter halos. In this section we briefly describe the techniques used
during the last years devoted to understand the evolution of galaxies through numerical techniques. We
refer to Vogelsberger et al. (2020) for a review on this topic.

Numerical simulations: From N-body to hydrodynamical simulations

As previously discussed in Section 1.1, the galaxy formation and evolution paradigm establishes that
galaxies form at the centers of dark matter overdensities, refereed as halos. While dark matter particles
are considered to be collisionless (i.e, their movement is only influenced by the gravitational force),
baryons that constitute galaxies behave as both collisionless (stars) and collisional (gas®) particles. Sim-
ulations which only tackle the description of the DM particles dynamics are usually referred to as N-body
simulations. This class of simulations solve the Boltzmann and Poisson equations under the Newtonian
formalism because the non-relativistic behaviour of DM particles (i.e. regardless the scale, their speed
are always much smaller than the light-speed). The gravitational forces are computed and updated in
time-steps, and the particle positions and velocities are tracked accordingly by using numerical integ-
ration. During the resolution of Boltzam equations, non-physical two-body scattering between close
particles is avoided by softening the gravitational interactions, causing that particles feel a smoothed
density field (Price and Monaghan, 2007). Finally, at each time of the simulation, dark matter halos are
identified through clustering algorithms such as friend-of-friend method (Davis et al., 1985). Among all
the N-body simulations performed during the last two decades we can highlight: Millennium (Springel,
2005),Millennium IT (Boylan-Kolchinetal.,2009), Bolshoi (Klypinetal., 2011),Millennium XXL
(Angulo et al., 2012), MultiDark (Pradaet al., 2012), Dark Sky (Skillman et al., 2014), V2GC (Ishiyama
et al., 2015) and EuclidFlagship (Potter et al., 2017).

The analysis of N-body simulations has helped us to understand how DM is distributed in the Uni-
verse. The DM large scale structure display a web-like distribution consisting of over- and under- dense
regions called respectively clusters and voids. As an illustrative example, in Fig. 1.1 we present the large
scale structure of the Millennium IT simulation. The dark matter distribution at different scales can
been quantified by the two-point correlation function method (Peacock, 1999) which measures the prob-
ability excess of finding two halos separated by a given distance. Interestingly, this method shows that
DM displays two different behaviours, regardless of redshift. The first one is known as one halo term and
reflects the correlation of particles in the same halo. The second is the second halo term and corresponds
to the correlation signal coming from particles of different halos (Mo and White, 1996). This latter signal
traces the large scale structure in which the DM particle is embedded, being larger for the ones hosted
in overdense regions. On the small scale side, the dark matter mass distribution within halos has also
been studied. It was shown that the DM density profile displays a universal Navarro-Frenk-White shape
(NFW, Navarro et al., 1996). However, the specific structure of the inner parts of the halo has been de-
bated during the last years, being proved that baryon effects can modify it. Therefore, some variation of
the NFW profile can be found (see eg. Navarro et al., 2004). Besides, dark matter halos host sub-bound
structure called subhalos where its specific number increases with halo mass (Ghigna et al., 1998; Moore
et al., 1999).

To study the evolution and assembly of galaxies in numerical simulations we need to introduce ba-
ryons in addition to dark matter. The direct simulations that include both components are called hydro-
dynamical simulations. Initially, the baryon component is in the form of gas particles (hydrogen and

3 The gas component is affected by both gravity and pressure forces
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Figure 1.1: Distribution of the dark matter particles in the Millennium IT simulation at z=0. The size
of the picture is 25 kpc X 25 kpc with a depth of 5 kpc.

helium) which progressively are converted into stars as the proper conditions of star formation get sat-
isfied during the run of the simulation. Gas is described as ideal systems following the Euler equations
whose solution can be reached by using two different approaches. The first one is the so-called Eulerian
method which solves the fluid equations on a discrete grid fixed in space. The second method is the
Lagragian and, as happened in the N-body simulations, it uses particles to describe the evolution of the
gas where the fluid equations are solved at the particle position replacing the true filed with a smoothed
one estimated averaging the positions of the local particles. In hydrodynamical simulations the Euler
equations are complemented by different astrophysical processes such as gas cooling, star formation,
stellar and AGN feedback, or magnetic fields. Given the limited numerical resolution of the simulations,
most of these processes are taken into account via sub-resolution or sub-grid models. In short, they are a
list empirical and phenomenological recipes that take into account processes occurring below the smal-
lest scale resolved by the simulation (see e.g. Springel and Hernquist, 2003; Vogelsberger et al., 2013;
Weinberger et al., 2017).

Hydrodynamical simulations can be classified in two different classes: cosmological and zoom-in
simulations. The former simulates a large volume of the universe (3 1.23 x 10° Mpc3) and it contains
thousands of galaxies with different morphology, kinematics and stellar masses. Among the most famous
cosmological simulations we can find I1lustris (Vogelsberger et al., 2014b), Horizon-AGN (Dubois
et al., 2014a), EAGLE (Schaye et al., 2015), MassiveBlack-2 (Khandai et al., 2015), Bluetides (Feng
et al., 2016), I11ustrisTNG (Springel et al., 2018) and Simba (Davé et al., 2019). Their analysis has
helped us to understand how galaxies assembly their stellar mass, shape their morphology and interact
with the large scale structure (Rodriguez-Gomez et al., 2015; Hellwing et al., 2016b; Wilkins et al., 2017;
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Figure 1.2: Gas (left) and stellar (right) surface density of the Milky Way galaxy of the Eris zoom-in
simulation at z=1.46. The spatial (x-y) scale is given in kpc. [Courtesy of Daniele Spinoso form the
paper Spinoso et al. 2017].

Springel et al., 2018; Dickinson et al., 2018; Yun et al., 2019; Davé et al., 2019; Davies et al., 2020). On
the other side, zoom-in simulations are cosmological simulations where a small region (typically the
environment of a single galaxy) is re-simulated at a lower resolution. The mass contained in the interest
regions is traced back on time and re-initialized at a much higher resolution. Contrary, the surroundings
of the regions are sampled at a coarser resolution, providing the necessary tidal field for realistic evolution
of the region of interest. This zoom-in technique can also be applied in N-body simulations, see for
instance Aquarius (Springel et al., 2008) Via Lactea II (Diemand et al., 2008) or COCO (Hellwing
et al., 2016a). Some examples of zoom-in hydrodynamical simulations are Eris (Guedes et al., 2011),
NIHAO (Wang et al., 2015), AURIGA (Grand et al., 2017), Cluster-EAGEL (Barnes et al., 2017) and
RomulusC (Tremmel et al., 2019). As an example, Fig. 1.2 presents the gas and stellar surface density
of the Milky Way galaxy of Eris zoom-in simulation. In such simulation, the large scale structure
(2 1Mpc) is sacrificed to obtain a better mass resolution of the internal parts of a galaxy where a well
resolved spiral arms and stellar bulge can be seen.

Semi-analytical models of galaxy formation

A semi-analytical model (SAM) is a tool that simulates the evolution of galaxy population as a whole in
a self-consistent and physically motivated manner. Unlike hydrodynamical simulations, semi-analytical
models do not include gas particles and therefore do not solve the Euler equations. Instead, galaxy prop-
erties such as star formation rate, stellar mass, luminosity, and magnitudes are a result of a sub-grid
model (or empirical recipes) that simultaneously model multiple physical processes, which typically in-
clude gas cooling, star formation, AGN and supernova feedback, metal enrichment, black hole growth,
and galaxy mergers (see e.g. Bower et al., 2006; Guo et al., 2011; Lacey et al., 2016). All these processes
are implemented through a system of coupled differential equations solved along the mass assembly his-
tory of DM objects, given by their respective and so-called merger tree (see Baugh, 2006, for a review).
In the literature, we can find two different approaches to generate merger trees of DM halos used by the
semi-analytical models. The first one, and the most used during the last 10 years, is extracting the dark
matter merger history form N-body simulations (see Section 1.1.3 and e.g Bower et al. (2006); Guo et al.
(2011); Lacey et al. (2016) or Lagos et al. (2018)). In short, dark matter halos are identified within the
snapshots of the simulation with a friend-of-friend group-finder and then arranged by progenitors and
descendent, constructing the merger tree. The second approach, which was more common in the past
decades, is using DM merger histories generated from Monte Carlo realizations of the extended Press
& Schechter theory (Press and Schechter, 1974; Bower, 1991; Bond et al., 1991). In brief, the theory
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assumes that the formation of structures in a hierarchical universe happens in overdense regions of a
Gaussian random density field where the number density of halos, 7, in the mass range (M, M + dM) at
redshift z can be parametrized as:

20
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where d.(z) is the critical overdensity of a top-hat spherical fluctuation at the collapsing redshift z, pg is
the mean density of the Universe and o-(M) is variance of the mass-density field. Based on Eq. 1.9 the
extended Press-Schechter theory proposes that an object of mass M, at z; has a number of progenitors
of mass M at z; given by (Lacey and Cole, 1993):
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The main advantage of the Monte Carlo approach over the one of N-body simulations is that the former
is able to reach a higher mass resolution in the merger tree given that the whole computer memory is
devoted to the history of one single halo. The disadvantage is that the Monte Carlo does not have spatial
information of the halos, inability to properly track the connection between galaxy evolution and the
large scale structure.

Over the last decades, semi-analytical models have been one of the most used tools to study galaxy
formation and evolution, with thousands of articles published based on them. Among many other top-
ics, SAMs have been used to explore the formation of galaxies at high-z, the evolution of galaxy mor-
phology, the growth of black holes, the properties of emission line galaxies, the evolution of the star
formation trough redshift and environmental processes (see e.g. Kauffmann, 1996a; Somerville et al.,
2001; Croton, 2006; De Lucia et al., 2006; Marulli et al., 2008; Fanidakis et al., 2011; Orsi et al., 2014;
Bonoli et al., 2014; Henriques et al., 2015; Valiante et al., 2016; Tonini et al., 2016; Izquierdo-Villalba
et al., 2018, 2019, 2020; Marshall et al., 2019b). Among all the SAMs that we can find in the lit-
erature, we can highlight: Santa Cruz SAM (Somerville et al., 2001), GALFORM (Lacey et al., 2016),
L-Galaxies (Henriques et al., 2017), SAG (Croton et al., 2016), SAGE (Cora et al., 2018), MERAXES
(Mutch et al., 2016) and SHARK (Lagos et al., 2018).

1.1.4 Some open issues in the galaxy formation paradigm

The galaxy formation and evolution paradigm linked with the ACDM cosmological model is a good the-
ory capable to provide a broad understanding of how galaxies behave in a hierarchical universe. However,
the theory has still some open issues and there is room for improvements. Among all the limitations of
the theory, the ones related to the non-linear processes that take place inside galaxies are the most difficult
to solve. For instance, mechanisms halting the star formation (quenching) are not well understood yet.
Many works have pointed out that the injection of energy in the intergalactic medium through internal
processes such as supernovae winds or supermassive black holes activity might limit star formation epis-
odes (Heckman et al., 2000; Veilleux et al., 2005; Agertz et al., 2011; Hidalgo et al., 2011; McCarthy
etal., 2011; Keller et al., 2016). However, an additional open question arises when trying to disentangle
the effects of internal processes in the star formation from the ones produced by environmental processes,
i.e. those phenomena triggered by the interaction of a galaxy with its surroundings. Among the latter
class, usually, ram-pressure stripping and tidal interactions are the most prominent actors. The intricate
way in which both internal and environmental processes take place, hinder the possibility of drawing an
unique and solid conclusion about the halting of the galaxy star formation.

Other questions that remain still open are related to supermassive black holes. How such massive
objects were formed, how they acquired their masses and how they influenced their host-galaxy evolu-
tion have been hot topics during the last 15 years (Silk and Rees, 1998; Di Matteo et al., 2005; Fanidakis
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etal., 2011; McCarthy et al., 2011). Despite many works have been published regarding all these topics,
the formation scenario of supermassive black holes and their main channel of growth are still under de-
bate and many theories have been proposed so far (Volonteri et al., 2003; Di Matteo et al., 2005; Valiante
etal., 2016).

How galaxy evolve and their morphology is shaped is another interesting challenge for the galaxy
formation paradigm. While the assembly of galactic disks seems to be understood (Navarro and Benz,
1991; Navarro and Steinmetz, 2000), astrophysicists have not reached a consensus about the channels
by which galaxies develop and sustain their bulge structure. For instance, while some works point out
mergers as main drivers for the bulge formation, others suggest that internal instabilities of galactic disks
might play an important role (Kauffmann, 1996b; Navarro and Steinmetz, 2000; Hopkins et al., 2009a;
Tonini et al., 2016; Zana et al., 2018a). As we will see in this thesis, the development of a theory capable
to explain the whole bulge population is a complex matter considering that fast and secular processes
take place in a non-trivial way during the galaxies lifetime.

In the next sections we focus on the current understanding of bulges, supermassive black holes and
how numerical simulations try to generate simulated surveys to shed light on the observables that the
scientific community should study to fill all the gaps in the galaxy formation and evolution.

1.2 Shaping galaxy morphology: A matter of bulge and disk

The primary components of a galaxy are stars and gas. How these stars are distributed between the disk
and bulge component leads to many possible galaxy shapes. The first classification of galaxies based the
disk and bulge appearance was presented in Hubble (1926). Based on the analysis of 400 photometric
galaxy images, Edwin Hubble concluded that most of the observed galaxy shapes fall into a sequence,
later on, called Hubble sequence. Galaxies with ellipticity e <0.7 and luminosity fading form bright
nuclei to indefinite edges were called ellipticals. Depending on the exact e value Hubble split this group
in 8 different classes: Eg, E;, Ej, E3, E4, Es, Eg and E;. On the other hand, galaxies with e > 0.7 were
classified as (normal) spirals whose subdivision was done based on the relative size of the bulge, the ex-
tend of the spiral arms and their degree of resolution. According to these conditions, three spiral groups
were differentiated: Sa (early spiral), Sb (intermediate spiral) and Sc (late spiral). In brief, in the Sa type
most of the luminosity comes from the bulge, surrounded by coiled and unresolved arms. Sb shows a
large bulge with thin and open arms. Finally, Sc displays a small bulge but with a well-resolved arms.
Edwin Hubble added an extra branch in the sequence called barred spirals (tagged as SB) whose dis-
tinctive characteristic was that the spiral arms emerged from the opposite points of a nuclear bar structure
with an unwinding trend as they grow. The group SB was also subdivided in a, b and c¢ class. Finally,
Hubble (1926) reported a 3% of galaxies with peculiar of irregular morphology. Improvements in the
Hubble sequence were done by de Vaucouleurs (1974) or van den Bergh (1976) (among many others).
For instance, de Vaucouleurs (1974) added a more refined spiral subdivision and included the T-Types
terminology based on numbers between -6 to 10 to represent the morphological types of the Hubble
sequence.

Improvements carried out in observational techniques proved that the Hubble sequence evolves with
redshift. For instance, Abraham et al. (1996) showed that the number of irregular galaxies at 0.3 <z<1
is larger than the one in the local Universe. Other works such as Fasano et al. (2000) and Smith et al.
(2005) found out that the percentage of ellipticals is constant at z < 1 while the one of spirals decreases.
To explain the reason for the Hubble sequence evolution, it is necessary to understand how internal and
external processes lead to changes in the structure of the bulge and disk. In the following sections, we
explain the current understanding of how galactic bulges form.
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1.2.1 A different bulge population: From ellipticals to bulges in late-type galaxies

Big advances on the understanding of galactic bulges took place in the 1970s when it became possible
to extract accurate stellar kinematics from the observational data. The first galactic bulges being studied
were the ones hosted in bright elliptical galaxies or early type galaxies*. Their stellar kinematics was
characterized by the analysing of the ratio between the galaxy ordered and random motion (V/o) and
by the flattening of the bulge (). Interestingly, the results showed systems with round shapes (£ $0.3,
Bertola and Capaccioli, 1975; Illingworth, 1977) and small values of V /o consistent with bulges dom-
inated by random motion. These results were extended to fainter elliptical galaxies. Contrary to what
was found in bright systems, faint ellipticals displayed oblate shapes (¢ 0.7) with large V/o values
compatible with fast rotators (Davies et al., 1983). With more systematic studies, larger differences in
the bulge flattening were found. While slow rotating ellipticals displayed boxy isphotes (Davies et al.,
1983), fast ones tend to had disky isophotes as a consequence of the existence of a smooth and faint disk
around the spheroidal component (Rix and White, 1990; Rix et al., 1999). Photometric studies revealed
a further deviation between the properties of bright and faint elliptical galaxies. The former showed an
old and passive stellar population in accordance with the bulk of the stars formed at z > 1 (Bender et al.,
1996; Hogg et al., 2002). The latter still displayed starforming regions with blue colors (Kodama et al.,
1999; Strateva et al., 2001). Kormendy and Bender (1996) tried to put all these pieces together, writing
down the main properties which defined the dichotomy between these two types of elliptical galaxies.
According to the Kormendy and Bender (1996) definition, bright ellipticals were boxy and radially an-
isotropic slow rotators with a break between the outer and inner surface brightness profile with a step
cuspy nuclear regions (r'/# or de Vaucouleurs profile). On the other hand, faint ellipticals were disky and
isotropic fast rotators without a clear break in their surface brightness profile (see further details in Faber
et al., 1997; Ravindranath et al., 2001; Cappellari et al., 2007, 2011a,b).

Bulges hosted in late-type or spiral galaxies were also studied (Kormendy, 1983; Carollo et al., 1997,
Gadotti and dos Anjos, 2001). Early results presented bulges with similar surface brightness profiles, red
colors and kinematical properties than bright elliptical galaxies, suggesting a common origin. With the
improvements in the observations, it was discovered the existence of another type of bulges in spiral
galaxies called psedudobulges, usually linked with the presence of a bar structure (see Section 1.2.2).
These bulges were found to be triaxial and fast rotator systems, being hosted in galaxies with an ongoing
star forming activity (Kormendy, 1982, 1983; Gadotti and dos Anjos, 2001). By performing a systematic
study of classical and pseudo- bulges, Fisher and Drory (2008a) suggested Sérsic profiles (Sersic, 1968)
as a good analytical expression to fit their light distribution:

1/n
anha%) (1.11)

where [ is the surface brightness of the bulge and n is the Sérsic index. Interestingly, Fisher and Drory
(2008a) found that bulges classified as classical bulges had »n > 2 with a tight correlation with the galaxy
bulge-to-total (B/T) mass ratio. Pseudobulges, on the other hand, had n <2 and did not show any correla-
tion with B/T value. Drory and Fisher (2007) complemented these results by showing that pseudobulges
displayed blue colors similar to the ones characterizing bulgeless galaxies and lower surface density
(Io ~ 20 mag/arsec?) than classical bulges. Finally, Gadotti (2009) performed an exhaustive analysis of
classical and pseudobulges by using the Sloan Digital Survey (SDSS) data of galaxies at 0.02 <z <50.07.
He found similar differences between pseudobulges and classical bulges than Drory and Fisher (2007)
and Fisher and Drory (2008a). However, Gadotti (2009) results pointed out that classical bulges display
an offset with respect to ellipticals in the mass-size plane, indicating that classical bulges are not just
elliptical surrounded by disks. In order to guide the reader, in Fig. 1.3 we have presented an illustrative
scheme of there different bulge types: (bright) elliptical, classical bulge and pseudobulge/bar.

4Early type galaxies have been defined in terms of morphology. In short, they are galaxies with a dominant spheroidal
component and a smooth or non-existent disk.
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Figure 1.3: Illustrative scheme of the different bulge types. From left to right: Elliptical, classical bulge
and pseudobulge/bar. We have listed some of the most representative properties of the population. For
the elliptical galaxies, we have selected the properties of the bright population.

1.2.2 The bulge formation scenario

As discussed in the previous section, galaxies host a large variety of bulge types. The details on how they
were formed and what were the mechanisms which shaped their characteristics are big questions that
astrophysicists have been trying to answer for the last 50 years. The development of a theory capable
of explaining the whole bulge population is a complex matter considering that both fast and secular
processes take place in a non-trivial way during the galaxies lifetime. Differentiating between them and
determine which one plays the dominant role in each bulge type is not an easy task. In this section,
we describe the main theories developed and tested to understand the different formation pathways of
elliptical galaxies and bulges in late-type galaxies.

The formation scenario of elliptical galaxies

During the 1970s and 1980s, two different theories for the formation of elliptical galaxies were discussed
and explored: the monolithic collapse and the merging scenario.

The monolithic collapse theory (or cold collapse model, Eggen et al., 1962; van Albada, 1982) as-
sumes that elliptical galaxies were formed at high-z (possibly at z>3) from the collapse of gaseous
protogalaxies. During this process, the gas was rapidly converted into stars in a single starburst on a
time scale shorter than the one required for the gas to be settled into a rotationally supported disk struc-
ture. Following the starburst episode, strong supernovae winds expelled the residual gas from the galaxy,
inhibiting further star formation episodes (Matteucci and Tornambe, 1987; Arimoto and Yoshii, 1987).
The described picture leads to the outcome of an elliptical galaxy evolution dominated by dissipation-
less processes (i.e stellar dynamics) where their observed masses and sizes would be only explained if
their collapse and formation took place at z>20. However, the star formation history reported by many



INTRODUCTION 15

observational studies suggests this formation time as unrealistic. An additional issue comes from the
relaxation process® during the dissipationless evolution where both dark matter and stars would mix rap-
idly, leading to the formation of an elliptical structure with larger dark matter content in the internal parts
than the one reported by observations. To address these limitations, many works assumed the possibility
that the star formation burst takes a time comparable, or longer, than the one of collapsing. This allows
dissipation processes which cause a segregation between the gas (before turning into stars) and dark mat-
ter (see Larson, 1974) whose result is the delay of the elliptical structure assembly and the formation of
a galaxy with a dark matter content similar to the observed one. Nevertheless, such dissipative processes
are still not able to reconcile the observed formation time of elliptical galaxies with the one predicted by
the monolithic collapse. While most of the observational studies point out that the elliptical population
was still forming stars or had not yet assembled at z~ 1 (Bell et al., 2004; Brown et al., 2007; Taylor
et al., 2009) the monolithic scenario linked with dissipative processes suggests an elliptical formation
time of z > 3 (see the review of Peebles, 2002).

The merging scenario was proposed as an alternative hypothesis to the monolithic collapse. The
theory argues that spiral galaxies were the first ones forming in the Universe and to merge later on, res-
ulting in the formation of elliptical galaxies (Toomre, 1977). Some pioneering works such as Farouki
and Shapiro (1982) or Negroponte and White (1983) tested this theory by performing simulations of
merging pairs of galaxies with similar disk-halo ratios. Most of the remnant galaxies of these simula-
tions displayed elliptical features with ellipticity between 0 — 0.7. However, they were rotating too fast
with respect to the observed elliptical population as a consequence of the low-mass dark matter halos in
which the interacting galaxies were embedded. A few years later, the work of Barnes (1988) showed that
extended dark matter halos were very effective in absorbing binding energy and angular momentum from
the stellar component, making possible the production of slow rotating elliptical remnants with a surface
brightness profiles similar to the de Vacouleurs law. Further studies on this merging scenario were per-
formed by Hernquist (1992, 1993). By using N-body simulations, Hernquist (1993) showed that the
remnants of merging spiral galaxies had central mass densities too low when compared with real ellipt-
icals. Based on these results, the authors postulated the so-called disk-bulge conspiracy which stated that
merger of spiral galaxies would be a viable mechanism for the production of massive elliptical galaxies
only if they already contained sufficient mass in a dense spheroidal component. However, later on, works
based on hydrodynamical simulations demonstrated that tidal forces during mergers can produce a strong
migration of gas towards the center of the remnant galaxy. This gas can be transformed into stars, giving
rise to a more concentrated remnant which agrees better with the structure of observed ellipticals (see,
e.g, Mihos and Hernquist, 1996b). A systematic study about the remnant properties based on the mass
content of the two interacting galaxies was performed by Cox et al. (2006). The authors found that gas
rich mergers, i.e, dissipational systems, could explain the large compactness, the velocity dispersions and
the rotation velocities of low-mass ellipticals galaxies. However, interactions with a large content of gas
had difficulties in producing the low rotation of luminous and massive elliptical galaxies. Indeed, some
recent numerical simulations reported in Khochfar and Burkert (2005) and Naab et al. (2006) pointed out
that massive ellipticals could be only reproduced trough dissipationless processes or gas poor mergers of
equal mass elliptical galaxies.

Although the merger theory provided a good scenario to explain the formation of elliptical galaxies,
it still needed to be tested in the hierarchical merging scenario of the ACDM cosmological model. The
first work addressing this was Kauffmann et al. (1993a). By coupling a semi-analytical model where
only major mergers lead to the formation of elliptical remnants with the merger trees of dark matter halos
extracted from the Press-Schechter theory, Kauffmann et al. (1993a) reported a population of ellipticals
in remarkable agreement with observations. Similar results were reported by Kauffmann (1996b) and
Baugh et al. (1996a).

SWith relaxation we mean the i) process by which a system approaches equilibrium or ii) by which it returns to equilibrium
after a disturbance.
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The formation scenario of bulges in late-type galaxies

Bulges of late-type galaxies can be divided in two categories: classical bulges and pseudobulges. Based
on their characteristics and the different galaxies in which they are hosted, it is expected that they have
a different formation pathway. Here we describe the main physical models developed to explain their
origin.

(i) Classical bulges: Given the similarities of classical bulges with ellipticals structures, many studies
proposed a formation and assembly scenario related to violent dynamical relaxation after minor mergers.
By using numerical simulations, Mihos and Hernquist (1994) explored the possible bulge formation
when a galaxy undergoes an interaction with a low-mass dwarf galaxy. These simulations showed that
tidal perturbation of the infalling companion was able to generate two spiral features in the central galaxy
which drove a large amount of disk gas towards the central region. Despite all the nuclear gas was trans-
formed into stars, the simulations reported that the newly formed stellar population was too compact to
contribute to the formation of an extended bulge. Indeed, they showed this population of new stars was
deposited in a rotational disk rather than a spherical structure. Walker et al. (1996) went a step further
and studied with numerical simulations the characteristics of both disk and bulge of a galaxy after a
minor merger. As expected, the minor interaction was not able to destroy the disk of the central galaxy
but it contributed to its thickening. Regarding the bulge component, Walker et al. (1996) found out that
minor merger caused its growth as a consequence of the ~ 45% of the satellite mass reaching the nuclear
region (< 2kpc). Similar study was done by Aguerri et al. (2001) which reported several simulations of
minor interactions between spiral galaxies and dense satellites. By analysing the remnant galaxies, the
results pointed out that bulges of the spiral galaxies were able to grow as a consequence of the deposit
of most of the satellite mass at the center of the galaxy. A complementary work was done by Eliche-
Moral et al. (2006a) which explored with N-body simulations the bulge growth of spiral galaxies after
the minor interactions of low-density satellites. Interestingly, the results showed that most of the mass
of the satellite galaxy was not settled in the bulge of the spiral galaxy but the tidal interactions before
the merger triggered an inward flow of material from the disk to the galaxy nucleus which increased the
bulge structure. Besides, the simulations reported that the Sérsic indexes of the bulges increased after
the interactions. A systematic study of the bulge formation during merger at different stellar mass ratio
was performed by Bournaud et al. (2005). While ratios larger than 3:1 led to the formation of elliptical
galaxies, merger ratios with 4.5:1 — 10:1 did not destroy the disk but promoted the formation of a small
inner bulge whose kinematics resembled the one of the massive ellipticals.

The alternative clump-origin bulge pathway for the classical bulge formation was also proposed. At
difference with all previously discussed, this formation scenario is related to secular evolution. Noguchi
(1998, 1999) demonstrated with numerical simulations that clumpy structures can form during the first
stages of the disk assembly trough instabilities of the gaseous component. Via dynamical friction, these
clumpy structures can reach the nuclear region of the galaxy and merge in a unique object leading to
the formation of a bulge-like structure. However, the outcome of a pseudo or classical bulge structure
trough this clumpy origin is not fully clear yet. For instance, Elmegreen et al. (2008) showed that the
clump-origin bulges should lead to the formation of slow rotation structures with /4 density profiles,
characteristics of the classical bulge populations. On the observational side, the work of Sachdeva et al.
(2017) studied with photometric data the bulge population of z < 1 bulges, concluding that secular evol-
ution and clump migration alone can not account for the whole bulge growth and minor mergers are
required.

(i1) Pseudobulges: Current theories suggest that the origin of pseudobulges in late-type galaxies is
related to the formation of bar structures (Combes and Sanders, 1981a; Kormendy, 1983; Kuijken and
Merrifield, 1995; Bureau and Athanassoula, 2005). In brief, a bar can be described as a non-axisymmetric
structure developed by a galaxy as a response to gravitational instabilities taking place in its rotationally
supported stellar disk. Although it is well established that bars are structures that grow and form in a
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slow and secular process (Debattista et al., 2004, 2006; Méndez-Abreu et al., 2010; Zana et al., 2018a,b)
some works have pointed out that flybys or galaxy interactions can also produce them in short time scales
(Lang et al., 2014; Zhou et al., 2020). The bar structure has important dynamical consequences since
it can redistribute the galaxy angular momentum (Lynden-Bell and Kalnajs, 1972; Tremaine and Wein-
berg, 1984). This process provokes gas inflows towards the central regions, triggering a central burst of
star formation and thus increasing the mass concentration of the galaxy nuclear parts (Kormendy, 1993;
van Albada and Roberts, 1981; Schwarz, 1981; Sakamoto et al., 1999; Spinoso et al., 2017). Te works
of Pfenniger and Norman (1990), Friedli and Benz (1993), Friedli and Pfenniger (1991), Norman et al.
(1996) and Valenzuela and Klypin (2003) (among many others) showed using numerical simulations that
this increase of concentration is responsible for the disappearance of the orbits sustaining the bar, causing
its weakening and eventually its dissolution. As a result of this process, the nuclear parts of the galaxy
disk develops a bulge-like structure whose kinematics and profile resembles pseudobulges of late-type
galaxies (Kormendy, 1982; O’Neill and Dubinski, 2003).

Other studies proposed an alternative pseudobulge formation scenario starting also form a bar struc-
ture. Full three-dimensional numerical simulations have shown that the formation of a bar is accompan-
ied by a secular bar-bucking instability, which causes the stars forming the bar to acquire large motions
normal to the galactic plane, giving the bar a boxy or peanut shape (Combes et al., 1990a; Raha et al.,
1991; Debeattista et al., 2004; Martinez-Valpuesta et al., 2006; Saha et al., 2013; Spinoso et al., 2017).
Usually, this morphology gradually appears after the bar has formed and reaches its maximum shape
when the bar is in a steady-state (Combes et al., 1990a). Debattista et al. (2004, 2005), by using high-
resolution of collisionless N-body simulations, showed that the scaling relations and kinematics of the
boxy-peanut shape bulge-like structure are similar to the ones observed in pseudobulges.

1.2.3 Simulated bulges in a cosmological context: From semi-analytical models to hy-
drodynamical simulations

All theories previously described to explain bulge formation have been proposed based on N-body simu-
lations of ideal and isolated galaxies detached from the framework of the large scale structure. To check
their performance in a cosmological context, many works have included them in semi-analytical models
and others have analysed large cosmological hydrodynamical simulations. In this section, we briefly
describe the main results of these works.

Given the expensive computational requirements which characterize of cosmological hydrodynam-
ical simulations, semi-analytical models were the pioneers in testing the bulge formation theories. As we
discussed previously, Kauffmann et al. (1993a) was the first work in including the merger scenario for
the formation of elliptical galaxies in a semi-analytical model based on Monte Carlo dark matter mer-
ger trees. Specifically, the model assumed that elliptical galaxies were formed trough merger of spiral
galaxies whose mass ratio exceed a certain threshold. Kauffmann (1996b) showed that these assumptions
led the model to reach a good match in the color-magnitude diagram between predicted and observed
elliptical galaxies. Besides, the SAM suggested that most of the mass of elliptical galaxies were already
assembled by z>1.9. Similar work was done by Baugh et al. (1996a) using a different SAM but ap-
plying the same elliptical model of Kauffmann et al. (1993a) and including non-violent mergers (i.e, all
those that do not form ellipticals) for the formation of bulges in spiral galaxies. Interestingly, the semi-
analytical model pointed out that ~50% of elliptical and ~ 15% of spiral galaxies underwent a major
merger at z<0.5. Further investigations of elliptical galaxies at a different masses and environments
were done by De Lucia et al. (2006) with a SAM applied on the merger trees of the Millennium N-body
simulation. De Lucia et al. (2006) found out that the merger scenario for elliptical structure formation led
to massive elliptical galaxies (Mgteltar > 10" My) with higher metal abundances, older stellar population
and shorter star formation time scales than less massive elliptical systems. Hopkins et al. (2009c) based
on the results of Hopkins et al. (2009a) used the Santa Cruz SAM to study the dissipation effects of gas
in galaxy mergers. The results showed that gas rich mergers cause a suppression of bulge formation in



INTRODUCTION 18

low mass galaxies (Mgejjar < 10'° M) since gas dissipation effects reduce the fraction of the disks that
get distorted during the merger and cause a rapid disk reassembly.

Semi-analytical models have also studied the formation of bulges via secular evolution. Cole et al.
(2000) included the criteria of Efstathiou et al. (1982)° to detect instabilities in the stellar disk which
lead to the formation of a bar structure and ultimately assembly of a pseudobulge. The assumption used
by Cole et al. (2000) was that during a disk instability event the whole galactic disk is destroyed and a
spheroidal galaxy is formed (see also Fanidakis et al., 2011; Lacey et al., 2016). Athanassoula (2008)
pointed out the procedure of Cole et al. (2000) had shortcomings at the qualitative level since the disk
can not disappear without a merger. On the other hand, Croton (2006) included the same criteria of
Mo et al. (1998a) in the De Lucia et al. (2006) SAM but assuming that only a fraction of the stellar
disk is transferred to the nuclear part during a disk instability. This approach has been included in other
semi-analytical models (see eg. Gargiulo et al., 2017; Henriques et al., 2017; Lagos et al., 2018). Despite
including the Efstathiou et al. (1982) criterion in many SAMs, it was not until Tonini et al. (2016) when
the scientific community started to explore in details the properties of pseudobulges in SAMs. Tonini
et al. (2016) showed that z=0 pseudobulge are hosted in intermediate galaxies, especially in the ones
with massive stellar disks. Similar results were found in the works of Gargiulo et al. (2017), Izquierdo-
Villalba et al. (2019) or Marshall et al. (2019b) based on semi-analytical models. Indeed, the two last
works showed a very good agreement between predicted and observed structural properties of pseudob-
ulges and classical bulge structures.

On the side of hydrodynamical simulations, Dominguez-Tenreiro et al. (2004) analysed 4 different
cosmological simulations showing that the formation of most of the stars in elliptical systems happened
through mergers at low-z and violent multi-clump collapse events at high-z. Dominguez-Tenreiro et al.
(2006) extended that work by the analysis of the z=0, 1, 1.5 elliptical galaxies. These results showed
that the lower was the redshift, the larger was the mass, radius and velocity dispersion of elliptical sys-
tems. Feldmann et al. (2010) focused on the central galaxies of 10'3 Mg, groups extracted from zoom-in
cosmological hydrodynamical simulations. They found that at z=0 massive elliptical galaxies with a
low amount of gas and low velocity dispersion dominate the center of galaxy groups. By tracing their
merger history the authors found that the formation of these structures was caused by continuous major
and minor mergers since z < 1. Naab et al. (2009) reached similar conclusions. The effects of feedback
coming from the central supermassive black hole in the formation and evolution of massive elliptical
galaxies in cosmological hydrodynamical simulations were studied in Dubois et al. (2013) and Correa
et al. (2019). Both works showed an important role of the black hole feedback in quenching the star
formation of elliptical galaxies, generating a red and old stellar population and preventing the formation
of large and blue disks.

Cosmological studies about bulge formation and evolution in spiral galaxies took longer in arise
given the difficulty of hydrodynamical simulations in forming realistic late-type spirals in a ACDM
universe. Such difficulty was called angular momentum catastrophe and it tried to summarize the fact that
baryons in hydrodynamical simulations condensed at the center of dark matter halos in a centrifugally-
supported disk whose angular momentum was lower than the one observed in real spirals (Navarro and
Benz, 1991; Navarro and Steinmetz, 2000). To solve such problem some authors included more realistic
sub-grid recipes for supernovae feedback with an improved simulation resolution whose outcome was
the production of rotationally-supported disks with exponential scale lengths and angular momentum
compatible with the observed ones (see e.g Governato et al., 2007; Scannapieco et al., 2010; Brooks
et al., 2011). After solving the angular momentum catastrophe the simulations were ready to study
spiral galaxies bulges. Among all the studies addressing this topic, the most popular have been the
ones focusing on galaxies hosted in Milky-Way type halos. For instance, Guedes et al. (2011) reported
a cosmological zoom in simulation in which an analogue of a Milky Way galaxy arose naturally. The

This criterion is based on two-dimensional N-body simulations of purely stellar disks with a fixed subhalo potential.
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analysis of the simulation showed that the galaxy displayed a quiet merger history since z < 3 with a bulge
surface brightness compatible with a pseudobulge structure. Bonoli et al. (2016) improved the simulation
by including a refined model for black hole formation, growth and feedback. Interestingly, the inclusion
of these changes modified the structure of both disk and bulge of the simulated galaxy. The disk structure
was more prone to disk instabilities which, ultimately, led to the formation of a small pseudobulge
embedded inside a strong bar structure (see also Spinoso et al., 2017). Rosas-Guevara et al. (2020)
studied barred galaxies in massive disk galaxies by using the TNG100 cosmological hydrodynamical
simulation. The authors found that ~ 37% of galaxies with Mgejjar > 2 X 1010 M, displayed a bar structure
with a faster disk assembly than the one of a disk galaxy control sample. Besides, the barred galaxies
had a quiet merger history with few minor mergers and almost null major interactions. Similar work was
performed by Du et al. (2020) and Zhou et al. (2020) with analogous results. Further investigations about
bulges in galaxies hosted in Milky Way type halos have been performed thanks to the AURIGA zoom-in
simulations (Grand et al., 2017). Specifically, AURIGA consists of thirty high resolution cosmological
zoom simulations of the galaxy formation in isolated Milky Way halos. Gargiulo et al. (2019) showed
that all of the AURIGA bulges display a pseudobulge structure with most of their mass (> 75%) formed
in-situ the galaxy. Blazquez-Calero et al. (2020) analysed the AURIGA pseudobulges focusing on the
galaxies with a bar structure. Interestingly, the authors found 6 barred galaxies with a boxy-peanut
structure (or in process of forming) whose sizes were compatible with the observed in real galaxies.

1.3 Supermassive black holes: A key component of galaxy formation

Besides bulges, supermassive black holes are another relevant component in galaxies. The full under-
standing how black holes acquire their mass is crucial since the energy released during their growth
has a deep impact on the evolution of galaxy properties, such as morphology and star formation. In
this section, we describe the current observational and theoretical knowledge about supermassive black
holes, how they correlate with the galaxy properties and we summarize some simulations carried out to
understand the specific role played by supermassive black holes in a cosmological context.

1.3.1 Theoretical black holes

Few months after Albert Einstein published the general relativity theory (Einstein, 1916), the German
physicist Karl Schwarzschild obtained, for the first time, the exact solution of the Einstein equations to
describe the gravitational field generated by a spherically symmetric and static (i.e no rotating) body
(Schwarzschild, 1916). Such a solution is known as Schwarzschild metric and it only holds in vacuum.
In time and spherical coordinates (z, r, 6, ¢) the Schwarzschild metric has the form:
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2GM 2GM

ds* = (1 - T)&dﬁ - (1 -= ) dr® — r?de* — r* sin’ 0dy? (1.12)
cr cr

where G is the gravitational constant, ¢ is the light speed and M can be interpreted as the conventional
Newtonian mass of the body. For many years, the scientific community put careful attention to the val-
ues r =0 and r = 2GM/c? where the metric becomes infinite. After several publications (see eg. Painleve,
1922), it was proved that » = 0 was a genuine metric singularity. On the contrary, the position r = 2GM/c?
was a coordinate singularity which could be removed by just applying a coordinates transformation. The
position r =2GM/ c? was called Schwarzschild radius (rse) and it delimits the distance (r < rsch) where
proper radial distances and proper time become imaginary. The presence of this radius in the metric
implies the existence of a particular object in the Universe called Schwarzschild black hole whose mass
is concentrated in a radius smaller than rgcp.

Fifty years after the publication of the Schwarzschild results, Roy Kerr generalized the Schwarzild
metric to describe the gravitational filed of a spherically symmetric and rotating body (Kerr, 1963, 1965).
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In the Boyer-Lindquist coordinates (a generalization of the Schwarzschild coordinates) the Kerr metric

is given by the expression:
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where M is the mass of the body, a is its the specific angular momentum (or spin parameter, a = J/M?
where J is the angular momentum of the body), £ = 7> + a® cos? 6 and A =r> — 2Mr + a*>. As happened
with the Schwarzild metric, the Kerr one has its physical relevant surfaces. One of them is the Kerr
radius’ or event horizon, rkeyr, whose value can be fully characterized by both rs., and a:

I'Kerr = (rSch+ Vréch—4a2)/2. (1.14)

Another important position is the ergosphere radius, rg.s, which delimits the area in which observers
can not remain static, i.e their reference systems are irretrievably dragged by the rotation of space-time
caused by the central object. The particular value of the ergosphere radius is:

FErg = ("Sch + \/réch — 4a? cos? 9) /2. (1.15)

Further generalizations of the Kerr and Schwarzschild metric are allowed. When the charge is
included in the Schwarzschild and Kerr metric we have, respectively, the Reissner—Nordstrom and
Kerr—Newman solutions. Nonetheless, as we will see later, astrophysical black holes can be fully char-
acterized by just mass and spin since their charge is quickly neutralized by the accretion of particles
oppositely charged. Regarding the mass, astrophysical black holes can be divided into three different
classes: stellar-mass (~3—10% M), intermediate-mass (102—10° M) and supermassive (10°-10° M)
black holes (Mezcua, 2017). To what concerns to this thesis we will focus on the supermassive black
hole (BH) population. Another important theoretical quantity related with black holes is the innermost
stable circular orbit (ISCO) which corresponds to the smallest stable circular orbit which a particle
can establish around a black hole before being accreted into it. As we will see during this thesis (see
Chapter 5), this quantity has a large effect on the mass and spin evolution of the black holes. In Ap-
pendix A we present a detailed description on how to obtain the position, energy and angular momentum
of the ISCO for a Schwarzild and Kerr black hole.

1.3.2 Supermassive black holes: Demography and correlations

Even though the existence of black holes was proposed by Schwarzschild (1916) after solving the Ein-
stein equations, astrophysical black holes were not discovered until many years later. In the 1950s, with
the advances in radio astronomy, several scientific works reported a population of compact radio sources
whose counterpart in the optical range was absent or, in some cases, only a faint star-like object was
detected. Based on their small angular size, the scientific community classified such objects as stars des-
pite they are not expected to be bight in radio frequencies. Interested by their peculiar nature, Maarten
Schmidt, by using a spectrograph mounted in a 5 meters telescope, took the spectra of one of these com-
pact radio source (specifically, 3C 273). Expecting a star-like energy distribution, Schmidt reported five
broad emission features incompatible with a stellar spectrum. In his work (Schmidt, 1963), he concluded
that the most probable nature of this point-like source was a nuclear region of a galaxy with a cosmolo-
gical redshift of ~0.158. Over the next few years more studies found similar objects (see eg. Matthews
and Sandage, 1963; Bolton and Ekers, 1966a,b; Wyndham, 1965; Oke, 1966) gaining more relevance the
idea of being cosmological sources. Given their similitude with a star in the optical range, these objects
became to be known as quasi-stellar radio sources or just quasars.

"We called it like that in order do an analogy with the Schwarzild radius.
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The development of the physical understanding of quasars started with Salpeter (1964), Zel’dovich
(1964) and Lynden-Bell (1969) which postulated that quasars were powered by supermassive black holes
(BHs) (> 10° M) accreting interstellar gas onto them. A few years later, Shakura and Sunyaev (1973)
introduced a theory for the matter accretion onto black holes. To prevent a free fall accretion and allow
observational effects, the theory assumed that matter flows towards the BH with considerable angular
momentum. During the matter approach to the BH, the balance between centrifugal and gravitational
forces allows to the matter rotate in circular orbits, forming a disk-like structure, called accretion disk.
Through particle friction between adjacent layers and radiative viscosity, gas loses gravitational energy
and spirals towards the BH until finally reaches the BH gravitational radius where is accreted. Part of this
energy loss is turned into thermal energy which is radiated away from the disk surface. The total energy
and the spectrum of the outgoing radiation are determined by the BH accretion rate, M, through the equa-
tion L = eMc? (see Appendix B) where € is a parameter called radiative efficiency and depends on the BH
spin. Based on this, one can correlate the amount of matter accreted by the BH and the quasar luminosity.
For instance, when M = 10™° — 3x1078M,/yr the accreting BH is powerful on X-rays wavelengths with
L ~ 103738 erg/s. On the other hand, at M > 10~ My /yr the optical luminosity exceeds L ~ 10*3 erg/s.

The development of the Salpeter (1964) and Shakura and Sunyaev (1973) theory seeded the idea that
the galaxy population reported by Seyfert (1943) several years before Schmidt (1963) could be the same
physical objects that quasars but at lower cosmological distances®. In particular, Carl Seyfert reported the
existence of spiral galaxies whose nuclear spectral energy distribution displayed similar broad emission
lines than the ones found by Schmidt 1963. Subsequent studies found many more galaxies displaying
similar behaviour in the nearby universe (see Osterbrock et al., 1976; Wilson and Willis, 1980; Alloin
et al., 1985). However, the diversity in the line shapes (broad and narrow), a different type of emission
lines and the presence or not of radio emission made it too difficult to conclude that all these objects with
peculiar nuclear regions were the manifestation of the same structure, i.e an accreting supermassive BH.
During the 90’s, it was possible to consolidated the unification model (Lawrence, 1987; Antonucci, 1993;
Urry and Padovani, 1995). The theory establishes that all the galaxies containing a nuclear supermassive
black hole accreting gas are called Active galactic nucleus (AGN) and depending on both the accretion
rate onto the black hole and how the matter is distributed between the BH and the observer, the detected
characteristics of both radio and line emission are different. Among many others, some AGNs types are
Seyfert I and II galaxies, radio galaxies, LINERs or quasars. Based on the idea of BH accretion as the
engine of all AGNSs, Soltan (1982) constrained for the first time the black hole demography in the nearby
universe. By using the available data of quasar bolometric luminosity functions’ (LFs), the author con-
cluded that the total BH mass density in the local universe would reach up to 4.7x10* Mg/Mpc® and,
on average, every local giant galaxy should contain a 108 — 10° M, supermassive black hole. However,
due to obvious selection bias in the observations and the large errors in the faint end of the luminosity
functions, the BH mass density was considered as a lower limit and the presence of BHs in small galaxies
could not be constrained. Motivated by these results, more works tried to determine the cosmological
evolution of the quasar LFs (see eg. Schmidt and Green, 1983; Boyle et al., 1988; Hartwick and Schade,
1990; Hewett et al., 1993; Schmidt et al., 1995). Some interesting trends were observed in these stud-
ies. For instance, while bright quasars are more numerous at high redshifts, the number density of faint
luminosity quasars increases towards low redshifts (Fan et al., 2001; Hunt et al., 2004; Cirasuolo et al.,
2005; Richards et al., 2006). This different redshift evolution of bright and faint quasars were interpreted
as a downsizing process (Barger et al., 2005; Hasinger et al., 2005) which implies that BH accretion
activity in the low-z universe is dominated by either high-mass BHs accreting at low rates or low-mass
BHs growing rapidly.

Direct confirmation of the existence of supermassive black holes hosted in the galactic centres was
difficult to obtain. The theoretical models of Guilbert and Rees (1988a) and Lightman and White (1988)

8Morrison (1969) suggested that even pulsars could be powered by supermassive black holes.
9The quasar luminosity function can be described as the comoving number density of quasars as a function of the luminosity.
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established that the accretion disk around the black hole is able to produce the 6.4 keV fluorescent iron
line (Fe Ka) in the X-ray electromagnetic part with a very well defined width of few eV (Guilbert and
Rees, 1988a; Lightman and White, 1988; Matt et al., 1997; Holt et al., 1980). Fabian et al. (1989)
suggested that the analysis of the Fe Ka line present in the AGNs would be a perfect tracer to detect
the presence of supermassive black holes. By performing some Monte-Carlo calculations Fabian et al.
(1989) concluded that Doppler and gravitational effects caused by the proximity of the accretion disk
to the BH were enough to modify the shape and position of the line. Indeed, the specific changes were
traces of the BH spin and the dynamical distribution of matter around the black hole. The first obser-
vational work to detect such relativistic effects in the Fe Ka line was Tanaka et al. (1995) in the galaxy
MCG-6-30-15. Papers of Mushotzky et al. (1995) and Nandra et al. (1997) reported similar effects in
other Seyfert galaxies. Further observational evidences of supermassive black holes were obtained in
the optical electromagnetic range by analysing the stellar and gas dynamics in the nucleus of different
galaxies (see Kormendy and Richstone 1995). For instance, the sharp rise in the M87 velocity disper-
sion profile suggested the possible existence of a supermassive black hole of ~ 10° My, (Sargent et al.,
1978). The nucleus of the galaxy M31 was extensively studied by Dressler and Richstone (1988) and
Kormendy (1988b) which performed a line-of-sight velocity distributions and mass-to-light ratio pro-
files analysis and concluded that M31 probably contains a BH of ~ 3 x 10’ M, Further examples of BH
masses estimated through stellar dynamics were NGC 3115 (~ 10° Mg, Kormendy and Richstone 1992),
M32 (~2x 10 Mo, Tonry 1984, 1987) and NGC 4594 (~5 x 106 Mo, Kormendy 1988a). Probably, one
of the most interesting examples of the BH existence is the one in our galaxy, the Milky Way. The best
candidate for being the central BH is the radio source Sgr A* (Genzel et al., 1994): a very compact ob-
ject'” and relatively faint in radio luminosity (10°* erg/s). Genzel and Townes (1987) and Genzel et al.
(1994) by analysing the dynamics of the neutral and ionized gas near the Galactic center, reported a
mass for Sgr A* of ~ 10® M. Other mass estimations were published by Kent (1992) and Evans and de
Zeeuw (1994). While the former used a flattened, isotropic Jeans equation model to fit the stellar and
gas kinematics in the galactic plane, the latter performed some power-law fits to the inner regions of the
Galactic bulge. Both works estimated similar BH masses of ~2 — 3 x 10® M. The most recent estimates
of the black hole mass point to ~ 4 X 10° Mo, (Gillessen et al., 2010).

The existence of supermassive black holes in the nucleus of most of the galaxies is now widely
accepted and interesting correlations in the local universe between the black hole mass and its hosting
bulge were also revealed. The first study reporting a correlation was Kormendy and Richstone (1995),
which showed that the BH masses scale linearly with the absolute bulge luminosity of the host galaxy.
A few years later, Magorrian et al. (1998) combined both dynamical models and kinematic of 36 nearby
galaxies and estimated that the BH mass is connected with the one of the bulge through a ~ 0.005 factor
(see similar results of Marconi and Hunt 2003 and Hiring and Rix 2004a). Another important correlation
was found by Ferrarese and Merritt (2000) which reported that the masses of supermassive black holes
tightly correlate with the velocity dispersion (¢-) of their host bulges (approximately as Mgy o o) with a
smaller scatter than the one found for the bulge-black hole mass relation. Similar results were published
by Gebhardt et al. (2000). In the following years, some other correlations were suggested. For instance,
Graham et al. (2001) proposed a relation between black hole mass and the Sérsic index of the galaxy.
Although all these previous studies were focused on the nearby universe, other works tried to estimate
if the scaling relations still hold at higher redshifts. Treu et al. (2004) used the spectra of 20 Seyfert I
galaxies at z~0.37 to estimate a redshift evolution in the Mgy — o relation, with lower o at fixed BH
mass when the redshift increases (see also Peng et al., 2006; Treu et al., 2007). Merloni et al. (2004)
analysing the evolution of the black hole and stellar mass density found similar results, with a moderate
redshift evolution with larger black hole masses per stellar mass at higher redshifts (see the compatible
results of Hopkins et al. 2006c). Finally, based on analysis of the quasar clustering, Fine et al. (20006)
estimated that the black hole mass - dark matter halo relation displays a (1 + z)>3* !3evolution between
z~05-25.

Extending < (1.1+0.1) x 1073 arcsec (9 AU) at 1= 1.3 cm (Lo et al., 1985).
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1.3.3 The formation of supermassive black holes

As discussed in the previous section, the existence of supermassive black holes in the center of the galax-
ies has been proved through different observational techniques. However, how such massive objects were
formed is still an open issue. Different scenarios for BH formation have been proposed so far. One of the
most popular theories is the Pop 11l scenario in which the seeds of the current supermassive black holes
were formed at z ~15 — 30 in mini-halos (< 10® M) as remnants of the first generation of stars (Pop III,
Yoshida et al., 2008; Agarwal et al., 2012; Valiante et al., 2016). Given that such stars are expected to
be formed in metal free gas, their masses can span between 102-10° Mg (Abel et al., 2002; Bromm and
Larson, 2004), leaving after their death a remnant black hole of 10 -10? M (Bond, 1984; Heger and
Woosley, 2002). Another scenario which leads slightly more massive BH seeds (10° — 10* My) is the
runaway collapse of nuclear star clusters. This theory assumes that during the core-collapse of a nuclear
stellar cluster, the successive collisions and mergers of stars could lead to a runaway process with ulti-
mately provokes the rapid formation of a very massive object containing the entire mass of the collapsing
cluster (Rasio et al., 2004; Devecchi and Volonteri, 2009; Stone et al., 2017). The formation of much
more massive black holes (10* — 10° M) is possible in the direct collapse scenario where massive and
pristine gas clouds at the center of (proto)galaxies could collapse in a single object without fragmenting
into stars. To reach such conditions the model establish certain requisites such as the needed of angular
momentum redistribution, the absence of molecular hydrogen (H;) in the gas which acts as main coolant
process favouring its transformation into stars and the presence of Lyman-Werner photons capable of
dissociating Hy (Haehnelt and Rees, 1993; Haiman et al., 1997; Lodato and Natarajan, 2006; Wise et al.,
2008; Johnson et al., 2011). In this scenario, the most difficult step is to get a massive and dense enough
central gas cloud. Some works such as Mayer et al. (2007), Bonoli et al. (2014) and Mayer et al. (2015)
have proposed that gas rich galaxy mergers at high-z could also lead the formation of such clouds, being
an alternative pathway for the birthplace for direct collapse black holes.

Deriving observational constraints on BH formation occurring at very high-z is a challenge and no
evidence of any seeding scenario have been reported yet. The best candidate until now is the bright Ly,
emitter CR7 at z~ 6.6 (Sobral et al., 2015). The system is formed by three different sources where two
of them are thought to host Pop III stars and the other a direct collapse BH. However, its specific nature
is still under debate (Bowler et al., 2017; Agarwal et al., 2017). Other recent works have pointed out that
maybe dwarf galaxies could be the best places in which seeding theories could be tested. The quiet mer-
ger history of dwarf galaxies would have prevented the growth of BH seeds, leaving in the local universe
the relics of the black hole formation epoch (van Wassenhove et al., 2010; Mezcua, 2019).

1.3.4 Supermassive black holes growth through cosmological times

How supermassive black holes have acquired their mass through the cosmological evolution of the Uni-
verse is still under debate. In this section, we present a summary of the main observational findings
regarding the triggering mechanisms of the BH accretion phase. Later, we tackle the black hole mass
growth through BH-BH coalescences, focusing on the main theories about the binary black hole forma-
tion.

Black holes growing through gas accretion: Processes triggering gas inflows

Even though it is well established that quasars and AGNs are the manifestations of supermassive black
holes accreting gas in the center of the galaxies (Salpeter, 1964), it is poorly understood what are the
mechanisms driving gas from galactic scales down to subparsec ones, where the supermassive black
hole influences the gas dynamics. Theoretical studies have showed that non-axisymmetric disturbances
caused by mergers, bars or globally self-gravitating disks can generate strong torques which lead to the
rapid inflow of gas into the central < kpc of the galaxies (Hernquist, 1989; Barnes and Hernquist, 1991a,
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1996; Di Matteo et al., 2005; Li et al., 2007). Once the gas reaches these sub-kpc scales the large-scale
torques become inefficient and the transport of gas towards the BH surroundings (< pc) happens through
local viscous stresses or bar-within-bars structures (Shlosman et al., 1989; Balbus and Hawley, 1998;
Thompson et al., 2005). However, the relative importance between torques caused by mergers or by
instabilities of self-gravitating disks in the activation of the AGN phase is still not clear. During the last
years, a large number of observational studies have investigated if galaxy major mergers are the main
mechanisms that constitute the AGN triggering. By using Hubble Space Telescope observations, Bahcall
et al. (1997) studied a sample of 20 luminous quasars at z < 0.3 finding that the majority of them were
residing in merging galaxies. Similar results were found by Veilleux et al. (2006, 2009). Treister et al.
(2012) studied the population of AGNs at higher redshifts (z <3) from multiwavelength surveys. The
results pointed out a strong and redshift-independent correlation between the AGN luminosity and the
fraction of host galaxies undergoing a major merger. A clear link between AGN activity and galaxy mer-
gers was also seen in the ultraluminous infrared galaxy population (ULIRGs, see Sanders and Mirabel,
1996). Kartaltepe et al. (2012) found that a considerable fraction (~ 70%) of z ~ 2 ULIRGs showed signs
of recent major mergers. Results from radio surveys have also suggested an important role of mergers
in the triggering of radio loud AGNs. For instance, Chiaberge et al. (2015) showed that 92% of radio
loud AGNSs at z> 1 were associated with recent or ongoing merger events. Similar results were found by
Ramos Almeida et al. (2012) but with a sample of radio AGNs at much lower redshift (z <0.7).

Despite the results mentioned above, several works suggest that major mergers can not explain the
triggering of the whole AGNs population. For instance, after studying asymmetry and concentration
indexes of 37 X-ray AGNs, Grogin et al. (2003) concluded that mergers and interactions are not good
indicators for AGN activity. Similar results were found by Cisternas et al. (2011) which concluded that
the ~ 85% of X-ray AGNs at 0.3 <z <1 do not show recent major mergers signatures. Villforth et al.
(2014), through the analysis of the morphological properties of AGN host galaxies as a function of the
AGN luminosity, showed that <40% of highest luminous AGN display major merger interaction. The
triggering mechanism for faint AGNs is also difficult to relate to mergers. For instance, Allevato et al.
(2011) analysed the clustering of moderate luminous X-ray AGNs at z <2.2 and concluded that major
mergers can not reproduce the observed high bias factors. Allevato et al. (2011) suggested the possibil-
ity of secular processes such as tidal disruptions or disk instabilities as more plausible AGN triggering
mechanisms. On this line, Georgakakis et al. (2009) studied the X-ray luminosity function for AGN
at z~ 1 as a function of morphological type. The authors found that AGNs hosted in disk-dominated
galaxies contribute ~30% of the total AGN, arguing that AGN in disk galaxies are most likely fuelled
not by major merger events but by minor interactions or internal instabilities.

Regardless of the process which carried gas in the black hole surroundings, the process of gas ac-
cretion releases a large amount of energy in the interstellar medium which has an impact in the star
formation of the host galaxy. This effect is known as AGN feedback. According to theoretical works,
two kinds of feedback are possible: quasar mode and radio mode. The former was introduced by Silk
and Rees (1998) pointing out that BHs consuming gas at high accretion rates are able to generate winds
that could sweep up gas into a shell and push it outwards the central parts of the galaxy. If the velocity
of the shell is large enough, it will be expelled from the galaxy in form of outflows, reducing the amount
of gas in the galaxy and inhibiting further star formation events. Observational evidences of that AGN
winds feedback have been reported by many authors (Heckman et al., 2000; Veilleux et al., 2005; Mor-
ganti et al., 2005; Holt et al., 2008; Rupke and Veilleux, 2011; Sturm et al., 2011; Nesvadba et al., 2011;
Greene et al., 2012). However, disentangle between winds caused by starburst or AGN is not an easy
task. On the other hand, the radio mode was introduced to solve the cooling flow problem (Cowie and
Binney, 1977; Fabian and Nulsen, 1977). The most massive galaxies at the center of groups and clusters
are surrounded by gas whose radiative cooling time is short enough to produce cold streams that feed
the galaxies with cold gas able the fuel future star formation events. However, observational studies do
not see high star formation rates in the central galaxies cluster. The lack of these cooling gas is often



INTRODUCTION 25

explained by the heating mechanism of the central galaxy AGN, which reduces or stops the cooling rate
onto the galaxy (Binney and Tabor, 1995; Churazov et al., 2002; McNamara and Nulsen, 2007).

Galaxy formation simulations have included both models of feedback (Di Matteo et al., 2005; Si-
jacki et al., 2007; Germain et al., 2009; Dubois et al., 2010; Ostriker et al., 2010; Gaspari et al., 2012;
Vazza et al., 2013; Weinberger et al., 2017). Thanks to these processes, all these simulations have been
successful in reproducing the black hole and bulge (mass and dispersion velocity) scaling relation.

Black holes growing through coalescences: The theory of binary black holes

If we connect galaxy mergers with the fact that supermassive black holes are hosted at the center of most
galaxies, it can be concluded that the coalescence of > 100 Mg, black holes are common events in the
Universe. Despite this, theoretical studies have demonstrated that the mass accreted by the BHs through
coalescence can be neglected with respect to the one accreted via gas consumption (Volonteri and Perna,
2005; Fanidakis et al., 2011). To explain how two BHs end up merging, it is necessary to first understand
the processes that reduce their separation and lead to the formation of a binary system. During the last
years, the study of how binary black holes (BBHs) form, evolve and coalesce inside galaxies has been
an important topic in the astrophysical field (see the review of Colpi, 2014). Most of the studies tackling
these topics relay on the pioneering work of Begelman et al. (1980) which described the existence of three
main phases in the life of a BBH system: pairing, hardening and gravitational wave inspiral phase. In
Fig. 1.4 it is presented an illustrative scheme summarizing all these phases. During the pairing stage,
the dynamical friction caused by the galaxy stars acts on the two black holes causing their progressive
displacement towards the galactic center. Once reached the galactic center, the two BHs end forming a
close Keplerian system as soon as the mass in starts enclosed within their orbits drops below twice the
total mass of the binary. To guide the reader, the formation of a Keplerian binary in a singular isothermal
sphere happens when the semi-major axis of the orbit, rggy, reaches:

G(Mgpn, + MgH,)
o2

where o is the velocity dispersion of the stellar bulge and Mgy, and Mgy, are, respectively, the mass of

the first and second BH forming the binary. After the formation of the Keplerian system, the BBH enter

in the hardening and gravitational wave inspiral phases where rggy decreases through the energy loss

by close encounters with single stars and gravitational wave emissions. According to Sesana and Khan

(2015) the change of rgpy during hardening and gravitational wave phase can be parameterized as:
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where g( <1) is the mass ratio of the binary, G is the gravitational constant, c is the light speed, H is a
dimensionless hardening rate inferred form three-body scattering experiments (of the order of ~ 15 — 20,
Quinlan, 1996; Sesana et al., 2006), pinr and ojy¢ the density and velocity dispersion of intruding stars

at the BBH sphere influence and F(e) a function which depends on the binary eccentricity (e, Peters and

Mathews, 1963):
73\ 5 (37\ 4
1+(24) +(96)e} (1.18)

Scattering experiments and numerical simulations indicate that the binary eccentricity is not constant
during the hardening phase but it increases through stellar encounters (see e.g, Amaro-Seoane et al.,
2009, 2010). In particular, the variation of the eccentricity of the BBH can be expressed as:

F(e)=(1—-¢) "2
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where K is the eccentricity growth rate which spans form ~ 0 — 0.2 (Quinlan, 1996; Sesana et al., 2006).
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Figure 1.4: Illustrative scheme of the phases of a binary black hole system. Form top to bottom: pairing,
hardening and gravitational wave inspiralling.

During the process of coalesce, gravitational waves (GW) emitted by the BBH system span for a
wide range of frequencies (vocMgiLary): from the nHz to the mHz (Haehnelt, 1994; Jaffe and Backer,
2003). The range of v ~ 107> — 1 Hz corresponds to the merger phase of BBH system formed by super-
massive black holes (~ 10* — 10'° M) and will be probed by the Laser Interferometer Space Antenna
(LISA, eLISA Consortium et al., 2013a; Amaro-Seoane et al., 2017a). Specifically, the LISA space-
craft will be the first mission to scan the whole Universe with GWs, allowing the detection of the vast
majority of coalescing massive BBHs. LISA is a L-class mission consisting of 3 spacecrafts forming a
triangular configuration with arm lengths of 10% km and laser interferometry between free-falling test
masses. The interferometers are designed to measure the variations in light travel time along the arms
due to the deformation of spacetime by gravitational waves. Finally, the GW signal at the frequency
range of v~ 107 — 107° Hz is generated by the stochastic GW background produced by the incoher-
ent superposition of radiation from the whole cosmic population of massive BBHs (Sesana et al., 2008;
Amaro-Seoane and Santamaria, 2010). This frequency window is accessible by the Pulsar Timing Array
(PTA) experiment (Foster and Backer, 1990).

1.3.5 Supermassive black hole spin: Theory and observations

Astrophysical supermassive black holes are expected to have angular momentum:

2
GMgy,

Jeu=a (1.20)
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where a is the spin parameter 0 <a < 1 (Bardeen et al., 1972; Thorne, 1974). The specific value of the
BH spin has important relevance in astrophysics. For instance, it is expected to influence on both the
formation and direction of radio jets in AGNs (Blandford and Znajek, 1977; MacDonald and Thorne,
1982). Spin could be also a good tracer of the cosmological growth of the BH since its specific value
changes through repeated gas accretion events and mergers with other black holes (Volonteri and Perna,
2005; Berti and Volonteri, 2008). In this section, we present the theoretical background to understand
how BHs change their spin and the recent observational techniques developed to measure the spin of the
local black hole population.

Modifying the spin of supermassive black holes: Black hole coalescences

The final phase of a BBH system is coalescence. While the first stages of the life of a BBH can be
described with the post-Newtonian approximation, the final ones when the two BHs get closer and start
rapidly orbiting each other, only numerical simulations provide accurate predictions by solving the full
non-linear Einstein equations. The breakthroughs in numerical techniques reached 20 years ago made
possible studying systematically the outcomes of binary black hole coalescences. (Pretorius, 2005; Cam-
panelli et al., 2006; Baker et al., 2006b). Early works focused on the mergers of non-spinning binary sys-
tems with equal and unequal mass (Campanelli, 2005; Buonanno et al., 2006; Herrmann et al., 2007b,a).
Interestingly, all these studies concluded that coalescences of Schwarzschild BHs in realistic astrophys-
ical scenarios would lead to the formation of a Kerr remnant. For instance, Baker et al. (2006a) showed
that the merger of two equal mass BHs with @ =0 in a circular orbit results in a Kerr BH with a =0.69
(see also Hinder et al., 2008). Analytic expressions for the final BH spin were constructed form all
these available numerical data. Berti et al. (2007) proposed that the coalescence of two unequal mass
Schwarzschild BHs form a remnant whose spin, af, can be approximated to:

2
2.029—1
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where g <1 is the mass ratio of the two initial BHs. Modelling the final spin of a BBH system formed
by two Kerr BHs was more difficult given the 7-dimensional parameter space dependence: mass ratio of
the binary (g) and the orientation of the two BH spins (d;, d@»). Thanks to the knowledge gained with the
simulations of non-spinning BH coalescences, Campanelli et al. (2007) performed the first simulation of
a BBH system formed by unequal mass black holes with misaligned spins. A few years letter, Rezzolla
et al. (2008b,a) published a general analytic fitting formula for predicting the final spin of any binary
configuration of Kerr BHs:

afwzx/_ (1.21)
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where / denotes the difference between the orbital angular momentum when the binary is widely separ-
ated and the angular momentum radiated away in gravitational waves before the merger.

(@ + dq* + Iq) (1.22)

QU

One of the most interesting effects reported by the works which studied Kerr BBH systems was the
large recoil velocities undergone by the remnant BH after BH-BH mergers'' (see e.g Campanelli et al.,
2007). Interestingly, it was proved that these recoils display a dependence with the mass ratio and spins
of the progenitor BHs (Lousto and Zlochower, 2011, 2013). One of the major issues to draw solid con-
clusions about the effects of recoil velocities has been simulating realistic astrophysical environments
(Noble et al., 2012; Bode et al., 2012; Bogdanovi¢ et al., 2011). Some recent works, performing hy-
drodynamical simulations have found that BHs surrounded by gas rich environments lead to the spin
alignment of the two BHs, disfavouring large kicks (Bogdanovi¢ et al., 2007; Dotti et al., 2010).

Roils appear as a consequence of gravitational waves carrying away linear momentum from the system.
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Modifying the spin of supermassive black holes: Gas accretion

As discussed in Section 1.3.4, the black holes consume gas through transient accretion disks. However,
the space-time twist caused by the Kerr black hole induces important changes in the structure of the
accretion disk if this one is not settled in the equatorial plane of the BH'? (Papaloizou and Pringle, 1983;
Nelson and Papaloizou, 2000). Bardeen et al. (1972) studied for the first time how the structure of a
conventional Shakura and Sunyaev (1973) accretion disk evolves when exists a tilt between disk orbital
and BH equatorial plane. Since the angular momentum of the rotating BH pulls the surrounding space
into a whirlpool pattern, the disk is promoted to a differential Lense-Thirring precession around the
rotation axis of the BH (i.e the BH angular momentum direction, Jn) with angular velocity (Wilkins,
1972):

2G| 2GaM
wir(r)=—7—=

1.23
cr3 (1-23)

This differential precession leads to the formation of a warped accretion disk. The disk viscosity'? plays
an important role during this twisting process by producing three different torques acting on the disk.
The first one, perpendicular to the orbital plane, reduces the angular momentum of the disk and leads
to a radial drift. The second one takes place in the disk orbital plane and produces a precession around
the symmetry axis of the black hole. Finally, the third one, acts also on the orbital plane by tending to
align the angular momentum of the disk with that of the black hole, reducing the inclination angle of
the orbital plane. The combination of both Lense-Thirring precession and the internal torques acting on
the accretion disk produce the so-called Bardeen-Petterson effect whose final outcome is the existence of
two disk mid-planes, one aligned in the BH equatorial plane (warped region) and the other retaining the
initial tilt (Scheuer and Feiler, 1996; Natarajan and Pringle, 1998; Nixon and King, 2012; Lodato and
Gerosa, 2013). Consequently, the direction of the angular momentum of the inflowing material changes
as it passes through the warped region. The transition radius between these two planes is expected to
happen approximately where the rate of disk twisting caused by the differential precession is balanced
by the rate at which disk warps are diffused. Besides, the disk can retain a steady warped state since the
warp propagates on a time scale much shorter than the local radial viscous time which determines the
mass transport (Martin et al., 2007). As an illustrative example, in Fig. 1.5 we present a cartoon about
the shape that an accretion disk would display around a spinning BH. As we can see, the outer parts of
the accretion disk retain the initial tilt between disk and BH angular momentum (6). On the contrary, the
inner ones lie in the equatorial plane of the black hole. As a consequence, the accretion disk displays a
warped shape.

Even though the possibility of a counter-alignment configuration between the warped region and the
BH angular momentum during the Bardeen-Petterson process seemed to be ruled out by Scheuer and
Feiler (1996), King et al. (2005) revisited this conclusion and proposed that in some cases the counter-
alignment is possible. By denoting Jq as the angular momentum of the disk, the total angular momentum
of the BH-accretion disk system, J_)T, can be defined as:

Jr=Ju + J4 (1.24)

which is a constant vector since during an accretion event both the orientation and magnitude of the spin
are fixed. By using the cosine theorem, the magnitude of Jt can be expressed as:

J3=Jgy + I3 + 2JpnJa cos @ (1.25)

where 6 (0 < 6 <) denotes the angle formed between the BH and disk angular momentum, i.e the mis-
alignment angle. Note that § =0 will correspond to full alignment while 8 = will characterize a full

12In case the disk is settled in the equatorial plane of a Kerr BH without any tilt, the gas is dumped directly down the hole
from the ISCO.

3The viscosity of an accretion disk have two different contributions. One of then (i) corresponds to the azimuthal shear.
The second one (u;) represents the vertical shear.
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Figure 1.5: Illustrative cartoon about the shape that an accretion disk displays around a spinning black
hole. The variable 6 corresponds to the angle formed between the black hole and accretion disk mo-
mentum (J}H and fd, respectively).

antialignment. According to Eq. (1.25), King et al. (2005) conclude that a counteraligment in the accre-
tion happens when J3, > J2, which requires:

Ja
2JBH

cosf< — (1.26)
Both alignment and counter-alignment have an important effect on the final angular momentum of the
BH (and therefore in its spin) after an accretion event. According to Eq. (1.25) counter-alignments will
reduce Jt, spinning-down the BH. On the contrary, alignments will increase Jt, producing a spinning-up
of the BH. Thus, the specific way in which the gas is accreted onto the BH will completely determine
the final spin value. Several accretion scenarios have been proposed so far. For instance, Volonteri et al.
(2005) comparing the alignment time of the warped disk with the timescale for the mass of the BH to
increase via accretion, concluded that the BH will align with the outer disk before it accretes much mass.
This led to the conclusion that most of the mass accreted by the BH happens in a continuous prolonged
or coherent way, spinning up the BH until a ~ 1. On the other side, the picture of spin evolution via
prolonged accretion was questioned by King et al. (2005), King and Pringle (2007) and King et al.
(2008) which suggested that, as a consequence of self-gravity, the gas consumption onto the BH always
takes place via low-mass accretion disc episodes, all chaotically oriented with respect to one another. As
a consequence of that chaotic accretion, the BH can rapidly decreases its spin down to a value of ~ 0.2.

Observing black holes spin

Advances on both observational techniques and theoretical modellings of accretion disks have allowed
to give constraints on the spin of a handful of supermassive black holes (Brenneman and Reynolds,
2006; de La Calle Pérez et al., 2010; Patrick et al., 2011b; Gallo et al., 2011). In the literature we can
find 5 different methods to constrain the BH spin from observational data (see Brenneman, 2013). All
of them, listed below, rely on two assumptions: general relativity provides a correct description of the
space-time around a BH and it exits a monotonic correlation between the ISCO radius and the spin (see
Appendix A).

1) Inner disk reflection modelling: Gas consumption by a black hole releases a large amount of en-
ergy throughout the whole electromagnetic spectrum. The X-ray emission (>2keV) is dominated
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by UV photons comptonized'* by the hot electrons plasma which surrounds the disk. While part
of these photons are radiated away by the system, a small fraction is reflected towards the accretion
disk surface causing the excitation of the Fe K, line at 6.4 keV in rest-frame (Guilbert and Rees,
1988b; Lightman and White, 1988). The inner disk reflection modelling technique is based on
the analysis of this iron line. Doppler and relativistic effects close to the BH causes a broadening
and skewness in the Fe K, profile, far from its near delta behaviour. Specifically, the red wing
of the Fe K,, line profile relates directly with the location of the ISCO radius and thus with the
BH spin (Reynolds and Nowak, 2003; Brenneman and Reynolds, 2006). The advantage of this
methodology is that it does not require a priori knowledge of both mass and distance to the BH.
However, the disadvantage arises when gas along the line of sight provokes complex absorption
features making it a challenging to determine the red wing of the Fe K, line.

Thermal continuum fitting: The basis of this technique is treating the inner parts of the accretion
disk as a modified black body of temperature T whose value can be related to the ISCO radius
(rsco) through the equation (Zhang et al., 1997):

risco & VF cos(i)d T?, (1.27)

where F is the flux of the accretion disk, d is the distance between the observer and the source
and i is the inclination angle relative to the BH spin axis. Based on risco, the spin of the BH
is estimated form Eq. A.22. This technique has some limitations when measuring the spin of
supermassive black holes'> (see McClintock et al., 2014). Particularly, since the temperature of the
accretion disk correlates with mass as oc M~1/4, the black body for a quasar/AGN peaks in the UV
wavelengths. The presence of the abortion features in this range can present serious complications
to accurately measure the flux (F) of the AGN accretion disk.

High frequency quasi-periodic oscillations: This technique is based on the fact that the X-ray
emission form the inner accretion disk displays some variability at certain frequencies. Despite
the physical mechanism generating such phenomena is still not well understood, the frequencies
where this variability happens are related with the ISCO radius. This method has been mainly
used in the studying of stellar-mass black holes (Morgan et al., 1997; Homan et al., 2001), being
reported such quasi-periodic oscillations by just one AGN (Gierlinski et al., 2008).

X-ray polarimetry: The reflected emission coming from the inner accretion disk of a BH is expec-
ted to be polarized (Laor et al., 1990; Matt et al., 1993). The degree and angel of polarization with
respect to the energy distribution displays a characteristic shape with depends son the BH spin and
the ISCO position (Stark and Connors, 1977; Connors et al., 1980; Schnittman and Krolik, 2009).

Imaging the event horizon shadow: Sub-mm Very Long Baseline Interferometry (VLBI) is used to
obtain images of the innermost accretion disk surrounding a BH. The BH spin can be constrained
by comparing these images with models of disk inner parts appearance. Given that this technique
needs a very good spatial resolution (~ 10 pacsec), the sample of BHs in which this method can
be used is limited to SgrA* and the BH of M87 (Doeleman et al., 2008; Event Horizon Telescope
Collaboration et al., 2019).

Even though all these techniques had shed light on the spin values of some local supermassive black
holes, their values are still controversial. Several free parameters entering in all these five methodologies
create severe degeneracy problems. For instance, several works obtained different estimation for the spin
of the supermassive black hole hosted in the MCG-6-30-15 galaxy: a > 0.98 (Brenneman and Reynolds,
2006), a=0.86 +0.01 (de La Calle Pérez et al., 2010), and a =0.49 + 0.20 (Patrick et al., 2011b). Even
more dramatic is the case of the galaxy NGC 3783, for which some works pointed out a spin value of
a>0.88 (Brenneman et al., 2011) while others a < 0.32 (Patrick et al., 2011a).

14Comptonization means that the photons have lost of energy via Compton scattering
15This technique is mainly used to compute the spin of stellar mass BHs given the good accuracy in measuring the distance
to the source and the inclination of the accretion disk
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1.3.6 Understanding supermassive black holes through simulations

To understand the complete black hole formation and evolution scenario, it had been important to com-
plement observational studies with the ones done by using semi-analytical models and hydrodynamical
simulations. One of the first works addressing the evolution of BHs in a cosmological framework was
performed by Kauffmann and Haehnelt (2000) (see also Cattaneo 2001). In that work, the authors in-
cluded the growth of BHs inside a cosmological context by using a semi-analytical model based on the
extended Press-Schechter theory to generate Monte Carlo realizations of the merging paths of dark mat-
ter halos. Motivated by the reported scaling relation between BHs and elliptical galaxies, Kauffmann
and Haehnelt (2000) assumed that the main mechanism by which the BHs can grow is via gas accretion
after galaxy major mergers (Haehnelt et al., 1998). This simple assumption leads to the SAM the capab-
ility of reproducing the observed trends of the B-band luminosity function of z <2 quasars, reinforcing
the theory of mergers as important drivers of BH growth. In the same year, Haehnelt and Kauffmann
(2000) explored the BH scaling relations using the same SAM of Kauffmann and Haehnelt (2000). As
in observations, the predictions reported a tighter correlation between My and o than with Mpyjge. This
difference was attributed to the fact that the bulge mass showed a strong redshift dependence while ve-
locity dispersion did not. Volonteri et al. (2003) used a similar approach than Kauffmann and Haehnelt
(2000) to study the evolution of supermassive black holes. By coupling a simple model where quasar
activity is driven by major mergers with a Monte Carlo algorithm to trace the halo merger history, the
authors generated a reliable BH population. Including a model for the BBH hardening and gravitational
wave inspiral phase, Volonteri et al. (2003) concluded that up to 10% of the nearby galaxies might host
a nuclear BBH system. Besides, this model reported a large level of triple BH interactions at high-z
which ultimately led to the expulsion of one of the three BHs from the host galaxy. The expelled BHs
constitute a population of wandering black holes orbiting within dark matter halos without a host galaxy.
A few years later, using the same SAM, Volonteri et al. (2005) studied for the first time the cosmological
evolution of supermassive black hole spins. By including BH-BH coalescence and gas accretion events
as mechanisms leading to spin changes, the authors ascertained the latter process as the dominant one
for the formation of rapidly spinning BHs.

Theoretical studies to understand the evolution of the quasar luminosity function were also per-
formed within a semi-analytical framework. Marulli et al. (2008) and Bonoli et al. (2009) included in
the L-Galaxies SAM (Guo et al., 2011), run on top of the Millennium merger trees (Springel, 2005),
a refined prescription to describe the BH luminosity during each gas accretion phase after a major and
minor galaxy merger. In their implementation, BHs do not accrete mass instantaneously. Instead, the ac-
cretion is coupled to a light curve model consisting of two different phases. One in which the BH growth
is Eddington limited, while the other is a quiescent regimen in which the BH grows at low Eddington
rates. These two-phases model showed a good performance to reproduce the evolution of the faint end
of quasar bolometric luminosity and the clustering of z <3 quasars. However, the model displayed a
limitation when reproducing the number of bright quasars at z >3, suggesting that high-z BHs might
accrete gas through other physical processes. Hirschmann et al. (2012) performed a very similar work
than Marulli et al. (2008) but including disk instabilities, i.e torques caused by self-gravitating disks,
as an extra mechanism to trigger AGN/quasar phase. The inclusion of these extra process allowed the
model to achieve a good agreement in the X-rays and bolometric luminosity functions of z <5 quasars.
However, Hirschmann et al. (2012) included ad hoc the assumption that disk instabilities only trigger
very sub-Eddington BH accretion rates, losing the possibility of concluding if disk instabilities can be
more important than mergers during BH growth. Fanidakis et al. (2011, 2012) shed more light on this
topic. By including in GALFORM SAM (Lacey et al., 2016) a comprehensive modelling of BH growth
where gas accretion during mergers and disk instabilities are coupled with spin evolution, Fanidakis
et al. (2012) concluded that disk instabilities play an important role in the mass evolution of super-
massive black holes. The model predicted that, regardless of redshift, BHs consume typically ~ 2 dex
more gas through disk instabilities than via major and minor mergers. In addition, Fanidakis et al. (2011)
tested in GALFORM two different BH models of spin evolution during gas accretion: coherent and chaotic
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(see Section 1.3.5). While the former gives a population of low spinning black holes (a ~ 0.2), the latter
predicts highly spinning black holes (a ~ 1). By comparing model predictions with the observed bolo-
metric and radio luminosity functions of quasars, Fanidakis et al. (2011) concluded that the low spinning
BH population provide a better agreement with observations. Menci et al. (2014) was also one of the
pioneering works investigating the role of disk instabilities in the growth of supermassive black holes.
Unlike other models, Menci et al. (2014) included in a SAM a sophisticated prescription for the gas mass
inflow after disk perturbations based on the physical description of the Hopkins and Quataert (2011)
numerical simulations. The work showed that while the bright end of the AGN luminosity in the B-band
at z<4.5 can only explained thanks to disk instabilities, at z>4.5 the abundance of bright quasars is
underestimated if disk instabilities are the only mechanisms of BH feeding.

In addition to the pioneering works of Volonteri et al. (2005) and Fanidakis et al. (2011), further
investigations about the cosmological evolution of supermassive black hole spin were performed by
Volonteri et al. (2013). For such purpose, the authors included in a SAM a model of black hole growth
similar to the one presented by Marulli et al. (2008) but tracking the change of the BH spin through a
chaotic and coherent scenario during gas-poor and gas-rich galaxy mergers, respectively. Under these
assumptions, the outcomes of the model pointed towards a drastic decrease in the number of highly spin-
ning BHs with cosmic time as a consequence of an increased incidence of chaotic accretion processes.
Similar trend was reported by Barausse (2012) who concluded that z > 3 black holes are maximally spin-
ning while z <2 BHs are characterized by low spin values (a <0.2). Sesana et al. (2014) revisited the
work of Barausse (2012) including a novel spin model where the properties of the accretion flow onto
BHs are linked to the morphological characteristics of the host galaxies. On the contrary to what was
reported by previous works, the results showed a population of supermassive black holes with moderate
spin (a ~ 0.4) regardless of the redshift.

More recent works about sumpermassive black holes have focused on the black hole formation prob-
lem. For instance, Valiante et al. (2016) included in GAMETE SAM both PopllIl and direct collapse
scenarios of the formation of supermassive black holes. The model predictions suggested that direct
collapse BHs were the most plausible progenitors of > 108 Mg, black holes at z > 6. However, the inter-
play between chemical, radiative and mechanical feedback effects included in the model did not make
possible draw conclusive results. On the other hand, Ricarte and Natarajan (2018) tried to disentangle
signatures of the BH seeding process by using a SAM based on Press-Schechter merger trees. Inter-
estingly, the black hole occupation fraction or the bright end of the high-z quasar LF could retain some
memory about the BH seeding mechanism.

In addition to semi-analytical models, a large number of works have studied the evolution of super-
massive black holes by using hydrodynamical simulations. One of the first studies was the one of Di
Matteo et al. (2005) (see also Springel et al., 2005), which presented detailed numerical simulations of
isolated galaxy mergers. The results showed that the collision of galaxies causes a strong nuclear inflow
that can feed with gas the supermassive black holes and power the quasar phase. In a more cosmological
context we can find the work of Di Matteo et al. (2012) which using the MassiveBlack simulation of
0.75 Gpc? studied the growth of supermassive black holes at z>7. The results showed that steady high
density cold gas flows could lead to the rapid growth of supermassive black holes in the early Universe.
Hirschmann et al. (2014) explored the evolution of the quasar bolometric luminosity functions at z<5
inside two cosmological simulations of ~68 Mpc and ~ 500 Mpc of box length. Interestingly, as found
in observations, the simulations corroborated the idea of BH downsizing. Sijacki et al. (2015) performed
a similar study but using the I11lustris-100 simulation. In addition to finding a good agreement with
both the bolometric and X-ray quasar LFs, Sijacki et al. (2015) reported that the correlation between BH
and host galaxy was blurred in low and star-forming galaxies (see also Weinberger et al. 2018). Regard-
ing the BH activity through cosmological time, Rosas-Guevara et al. (2016a) explored the population of
inactive BHs in the EAGLE simulation (~ 10® Mpc?). While at high-z most of BHs are in an active phase,
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at z~ 0 they were inactive or growing at very low Eddington rations.

To date, very few works have addressed the evolution of BH spin in hydrodynamical simulations.
Dubois et al. (2014b) was one of the first works by including a similar semi-analytical approach to the
one of Fanidakis et al. (2011) to track the spin evolution in the outputs of a 50 Mpc box side hydrodynam-
ical simulation. The outcomes displayed that coherent gas accretion is the main driver of growth for BHs
of 10° < Mgy < 108 My, leading a final spin value close to a ~ 1. At larger masses, the contribution from
binary coalescence to the final BH spin becomes significant. Fiacconi et al. (2018) went a big step fur-
ther, including in the moving-mesh code AREPO (Springel, 2010) a model to track the BH spin evolution
during gas accretion events. Even though Fiacconi et al. (2018) only tested the code in idealized systems
of BH and accretion disk, they find interesting results. For instance, the simulations displayed that BHs
with mass < 107 Mg, experienced quick alignment with the accretion disk, favouring prolonged phases of
spin-up.

Finally, a significant effort has been devoted to the black hole formation by using numerical simula-
tions. While some works have focused on the direct collapse black holes (Habouzit et al., 2016; Agarwal
et al., 2017; Maio et al., 2019), some others have studied on the Pop III scenario (Whalen et al., 2013;
Smith et al., 2018). The final findings of all these works can be summarized by the conclusions that both
the amount of metals in the pristine gas and the number of photos that can dissociate molecular hydrogen
play an important role in the formation of a black hole.

1.4 The synergy between observations and simulations

Galaxies are bound systems of gas and stars releasing radiation through the whole electromagnetic spec-
trum, from ultraviolet to infrared. Determining what is the energy emitted by a galaxy per surface area
at any wavelength or frequency, hereafter just flux density, consolidates the so-called spectral energy
distribution (SED). Although the processes shaping the radiation produced by a galaxy can be extremely
complex, SEDs are relatively simple displaying only two different components. The first one is known
as galaxy continuum and is formed by the superposition of the spectra of all the individual stars that
consolidate the galaxy. The second part is the line component and corresponds to an excess (emission
line) or defect (absorption line) over the continuum caused by bound-bound transitions with atoms, ions
and molecules produced in the stellar photosphere and/or in the intergalactic gas. The different contribu-
tion of these two components in the SED gives an incredible amount of information about the physical
processes that have and are taking place in the cosmological evolution of the galaxy. For instance, the
younger is the stellar population, the larger is galaxy continuum at small wavelengths. On the contrary,
the older is the population the larger is the continuum flux at large wavelengths. Emission lines give also
very valuable information on the star formation process, black hole activity, the abundance of different
elements (such as hydrogen, helium or oxygen) or the temperature and ionization state of the interstellar
gas.

Two different techniques have been developed to determine the flux density emitted by a galaxy:
spectroscopy and photometry. The former provides the exact flux density received from a galaxy over
a wide portion of the electromagnetic spectrum. The latter measures the median flux of an object in
a certain wavelength band, constrained by a filter which only allows the light to pass with particular
transmission. Typically, if the wavelength range covered by the filter (hereafter filter width) is larger
than ~ 1000A we speak about broad band filters. On contrary, if the width is smaller we have narrow
bands. In Figure 1.6 we present an example of the density flux as a function of wavelength measured
from a galaxy at z~0.7 by using the two different techniques. As we can see, spectroscopy provides
a much better wavelength resolution than photometry where the flux is averaged over the wavelength
range determined by the filter, in this case 5200 ~ 7000 A Although spectroscopy appears to be the best
technique to extract information about continuum and lines, it still has its limitations. For instance, it
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Figure 1.6: Comparison between the data obtained form spectroscopy (grey line) and photometry (red
dot) by using a z~ 0.7 galaxy as an example. As we can see, spectroscopy provides a well sampled
galaxy SED where continuum and emission lines ([OII], [OIII] and HgB, highlighted with arrows) are
more than evident. On the other hand, the photometry is represented by one single dot since the flux is
averaged over the wide wavelength range determined by the filter (red line). The spectroscopy data has
been extracted form the SDSS survey database and the photometry is obtained by convolving the SDSS
spectra with the transmission curve of the SDSS r-band (red lines).

is time-consuming since requires pointing object by object for the SED extraction. Besides, the target
sample needs to be pre-selected, leading to problems of biases and selection functions. The photometric
technique, on the other hand, does not have these biases given that one filter pointing obtains photo-
metry data of all the objects within the field of view without previous selection. To overcome the poor
wavelength resolution and achieve the large electromagnetic spectrum coverage of spectroscopy, some
photometric works have sampled the galaxy SED with many filters. The combination of a large number
of narrow and broad filters to trace both continuum and emission lines is a method which can obtain very
similar SEDs to those of spectroscopy. This approach is commonly called spectro-photometry and it has
been used since the beginnings of 2000 in surveys such as COMBO-17 (Wolf et al., 2003), ALHAM-
BRA (Moles et al., 2008), MUSYC Cardamone et al. (2010), CLASH (Postman et al., 2012), SHARDS
(Pérez-Gonzidlez et al., 2013), J-PAS (Benitez et al., 2014), J-PLUS (Cenarro et al., 2019) or PAU (Pa-
dilla et al., 2019). As an illustrative example, in Figure 1.7 we present the SED of the same galaxy
of Figure 1.6 but traced by the survey J-PAS (synthetic photometry) which consists in a filter system
composed by 3 broad bands and 56 narrow bands. As we can see, the spectro-photometry technique
retrieves a very similar SED than spectroscopy. Thus, this example can be considered as a visual prove
that galaxy continuum and emission features can be perfectly traced by the combination of many filters
placed at different wavelengths.

Although the spectro-photometry technique is a potentially powerful approach to obtain similar ba-
sic information about galaxies as spectroscopy, developing a methodology to extract such details from
the data is not a trivial matter. Indeed, reaching accurate results free of both measurement biases and
selection effects requires a detailed understanding of how to handle the data. Simulations can help the
scientific community by providing simulated spectro-photometry data to learn how to optimally extract
the desired information form multi-bands photometric surveys. Indeed, it was already in the early 2000s
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Figure 1.7: Comparison between the density flux, f,, obtained form SDSS spectroscopy (grey line)
and the J-PAS spectro-photometry (colored dots) by using a z~ 0.7 galaxy as an example. The J-PAS
photometry has been obtained by convolving the SDSS spectroscopic data with the filter transmission
curves of J-PAS. As we can see the spectro-photometry provides a SED as good as photometry where
the continuum and emission lines can be distinguished. The spectroscopy data has been extracted form
the SDSS survey database and the photometry is obtained by convolving the SDSS spectra with the
transmission curve of the 59 J-PAS bands.

when the increase in the number of broad bands photometric surveys pushed the scientific community to
start integrating into the survey development the construction of simulated catalogues for helping in the
data interpretation. These catalogues, called mocks, are not easy to produce as they should include real-
istic galaxy properties at any redshifts and reproduce the observed galaxy distribution. To fulfil all these
requirements, the first mocks of broad bands photometric surveys were made by using semi-analytical
models based on merger trees extracted from N-body simulations. To construct artificial observations
from the simulated universe of the SAMs, it was necessary to position a virtual observer at z=0 in one
of the box corners and finding those galaxies which lie on the backward lightcone, defined as the space-
time region satisfying the condition that light emitted from every point is received by the observer now.
However, during the early 2000s the box side-length of the dark matter simulation used by the SAMs
were too small to rarely overpass a redshift depth of z~0.2. This was imposing a strong limit in the
cosmological volume that mocks could encompass. To overpass such limitations the works of Blaizot
et al. (2005), Kitzbichler and White (2007a) and Merson et al. (2013) developed different techniques to
convert the outputs of semi-analytical models into deep lightcones. In short, their methodology consisted
in i) replicating the box taking advantage of its periodic nature, ii) interpolating the positions, velocities
and physical properties of the galaxies between two discrete snapshots of the SAM and iii) avoiding
structure repetitions through a smart definition of the lightcone line-of-sight.

Thanks to the previously mentioned works, SAMs could overpass the box limitations and the dis-
creteness effects due to the limited number of snapshots of the dark matter merger trees. Indeed,
nowadays SAMs are still one of the best tool to build mock galaxy lightcones for photometric surveys.
However, as we will describe in the next section, they still need to deal with the inclusion of emis-
sion lines in the final galaxy photometry, a task which has been addressed by very few works (Stothert
et al., 2018; Izquierdo-Villalba et al., 2019). Finally, because of the large advances in the computational
techniques undertaken during the last 5 years, many works have started to deal with the lightcone con-
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Figure 1.8: Left panel: SED of an AGN/QSO at z~ 1.5. It has been highlighted the position of CIV,
CII] and MglI lines. Right panel: SED of an starburst emission line galaxy at z~ 1. It has been
highlighted the position of [OII], HB and [OIlI]5pg7lines. The spectroscopy data of both panels have been
extracted form the SDSS survey database.

struction in hydrodynamical simulations. As an illustrative example we can find the Horizon lightcone
(see Hatfield et al., 2019).

1.4.1 The new challenge for mock lightcones: emission line galaxies as new targets for
surveys

As we discussed before, the presence of emission lines in the galaxy SED is a valuable source of in-
formation regarding the fundamental processes taking place within the galaxy. Galaxies exhibiting these
emission features are usually called emission line galaxies (ELGs) and they are commonly divided into
two different types. The first one is formed by the AGNs. As we extensively discussed in Section 1.3.2,
AGNs are related to matter accretion onto supermassive black holes. During this process, the accre-
tion disk emit high energy photons able to ionize the surrounding gas, producing excitations and de-
excitations of atoms whose outcome is the presence of broad and/or narrow emission lines in the SED of
the galaxy hosting the AGN. Among all the lines we can find in AGNs, the most relevant ones are SilV
(1397A), CIV (1549A), CIII] (1908A) and Mgll (2799A) (see e.g. Chaves-Montero et al., 2017; Spinoso
et al., 2020). The other type of ELGs is the one formed by star forming galaxies or starburst galaxies
whose lines are produced through star formation processes. As happens with AGNs, the process of form-
ing new stars generate high energy photons capable to ionize the HII regions around stellar birthplaces,
yielding to narrow collisional excited lines (Dopita et al., 2003; Peimbert et al., 2017). Of course, the
production of these excitation lines depends on many galaxy conditions such as the number of ionization
photos (ionization parameter) or the amount of metals and dust present in molecular clouds. The most
relevant emission lines that we can find in starburst galaxies are [OIl] (3727A, 3729A), H,8(48611&),
[OI11] (49591&, 50071&) and Ha (65631&). As an illustrative example, in Figure 1.8 it is presented the SED
of an AGN/QSO and starburst galaxy. As we can see, both of them present strong emission lines along
the whole optical range.

Star forming emission line galaxies have sparked the interest of the scientific community for the past
10 years. Despite being less numerous than red and dead galaxies, the position of their emission lines
offers an incredible opportunity to determine with high accuracy their redshift distribution and, thus,
perform a detailed analysis of the large scale structure of the Universe at different cosmological times
(Gunawardhana et al., 2013; Sobral et al., 2009, 2013, 2015; Comparat et al., 2016; Hayashi et al., 2018;
Spinoso et al., 2020). For this reason many next generation surveys have been developed specifically
to detect emission line galaxies. Among these surveys, we can find EUCLID (Laureijs et al., 2011),
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WFIRST (Dressler et al., 2012), J-PAS (Benitez et al., 2014; Bonoli et al., 2020) or PAU (Padilla et al.,
2019). While the two formers are principally spectroscopic surveys with a special focus on starburst
galaxies at 1 <z <2, the two latter are specto-photometric with a particular interest in both AGNs and
star forming galaxies at z <3. To assess the capability of these surveys in detecting starburst ELGs,
few mocks have been developed by applying in different SAMs the lightcone construction previously
described. Even though SAMs describe pretty well the galaxy continuum, they have a lack of emission
line modelling during star formation events. For that reason, the creation of realistic mocks for emission
line surveys had pushed SAMs to include some modelling for treating the line production. The most
extended methodology has been the one relating the line flux production with the galaxy metalliticy,
ionization parameter and the star formation rate. By using this approach, Merson et al. (2018) and
Zhai et al. (2019) computed the number density of galaxies detected by EUCLID and WFIRST with
[OIll]sgp7and Ha emission features. Interestingly, they reported that the expected number of sources
would be large enough to ensure that both surveys could carry out cosmological studies. On the other
hand, the works of Stothert et al. (2018) and Izquierdo-Villalba et al. (2019) performed mocks about the
effect of the emission lines in the final photometry of the narrow and broad band photometric surveys.
Among all the interesting results, we can highlight that Izquierdo-Villalba et al. (2019) showed that
extracting unbiased flux measurements form the narrow band galaxy photometry is not an easy task
where many effects, such as the continuum shape, have to be taken into account. The works of Merson
et al. (2018); Stothert et al. (2018); Izquierdo-Villalba et al. (2019) and Zhai et al. (2019) have opened
the path for the development of more sophisticated works and techniques about mocks for emission line
surveys.

1.5 Objectives and outline of the thesis

As discussed in the introduction, developing an ideal methodology for the construction of mocks for
emission line surveys, understanding the formation of different bulge types and exploring the cosmolo-
gical evolution of the supermassive black hole population are currently hot topics which are going to be
addressed in this work. The thesis can be outlined in three main objectives tackled through the usage of a
semi-analytical model (SAM). The first objective address the formation and evolution of galactic bulges.
In particular, we focus on the pseudobulge population whose cosmological evolution in a ACDM Uni-
verse has not been fully explored yet. Questions about their formation time, the merger history of their
host galaxy or the possible existence of composite bulges are the ones that we want to answer in this
thesis. The second objective consists in including in a SAM an advanced model on the spin evolution
and the growth of supermassive black holes, able to give useful predictions about the properties of su-
permassive black holes at different cosmological times. These predictions would be fundamental for the
next generation of gravitational wave detectors such as LISA. We also study the population of wander-
ing black holes, an elusive type of supermassive black holes whose nature is not well understood yet as
a consequence of the challenges in their detection. Finally, the last objective lies in presenting a new
technique for the assembly of mock lightcones for the next generation of multi-narrow and -broad band
photometric surveys.

The thesis is divided as follows:

o Chapter 2: L-Galaxies: A model to study galaxy evolution

In this chapter we describe the semi-analytical model (L-Galaxies) used in this thesis. We briefly
describe the dark matter simulation from where the merger trees are extracted and we summarize
the main physical processes included in the SAM to deal with the galaxy formation and evolution
paradigm.

o Chapter 3: The assembly of pseudobulges in a hierarchical Universe

In this chapter we study the cosmological build-up of pseudobulges using the L-Galaxies SAM
with a new approach for following separately the assembly of classical bulges and pseudobulges.
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We analyse the evolution of the pseudobulge population through cosmological time and we com-
pare their properties with the ones displayed by classical bulges.

o Chapter 4: Barred galaxies in the local Universe: Revisiting their analytical formation from
a hydrodynamical perspective

In this chapter we study by employing cosmological hydrodynamical simulations the performance
of the analytical criterion for bar formation used in L-Galaxies. We explore the limitations of
the preconception to properly trace the onset and assembly of bar structures.

e Chapter 5: Spinning black holes and wandering black holes

In this chapter we study the mass assembly and spin evolution of supermassive black holes (BHs)
across cosmic time as well as the impact of gravitational recoil on the population of nuclear and
wandering black holes (wBHs) by using L-Galaxies. Besides, we study the spins and masses
of the population of nuclear black holes hosted by different galactic bulges: ellipticals, classical
bulges and pseudobulges.

o Chapter 6: Mock lightcones for photometric surveys

In this chapter we present a procedure to generate a synthetic galaxy lightcone especially designed
for narrow-band optical photometric surveys. We apply this procedure to a specific survey (J-
PLUS) and we study its ability to correctly identify a population of emission line galaxies at
various redshifts.

e Chapter 7: Conclusions

In this chapter we summarize the main findings of this thesis.

e Chapter 8: Future work

In this chapter we give a brief outlook to future work.



CHAPTER 2

LL—GALAXIES : AMODEL TO STUDY THE GALAXY EVOLUTION

“Eso desean quienes viven estos tiempos. “So do all who live to see such times.
Pero no les toca a ellos decidir. Lo tinico But that is not for them to decide.
que podemos decidir es qué hacer con el tiempo All we have to decide is what to do with
que se nos ha dado. Hay otras fuerzas en este the time that is given to us. There are other
mundo, Frodo, ademds de la voluntad del mal. forces at work in this world Frodo, besides the
Bilbo estaba destinado a encontrar el Anillo y will of evil. Bilbo was meant to find the Ring.
como consecuencia tii estabas destinado a tenerlo. In which case, you were also meant to have it.
Y ese es un pensamiento alentador.” And that is an encouraging thought.”

El sefior de los anillos: La comunidad del anillo. ~ The Lord of the Rings: The Fellowship of the Ring.

2.1 Introduction

In this thesis we make use of L-Galaxies semi-analytical model (SAM) to study the assembly of
galactic bulges, the growth of supermassive black holes and the build-up of mock galaxy lightcones
for the new generation of narrow band photometric surveys. While for the two former scientific cases we
use L-Galaxiesin the version of Henriques et al. (2015)", for the latter we use the Guo et al. (2011) one.
The aim of the SAM is to simulate the evolution of the galaxy population as a whole in a self-consistent
and physically-motivated manner. For this, L-Galaxies includes different physical ingredients such as
gas cooling, star formation, AGN/SuperNovae feedback, metal enrichment, black hole growth or galaxy
mergers. All these processes are implemented through a system of coupled differential equations solved
along the mass assembly history of dark matter objects, given by their respective merger tree.

L-Galaxies SAM is based on the early work of White and Rees (1978) who developed a semiquant-
itative model to study how galaxies evolve in a hierarchical universe. The basis of the model was that
galaxies were formed by the cooing and fragmentation of pristine gas within the potential wells of col-
lapsed dark matter halos whose specific abundance at each redshift was derived from the Press-Schechter
formalism (Press and Schechter, 1974). Galaxies were evolved assuming that all the gas able to cool in
less than one halo dynamical time was converted into stars with an efficiency regulated by supernovae
feedback. Besides, after one dynamical time, the haloes were assumed to merge while galaxies survive
intact. With these assumptions, the semiquantitative model of White and Rees (1978) was able to derive
galaxy luminosity functions in agreement with observations. One decade later, White and Frenk (1991)
updated this model for the specific case of ACDM cosmology by incorporating an extension of the Press-
Schechter theory for better treatment of merging haloes in a statistical point of view (Bower, 1991; Bond
et al.,, 1991). On the baryonic side, refinements in the gas cooling, star formation and stellar feedback
and the inclusion of chemical enrichment and the stellar population model of Bruzual A. (1983) were
fundamental to improve the predictions. A step further was performed by Kauffmann et al. (1993a), who
aiming to study in more details merging galaxies, included in the White and Frenk (1991) semi-analytical
model a new Monte Carlo technique of generating merging histories trees for dark matter halos. In such

Thttp://galformod.mpa-garching. mpg.de/public/LGalaxies/
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a way, the model was able to trace the ancestry of an halo structure through all the progenitor halos from
which it formed. The inclusion of that technique gave for the first time to the model the capability of
providing explanations of galaxy colours and morphologies. Even though the Monte Carlo approach of
Kauffmann et al. (1993a) was one of the biggest improvements added in the semi-analytical model, it had
the limitation of lacking information about the spatial distribution of galaxies. To overpass this short-
coming, Kauffmann et al. (1999a) grafted in the SAM the merger trees of high-resolution N-body DM
simulations. In subsequent papers, the authors used this methodology to make predictions about the evol-
ution of clustering to high redshift (Kauffmann et al., 1999b), construct realistically mocks for surveys
(Diaferio et al., 1999), study the evolution of the quasar number density trough redshift (Kauffmann and
Haehnelt, 2000) and explore both spatial and kinematic distributions of galaxies within clusters (Diaferio
etal., 2001).

After Kauffmann et al. (1999a) the SAM was always used with the merger trees of DM simulations
(see e.g Springel et al., 2001) with the main objective of refining the treatment of the baryonic physics.
In particular, there are five main papers which contributed significantly to the model improvements: De
Lucia et al. (2004), Croton (2006), De Lucia and Blaizot (2007), Guo et al. (2011) and Henriques et al.
(2015). In De Lucia et al. (2004) it was introduced a model for the transport of metals between the
stars, cold gas in galaxies, hot gas in dark matter haloes, and intracluster gas outside virialized haloes.
Croton (2006) grafted for the first time the merger trees of Millennum simulation (Springel, 2005) and
extended the black hole growth of Kauffmann and Haehnelt (2000) in order to link the black hole activity
with the halt of star formation in massive galaxies. De Lucia and Blaizot (2007) improved the grafting
of the Millennium merger trees and performed a new formalism for dust attenuation. Guo et al. (2011)
revisited the gas cooling in the SAM, added a model for the computation of galaxy radii, included dif-
ferent environmental processes acting in galaxies, introduced the concept of orphan galaxies and grafted
the merger trees of Millennium IT (Boylan-Kolchin et al., 2009). Finally, Henriques et al. (2015) re-
visited both environmental processes and reincorporation times of gas ejected of Guo et al. (2011) and
introduced the possibility of calibrating all the SAM free parameters with a Monte Carlo Markov Chain
(MCMC) methodology (see Henriques et al., 2009, for more details).

In the following sections we summarize the main assumptions and equations implemented in Guo
et al. (2011) and Henriques et al. (2015) versions of L-Galaxies to property follow the formation and
evolution of galaxies through cosmological time. In Section 2.2 we present the main properties of the
dark matter simulations used by the SAM. In Section 2.3 we briefly describe the whole physical ingredi-
ents include in L-Galaxies to properly follow the evolution of the galaxy baryonic content.

2.2 Dark matter merger trees

The backbone of L-Galaxies semi-analytical model are the subhalo merger-trees catalogues obtained
by the Millennium (hereafter MS, Springel, 2005) and Millennium IT (MSII, Boylan-Kolchin et al.,
2009) N-body simulations. The first one follows the cosmological evolution of 2160° dark matter (DM)
particles with mass 8.6 x 108 Mg/ inside a periodic box of 500 Mpc/A on a side, from z =127 to the
present. The latter follows the same number of particles but with a 125 times higher particle mass
resolution (6.885 x 10° My/A) in a box of 100 Mpc/h on a side. Both simulations were run with GADGET
code (Springel et al., 2001; Springel, 2005) by using WMAP1 & 2dFGRS concordance cosmology:
Qn =025, Q, =0.045, Qx =0.75, h=0.73kms™! Mpc‘l, n=1,05=0.9 (Colless et al., 2001). Particle
data information from the MS and MSII simulations was stored, respectively, at 63 and 68 epochs or
snapshots. The first 58 and 65 snapshots of MS and MSII were temporally spaced according to:

2.1)

n(n+35) ( where 0<n <58 for Millennium
logo(1 +zp) = —=——

4200 where 0 <n <64 for MillenniumII

while the four and three remaining MS and MSII snapshots were manually added at z= 30, 50, 80, 127
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and z =40, 80, 127, respectively.

While dark matter halos were found within snapshots by using a friend-of-friend (FOF) group-finder,
subhalos structures, i.e locally overdense, self-bound particle groups formed inside the DM halos, were
identified with SUBFIND algorithm (Springel et al., 2001). Since the latter only considers as subhalos
to those substructures with at least 20 self-bound particles, MS and MSII catalogues contain a min-
imum subhalo mass of M}‘f‘;{(‘) =1.72 x 10'°My/h and Mgglr(‘) =1.38 x 108 My/h, respectively. By using
L-HALOTREE code (Springel, 2005) all halos and subhalos were arranged in merger trees structures,
allowing to follow the evolutionary path of any DM (sub)halo in the simulations. We highlight that
L-Galaxiesis based on the subhalo population instead of the halo one. This enables L-Galaxies to
build-up a more realistic galaxy population, making more reasonable predictions for galaxy merger rates
and clustering. Even though the DM merger trees are the skeleton of L-Galaxies, the finite number of
outputs of the DM simulations causes that the time resolution they offer is not enough to properly trace
the baryonic physics. Thus, to accurately follow the galaxy evolution between two consecutive DM snap-
shots, the SAM does an internal time discretization between them with approximately 6f ~ 5—-20 Myr of
time resolution. These extra §¢ temporal subdivisions used by the SAM are called sub-steps.

Finally, the latest L-Galaxies version was tuned on a re-scaled versions of MS and MSII simulations
(Henriques et al., 2015). The re-scaling procedure (presented in Angulo and White, 2010) allows the two
simulations to match the cosmological parameters provided by Planck first-year data (Planck Collabor-
ation et al., 2014): Q,, =0.315, Qa =0.685, Q, =0.0487, 05 =0.829 and h=0.673 kms~! Mpc‘l. After
re-scaling, the particle mass corresponds to 1.43 x 10° My/h and 7.68 x 10° Mg /h for MS and MSII re-
spectively.

2.2.1 Different subahlos and galaxies: Central and satellite

SUBFIND algorithm classifies subhalos in two different categories. While the most massive subhalo in
each FOF is refereed as main subhalo, the rest ones are tagged as satellites. This distinction is used by
L-Galaxiesto doits own galaxy classification. A central galaxy (or type 0) is referred to the galaxy who
sits in the potential minima of a main subhalo. On the other hand, galaxies hosted in satellite subhalos
are tagged as satellite galaxies (or type 1). Additionally, L-Galaxies follows satellite galaxies which
do no longer correspond to a resolved subhalo (i.e they have already lost their host subhalo) but are not
merged with its central galaxy. This type of satellites are called orphan galaxies (or type 2).

2.3 Baryonic physics

L-Galaxies code tracks the time evolution of gas, stars and supermassive black holes (BHs) within their
host DM subhalos through a series of differential equations and analytic prescriptions. In the following
sections we briefly describe the main equations implemented in the SAM.

2.3.1 Gas cooling

In the current understanding of how cosmological structures form, it is accepted that the initial density
fluctuations of the early universe act as the birthplaces of dark matter (sub)halos (Press and Schechter,
1974). As soon as gravitational instability triggers the collapse of these density fluctuations, part of the
diffuse baryonic matter present in the Universe is attracted and collapsed within them. Following this
scenario, the starting point of the galaxy evolution model is the association of a baryonic matter to each
new collapsed DM subhalo (i.e, newly-resolved subhalo in the DM N-body simulation). This process is



L-Galaxies: A MODEL TO STUDY THE GALAXY EVOLUTION 42

modelled by assigning an amount of baryons, My, to each subhalo (see White and Frenk, 1991):

Mpar :fbar * Mhalo- (2.2)

where Mp,o is the subhalo virial mass and fp,; is a value given by the cosmic baryon fraction, determined
by the Q,/Qy, ratio. However, this simple scenario needs to be modified since the photo-heating caused
by the ultraviolet (UV) background (produced by stars and AGNSs) plays an important role in reducing
the infalling of baryons onto the dark matter structures (Doroshkevich et al., 1967; Couchman and Rees,
1986). As pointed out by Efstathiou (1992) this effect is particularly important in low mass halos where
the UV background raises enough the thermal energy of the pregalactic gas to make difficult the con-
densation of gas inside shallow potential wells. To take into account this process, the SAM includes the
approach presented in Gnedin (2000) assuming that f,; displays a dependence with redshift and subhalo
mass:
Qb /O

[1 + (2@bar/3 -1 (%)abar]’

Joar(z, Mhato) = (2.3)

where Mg(z) is the filtering DM mass below which the baryonic infalling is effectively suppressed. The
exact values of ap,r and Mg(z) where obtained from the high-resolution cosmological hydrodynamical of
Okamoto et al. (2008). While the former is a fix value set to 2, the latter depends on redshift according
to tabulated values provided by Okamoto et al. (2008). For instance, Mg(z) varies from 6.5 X 10° M, at
z~0upto ~ 10" Mg at 7 ~8.

The baryonic mass after collapsing within the DM subhalo is assumed to form a diffuse, spherical
and quasi-static atmosphere of pristine” Aot gas, with mass My and radius equal to the subhalo virial
radius, Rygp (White and Rees, 1978; Blumenthal et al., 1984). A fraction of this atmosphere is allowed
to cool i.e, gradually reduce energy and migrate towards the center of the DM subhalo. Following White
and Rees (1978), the gas cooling rate, Mcoo1, is determined by the amount of hot gas enclosed within the
subhalo cooling radius, rcoo1, defined as the radius at which the subhalo dynamical time, fgynn, equals
the cooling time, #.,01(r) (De Lucia et al., 2004). The former is defined as Rogo/ V200 = 0.1H(z)~!, where
V200 is the subhalo virial velocity. The latter is given by the ratio between the specific thermal energy of
the gas and its cooling rate per unit volume (Springel et al., 2001):

3 amykTano

feool = = ————2 1 2.4
' 2 ot (DA(T. Z) 4

where i my is the mean particle mass, « is the Boltzmann constant, Tgp = 35.9 (V290/km s™)K is the
virial temperature of the halo, A(T, Z) is the cooling functions (Sutherland and Dopita, 1993) and ppe(r)
is the hot gas density at a radius r, assumed to display a simple isothermal model:

Phot(r) = (2.5)

The exact value of r¢o, implies the presence of two different cooling regimes in the SAM: the rapid infall
(ool > Ragp) which leads to the fast condensation of the whole hot atmosphere:

Mcool = > (2-6)

and the slower hot phase (r¢o01 < R200), in which only a fraction of the hot gas is allowed to cool down
(Guo et al., 2011):

Mhot ool

Mool = .
taynh R200

2.7

ZMeaning with pristine a zero-metallicity gas.
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2.3.2 Galactic disks: the cold gas and stellar components

After the cooling event, the gas settles into a disk-like structure by inheriting the specific angular mo-
mentum of its host DM subhalo (Guo et al., 2011). If the mass of the cold gas disk, M4, is large
enough, star formation (SF) episodes are prompted leading to the build up of the stellar disk component,
Myisk.- The SAM assumes that at each sub-step the star formation rate (SFR or M,,) in the galactic disk
is given by:

g (Mcold - Mcrit)

Mgar = asF (2.8)

gas,disk
dyn

where t(gi;:d“k = R;las /Vmax is the cold gas disk dynamical time with V. and R;las the maximum circular
sl

velocity of the DM subhalo and the scale length of the cold gas disk (for more details of Ry,  see Sec-
tion 2.3.2). While the parameter asf controls the efficiency of cold gas being transformed into stars, Mcic
imposes a gas mass threshold below which the disk can not trigger the formation of new stars. According
to Kauffmann (1996a) and Croton (2006) the value of Mi; can be approximated as:

sl
V0o Roas
Merit = Meri R 2.
crit crit,0 (200 km/s) ( 10kpC (2.9

with Mg 0 a free parameter which controls the normalization of M.

Supernovae feedback

From all the stellar mass formed in a given star formation episode, AMg,s, the SAM assumes that a
fraction of it (set to Ryt =0.43 according to the initial mass function of Chabrier, 2003) corresponds
to massive and short lived stars which explode as supernovae (SNe) immediately after the SF event.
This explosions enrich the environment with newly formed heavy elements and inject energy in the
cold gas disk ablre to reheat a fraction of it. This is the so-called supernovae feedback. Following the
observational results of Martin (1999), the SAM estimates that after the SNe explosions the amount of
reheated cold gas and, thus, moved into the hot halo atmosphere is:

AM eheat = €reheat AM stars» (2.10)

where €eepeqt 18 approximated to:

€reheat = €]

—Bi
0.5+(&) } (2.11)

reheat

where €], Vieheat and B are three free parameters which describe the efficiency of the SNe and its de-
pendence with the subhalo maximum circular velocity, V. That expression of €epear Was introduced
by Guo et al. (2011) with the objective of reproducing the slope of the stellar mass function at low masses.

Besides cold gas reheating, if the energy injected by SNe is large enough, part of the hot gas atmo-
sphere can be expelled from the subhalo in form of outflows or super-winds and being deposit in the
intracluster medium (ICM, see eg. Shapley et al., 2003; Rupke et al., 2005; Martin et al., 2012). The
amount of gas ejected is estimated as:

AEgN — %AMreheatvgoo 212
i , 2.12)
2 7200

ANlej ected =

where 0.5V§N is the mean kinetic energy injected per unit mass of newly formed stars (fixed to 630 km/s
as in Croton, 2006) and AEgy the total amount of energy injected by the SNe explosion (Croton, 2006):

1
AEgN = znhaloAMStarsvgN, (2.13)
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where 7pa10 has the dependence:

TThalo =171

-2
05+ (;’m) l (2.14)

eject
where 171, Vejeer and By are three free parameters. As in the case of €ehear, the parametric form of
Thalo displays a dependence with the maximum circular velocity of the halo to reproduce both the low-
mass end of the stellar mass function and the galaxy gas-stellar ratio (we refer to Guo et al., 2011,
for futher discussion). The total hot gas mass expelled during the SNe events, Mejected, 18 stored in a
reservoir around the subhalo. This mass is allowed to be reincorporated at latter times into the hot gas
atmosphere and being available again for cooling onto the galactic disk. The SAM estimates that the rate
of reincorporation, Mejected, is:

Mejected = Mej%ﬁed s (2.15)

remc

where #..iyc 1S the reincorporation time scale. L-Galaxies assumes that #..j,. scales directly with the host
halo mass and does not depend on redshift:

Mhalo )_1 (2 16)

Lreine = — Vr (m
where vy, is a free parameter. This dependence is supported by the cosmological hydrodynamical sim-
ulations of Oppenheimer and Davé (2008) and Oppenheimer et al. (2010) which pointed out that the
recycling time of ejected material is shorter in higher-mass systems. This mass dependence is able to
solve the SAM issue of forming too early (z>2) low-mass galaxies (108 < Mggeniar < 10°2) and hence

being too passive at later times (see Henriques et al., 2013)

Metal enrichment

Stars produce heavy elements (or just metals) through nuclear fusion process. After their death, these
elements are released in the interstellar medium. L-Galaxies follows this scenario assuming that after
supernovae explosions all the metals produced in the stars are mixed instantaneously into the cold gas
disk of the galaxy. Particularly, the metal enrichment model of L-Galaxies assumes a 100 per cent
mixing efficiency and a mass y (free value) of heavy elements produced by each solar mass exploded.
Although metals are deposited in the cold gas disk, they can be exchanged between the different gas
components of the galaxy as a consequence of the supernovae feedback. For instance, during the re-
heating process, some part of the metals are added in the galaxy hot gas atmosphere. A similar process
can take place during the gas ejection, where part of metals can be expelled from the subhalo. We
highlight that during the cooling process, a fraction of the metals in the hot gas atmosphere is also settled
onto the galaxy cold disk. For further details, we refer the reader to De Lucia et al. (2004).

Disk size

L-Galaxiesincludes a realistic disk model which distinguishes between cold gas and stellar disk radii.
In particular, the model assumes that both disks are in centrifugal equilibrium with an exponential surface
mass density profile:
_ sl
SES(R) = 25" e R Rew, 2.17)

sdisk* () = Zgisk,*e—R/Ri’ , (2.18)
sl st
gas star?

2(‘%&5 =Mcold /ZRRQQS their central surface densities. By assuming a flat circular velocity curve, the disk

scale lengths are determined by L-Galaxies as:

where the variables R;"f and R}, are the scale lengths of the stellar and gas disks and Zg‘ar = Mgisk /2R

Total
sl |Jg§sa |/MCOld

= , 2.19
gas 2 Vmax ( )
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|7 2ot /M gisic

RS[ =
* 2Vmax

, (2.20)

where J ;,fg;al and J };;‘f‘ are respectively the stellar and cold gas angular momentum. Given that galaxies
are not static objects, both internal and external processes taking place in the galaxy evolution induce

modifications on the J ggsta] and J 1@ valyes, leading to the change of the galactic disks.

JTotal

gas Can be written as:

As presented in Guo et al. (2011), the variation of

61;2;2‘1 = 6Jgas,cooling + 6Jgas,SF + 6Jgas,merger’ (2-21)

where the three components on the right-hand side are the variation of the cold gas disk angular mo-
mentum induced by gas cooling (6Jgas,cooling)a star formation (d’gas,SF) and galaxy mergers (6Jgas,merger).
Presuming that the newly cooled gas carries the same specific angular momentum of the hosting subhalo
(JDM/Mhalo), the change due to cooling can be parametrized as:

R |
5Jgas,cooling = Mcool%(”a (2.22)
alo

where Mcqo; is the cooling rate and 6t is the time of the sub-step in which the gas is cooled. Regrading
the merger events, the model assumes that the cold gas of the satellite galaxy (Mzegl ) 1s settled into the
disk of the central one carrying the same specific angular momentum of the hosting subhalo. Thus, the
corresponding change is:

sat
oJ gas,merger — M

(2.23)

During star formation episodes, the cold disk angular momentum undergoes modifications a consequence
of gas being transformed into long lived stars ((1 — Ryet) Mar) and being reheated/ejected trough super-
novae feedback (AMieheat):

J gas
Mcold

0 gassF = =~ | (1 = Riet) Mytardt + AMrehea (2.24)
where it has been assumed that the newly formed stars carry the same specific angular momentum of the
gas (J gas/ Mcold)-

Finally, an analogous relation can be written for the variation of the stellar disk angular momentum

but with the simplified assumption that star formation events are the only ones able to modify J ;Ft‘;‘ral:

. J oas
Total gas
oJ star — oJ star,SF = Mtar

ot. (2.25)

2.3.3 Galactic bulges

Regarding the bulge component, galaxies are allowed to develop/grow a dense pack of stars in the nuc-
lear region via mergers and disk instabilities (DI). While the former is a natural consequence of the
hierarchical growth of the DM subhalos, the latter plays a crucial role in galaxies in isolation and closely
related to star formation. Here we briefly describe the main aspects that L-Galaxies includes to build-
up bulges. In Chapter 3 we will investigate in more detail how these two processes ultimately lead to the
formation of different types of galactic bulges.

In the hierarchical model of structure formation, dark matter subhalos grow through DM accretion
(such as dark matter stripping of satellite subhalos) and repeated mergers with other subhalos (Salvador-
Solé et al., 1998; Kauffmann et al., 1999a; Stewart et al., 2009; Genel et al., 2010). This growth of DM
structures causes that galaxies also merge and interact. In L-Galaxies, galaxy encounters follow the
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merger of the two parent subhalos on a time-scale, fgiction, given by the dynamical friction presented in
Binney and Tremaine (1987):
Vooor?

Iriction = Qfric m (2.26)

where ayic is free parameter introduced by De Lucia and Blaizot (2007) in order to reproduce the bright
end of the z=0 luminosity functions. Mgy is the total mass of the satellite galaxy (dark matter and
baryonic), In A = In (1 + Mpgg/Mg,) the Coulomb logarithm and ry is the separation between the central
and satellite galaxy at the moment when the latter looses its host subhalo. According to the baryonic (gas
and stars) mass ratio, mg, of the two involved galaxies the model distinguish between two types of galaxy
interactions: major and minor. When mg > mg‘ a major merger takes place, otherwise is a minor. After
a major merger the disks of both galaxies are completely destroyed and the remnant galaxy is a pure
spheroidal. In minor merger, instead, the remnant retains the stellar disk of the large progenitor and
its bulge gains only the stars from the smaller progenitor. In both mergers types, the descendant galaxy
undergoes a star formation process, know as collisional starburst, which lead the formation of an amount

of new stars given by (Somerville et al., 2001):

burst burst ﬁ
Mstar = Qgp mRSF MCOld7 2.27)

where abur“ and ,Bbu“‘ are two free parameters. The supernova process during the collisional starburts is
the same as the secular star formation.

Concerning the galaxy secular evolution, the code takes into account the disk instabilities (DIs) to
lead the formation of galactic bulges. In this context, DIs refers to the process by which the stellar
disk becomes massive enough to be prone to non-axisymmetric instabilities which ultimately lead to
the formation of a central ellipsoidal component (Combes and Sanders, 1981b; Pfenniger and Norman,
1990; Athanassoula, 2005). The criterion used for modelling the disk instabilities is an analytic stability
test based on Efstathiou et al. (1982):

dex

— < €y, 2.28
(GMgie/RH1I2 ! (2:28)

where RS and Mg;s are the scale-length and the mass of the stellar disk and €P! is the parameter which
measures the self-gravity of the disk. When the instability criterion is met, the code transfers the sufficient
stellar mass from the disk, AMP! | to the bulge to make the disk marginally stable again:

stars®
2 sl
VmaXR )
GEDI

AMDI

stars = Maisk — ( (2.29)

Bulge size after a merger

As we have discussed previously, during both major and minor mergers the bulge component of the
remnant galaxy grows in mass and changes its size. In order to determine the latter, L-Galaxies assumes
energy conservation:

Ef = Eini, (2.30)

where Ef and Ej; are the final and initial energy of the system, respectively. Following Covington et al.
(2008), E¢ is assumed to be the gravitational self-binding energy of the remnant bulge, defined as:

GM?2
rem (2.31)

’
Rrem

Ef=C———

where G is the gravitational constant, C is a structural parameter with takes into account details of how
matter is distributed inside the system and Miey, and R, are the total mass and half-mass radius of the
remnant bulge, respectively. As pointed out by Guo et al. (2011) the value of C varies from 0.49 in an



L-Galaxies: A MODEL TO STUDY THE GALAXY EVOLUTION 47

exponential disk to 0.45 in a '/ bulge profile. For simplicity the SAM assumes C =0.5.

On the other hand, the initial energy is determined by the sum of the self-binding energy of the two
initial systems (Ef) with i =1,2) and the orbital energy at merger (Eorbital):

3 3 GM; G Mp,M
i P; P ViP,
E~=CE E; + Eomi =CE + s 2.32
ini £ 0 orbital £ RP,- forb RP1 T RPZ ( )

where fo, is a coefficient which quantify the interaction energy deposited in the bulge and Mp, and Rp,
the mass and the half mass radius of the i progenitor involved in the bulge formation. Guo et al. (2011) set
forb = 0.5 motivated by the recent results of Boylan-Kolchin et al. (2005). In the case of major mergers,
the values of Mp, and Mp, are the sum of stars and cold gas converted into stars during the collisional
starburst (see Eq 2.27) of the two merging galaxies. Rp, and Rp, correspond to their respective half mass
radii. For minor mergers, Mp, and Rp, are the mass and half-mas radii of the central galaxy bulge, and
Mp, and Rp, are the satellite total stellar mass (bulge and disk) and its half-mass radii.

Bulge size after a DI

The change of bulge size during disk instability events is also modelled by L-Galaxies. As discussed
in Section 2.3.3, when a DI episode takes places at P!, an amount of disk mass AMBgrS is transferred to
the bulge. In the case in which the galaxy does not host any bulge before the DI episode, the half mass
radius of the newly formed bulge, R..p, is determined after solving:

AMDI

Dl = 275 RS R = (Reem + RY) e R/ R3] (2.33)
where 23““ is the galaxy stellar disk surface density (see Eq.2.18) and Rff its scale length (see Eq.2.19).
In the case of a pre-existing bulge (with mass Mpyjge(#p1) and half mass radius Rpuige(7p1)) the model
assumes that the instability generates a new bulge with half mass radius RbDuI1ge (given by Eq. 2.33) which
instantaneously coalesces with the pre-existing one in the same way as explained during galaxy mergers.
In this particular case in the values are Mp, = Mpuige(?p1), Rp, = RBuige(fD1), Mp, = AMEL . Rp, = RP!

stars?® 2 7 ““bulge’
C=0.5and f,, =2°.

2.3.4 Supermassive black holes and AGN feedback

During the last decades, observational works have confirmed the existence of supermassive black holes
(BHs) at the center of most massive galaxies (Soltan, 1982; Haehnelt and Rees, 1993; Faber, 1999;
Héring and Rix, 2004b; Kormendy and Ho, 2013; Savorgnan et al., 2016). Following these works,
L-Galaxiesincludes in the centre of all galaxies a BH with an initial mass of 10~ My/h. This seed
BH is allowed to grow in mass through two different channels: coalescences with other BHs right after a
galaxy merger and gas accretion. Regarding the latter, the model divides the BH growth into two different
modes. The first one is called quasar mode and it is related with the consumption of cold gas from the
galactic disk right after a galaxy-galaxy encounter. The second one is referred to as radio mode and is
linked with the hot gas accretion onto the central black hole.

Quasar mode

Simulations have shown that gravitational torques during galaxy mergers are able to drive cold gas to-
wards the galaxy inner regions, triggering the black hole accretion (Di Matteo et al., 2005; Springel,

3The value of f,y, is set to 2 in order to account for the fact that the inner disk and the initial bulge are concentric without
relative motion, see Guo et al. (2011).
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2005; Hopkins et al., 2009a). Following these results, the model assumes that whenever two galaxies in
the SAM merge, a fraction of the galaxy cold gas, AM%‘E, is accreted onto the central BH (Kauffmann
and Haehnelt, 2000; Croton, 2006):

mgR
5 M
1 + (Veu/Va00c)

AM%?; =/BH gas» (2.34)
where mp < 1 is the galaxy baryonic merger ratio, Vg, is the virial velocity of the host DM halo, and
Vg and fo & two free parameters. During this quasar mode, the BH consumes instantaneously the

BH
whole AM%Z}_S[ mass.

Radio mode

The radio mode is the result of hot gas accretion onto the central supermassive black hole from the diffuse
hot gas atmosphere that surrounds its host galaxy (see Section 2.3.1). Following Henriques et al. (2015)
(see also Croton 2006) the BH mass accretion rate during this phase is:

- Mhot Mgn
Mgu =k , 2.35
BH AGN(IO“M@)(IOSMO) (2.35)

where My, is the total mass of galaxy hot gas atmosphere, Mgy is the mass of the central supermassive
black hole and kagn is a free parameter tuned to reproduce the turnover at the bright end of the galaxy
luminosity function. To regulate the increase of the stellar component in massive galaxies, the SAM
relates the growth of the BH during the radio mode with the halting of the galaxy star formation. This is
the the so-called AGN radio mode feedback. The approach implemented in L-Galaxies to include the
AGN feedback is modifying the galaxy cooling rate according to (see Croton, 2006):

. . Liagi
Mcool = Megol — 2 r;dlo (236)
200
where L;,4i, 1S the mechanical heating generated by the black hole accretion:
Lradio = € MpHc?, (2.37)

where € is the BH radiative efficiency, (for simplicity taken to be 0.1), ¢ the speed of light and Mgy the
accreiton onto the BH due to radio mode.

2.3.5 Environmental processes

When satellite galaxies orbit within dark matter halos, they are promoted to undergo both tidal and
hydrodynamical forces generated by other galaxies and the hot gas through which they move. The
effects of such forces are known as environmental processes. The role played by these processes in the
galaxy evolution has been extensively studied during the last three decades. For instance, Dressler (1980)
found out a correlation between the galaxy morphology and the local density in which the galaxy resides.
Bernardi et al. (1998) showed that field elliptical galaxies display a younger stellar population than those
in clusters. Similar results were found by the more recent paper of Cooper et al. (2010) which concluded
that at fixed stellar mass, galaxies in higher density regions were formed earlier. Other correlations
between environment and galaxy colour, morphology and star formation rate can be found in the works
of Postman and Geller (1984), Skibba and Sheth (2009), Griitzbauch et al. (2011) and Davidzon et al.
(2016) (among many others). Regarding the importance of environmental processes in the evolution of
galaxies, L-Galaxies includes both ram pressure and galaxy tidal disruption.



L-Galaxies: A MODEL TO STUDY THE GALAXY EVOLUTION 49

Stripping the hot gas

When a subhalo falls into a large system, its mass growth is halt since tidal forces start to remove dark
matter particles*. Following the assumption that the distribution of hot gas in a subhalo follows perfectly
the one of the dark matter, L-Galaxies presumes that the tidal interaction acts identically on both hot
gas and dark matter component at each position. In this way, the hot gas mass content inside the subhalo
is reduced proportionally to the dark matter lose’:

Mpo _ Mhaio

s 2.
Idhot,infall IVlhalo,infall

where Mot infall and Mpm infanl are the hot gas and subhalo mass just prior to the infall i.e, the last moment
when the associated central galaxy was a type 0. On the other hand, My and My, are the current masses
of these two components. After each tidal interaction, the new radius of the hot gas atmosphere, Ryot, 1S
recomputed by using the relation:

Riot = (—hdl" )Rggg“, (2.39)
Mhalo,infall

where Rggg” is the virial radius of the subahalo just before it became satellite. Notice that, by construc-
tion, the tidal stripping in L-Galaxies removes all the hot gas once the galaxy becomes a type 2, i.e its

associated DM subhalo is not resolved any more by the underlying DM merger tree.

In addition to tidal forces, the hot gas surrounding the satellite galaxy can be also stripped away
by ram pressure forces as a consequence of the satellite motion through the intracluster medium. This
effect is only considered by L-Galaxies when the satellite subhalo falls within the Ry of its main
subhalo. The distance Ry from the central galaxy below which the hot gas of the satellite galaxy is
completely stripped away is determined by solving the balance relation between galaxy self-gravity and

ram pressure:

Psatellite ( er)zirenss) Vzat = ppar(R) Vgrbip (2.40)
where psatelhte(ng?}gs) and pp,r(R) are, respectively, the hot gas density of the satellite subahlo at a radius

Rijtess and the hot gas density of the parent dark matter halo at a distance R from the centre of its potential
wells. The densities are estimated assuming a simple isothermal profile. Regarding the velocities, Vg is
the Vo of the satellite subhalo at the moment of the infall and Vit the orbital velocity of the satellite,
taken to be the virial circular velocity of the main subhalo. Finally, to obtain a good match between
SAM predictions and the observed fraction of quenched satellite galaxies, the model includes the free
parameter, M which sets a minimum subhalo mass below which no ram pressure stripping is

. halo,ram’
considered.

Galaxy tidal disruption

L-Galaxies includes the stripping of stellar and cold gas via tidal disruption. In this case, since both
components are more concentrated that the dark matter halos, the SAM only considers disruptions events
when galaxies have already lost their dark matter halos and hot gas component, i.e they have became a
type 2. The code determines that a galaxy undergoes a disruption process when the baryonic density
within the half mass radii of the satellite galaxy, Psatellite(Rsatellite half), 1S Smaller than the dark matter
density of the host halo at the pericenter of the satellite orbit, phaio(Rperi):

Miaio(Roer)  Menatts
Phalo(Rperi) = halo (Rperi) satellite
R3 Rhalf

peri satellite

= Psatellite (2.41)

where jotlgllite is the satellite galaxy half mass radii, Mgaeliice 18 the total satellite baryonic mass, Rperi

is the pericenter of the satellite galaxy orbit and Mpaio(Rperi) the total dark matter mass of the host dark

“In L-Galaxies this means that the subhalo changes from main to satellite subhalo (see Section 2.2.1)
>This dark matter lose is followed by the original dark matter simulation.
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matter halo inside Rperi. The value of Rpe;i is computed assuming both conservation of energy and angular
momentum and a singular isothemal profile for the orbit °:

(2.42)

( R )2 =1n<R/Rperi>+0.5(V/Vzoo)2
0.5(V¢/Va00)? ’

Rperi

where V and V; is the total and tangential velocity of the satellite with respect to the halo center. As soon
as the satellite galaxy is disrupted, its star component is added to the intracluster medium of the hosting
subhalo. On the other hand, the cold gas is included in the hot gas atmosphere of the central galaxy.

2.3.6 Stellar population synthesis: The broad band photometry

Besides stellar mass, gas content or metallicity, L-Galaxies computes broad band photometry which
can be more directly compared with observations. For that, the SAM uses stellar population synthesis
models combined with a dust-reddening. In short, stellar population synthesis models predict the lumin-
osity emitted by a single star formation event (usually called Simple Stellar Population or SSP) of a given
metallicity and initial mass function (IMF). L-Galaxiesemploys these models to produce tabulated
grids of the observed luminosity in a given filter system generated by a SSP of fixed mass as a function
of the stellar age and metallicity. During each episode of star formation, L-Galaxies saves the mass of
the newly formed stars, their formation time and metallicity, being this latter the same as the cold gas disk
metallicity. In case various star formation events take place at the same time, L-Galaxies recomputes
the mass and metallicity saved at that moment by performing a mass-weighted average between the
previous and current star formation episode. The galaxy photometry at each snapshot of DM simu-
lation is calculated by using the tabulated grids of L-Galaxies which determines the exact observed
luminosity of each star formation event performing a linear interpolation in stellar age and metallicity.
The age of a given star formation episode is computed as the difference between their formation time
and the current age of the galaxy in the snapshot. We highlight that before producing the photometry,
L-Galaxiesreprocess the luminosity of the stellar emission trough a dust model (see Section 2.3.7) to
take into account dust-reddening. Concerning this thesis, Guo et al. (2011) model uses the Bruzual and
Charlot (2003) synthesis model with the Chabrier (2003) initial mass function (IMF). On the other hand,
Henriques et al. (2015) model uses the Maraston (2005) synthesis model with the Chabrier (2003) IMF.

2.3.7 Dust model

The luminosity generated by each star formation event is modified according to the dust content of the
galaxy. The modelling of dust attenuation was introduced in L-Galaxiesby De Lucia and Blaizot
(2007). It assumes that the dust extinction is caused by the molecular clouds (BC) where the stars are
formed and the diffuse interstellar medium (ISM). The value of the optical depth in the ISM, 7M is
assumed to vary as

A Zoas \° (Ng)
ISM -1 A gas H
=0+ | = : 2.43
K (1+9 (Av)z@( Zo ) (2.1 x 10%!atoms/cm? (2:43)

where s = 1.35 for A < 20004, s = 1.6 for A > 2000A and (Ng) is the mean column density of hydrogen,
computed as:
Meold

2
atoms/cm~, 2.44
1.4 mp 7 (aR3)? / (@49

(Nu)=

where 1.4 accounts for the helium presence, Rgés is the cold gas disk scale length and a is set to 1.6 in

order to make (Np) represent the mass-weighted average column density of an exponential disk.

SD(R) = V2, In(R)
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On the other hand, the value of the optical depth in the molecular birth clouds, TEC, 1s assumed to follow

the expression:
1 1\
75C = 7I5M (— - 1)( - ) : (2.45)
H 5500A

where p is drawn randomly from a Gaussian distribution with mean 0.3 and standard deviation 0.2, trun-
cated at values 0.1 and 1.

Finally, the total absorption coefficient is given by:
_ —TIPMseCH

A,1 =-2.5 IOgl() (T
T2

BC
-251 ), 2.46
ol ] ogio (¢ ) (2.46)

where 6 is the angle of inclination of the galaxy relative to light-of-shight.

2.3.8 Free parameters in L-Galaxies

In this section we present the Table 2.1 where we list the values of the free parameters used by L-Galaxiesin
the Guo et al. (2011) and Henriques et al. (2015) version.

Model version
Parameter ~ Equation Guo et al. (2011) Henriques et al. (2015) Units

ask 2.8 0.02 0.025 -
Mrito 2.9 3.8x10° 2.4x10° Mo /h
€ 2.11 6.5 2.6 -
Vireheat 2.11 70 480 km/s
Bi 2.11 3.5 0.72 -

m 2.14 0.32 0.62 -
Veject 2.14 70 100 km/s
B> 2.14 3.5 0.80 -

Y 2.16 - 3x 10 yr
firc 2.26 2.34 2.5 -
adust 2.27 0.56 0.60 -
Bt 2.27 0.7 1.9 -
€pr 2.28 1.0 1.0 -
fBH 2.34 0.03 0.041 -
Vel 2.34 280 750 km/s
kagN 2.35 - 53%x1073 Mo /yr
m - 0.3 0.1 -
Mo - - 1.2% 10" Mo/h
y - 0.03 0.046 -

Table 2.1: Values of L-Galaxies free parameters for the model of Guo et al. (2011) and Henriques et al.
(2015).



CHAPTER 3

LTHE ASSEMBLY OF PSEUDOBULGES IN A HIERARCHICAL

UNIVERSE
“La furtiva sombra que aviesa tifie el este, “The veiling shadow that glowers in
adquiere forma. Sauron no sufrird rival alguno. the East takes shape. Sauron will suffer no rival.
Desde la ciispide de Barad-diir, su Ojo vigila From the summit of Barad-Dilr his Eye watches
sin tregua, pero no es tan poderoso, aiin no ceaselessly. But he is not so mighty yet that
es inmune al miedo [...]. Contra todas sus he is above fear [...]. But for all their cunning,
argucias nos resta una ventaja. El anillo we have one advantage. The Ring remains hidden,
sigue oculto, y que no cejemos en destruirlo no and that we should seek to destroy it has not yet
ha sido concebido ni en sus mds oscuros suefios.” entered their darkest dreams.”
El sefior de los anillos: Las dos torres. The Lord of the Rings: The Two Towers.

This Chapter is based on the paper: The build-up of pseudo-bulges in a hierarchical universe. David
Izquierdo-Villalba; Silvia Bonoli; Daniele Spinoso; Yetli Rosas-Guevara; Bruno M. B. Henriques; Car-
los Herndndez-Monteagudo Monthly Notices of the Royal Astronomical Society, Volume 488, Issue 1,
pp.609-632 (2019)

ABSTRACT

In this chapter we study the cosmological build-up of pseudobulges using the L-Galaxies semi-analytical
model for galaxy formation with a new approach for following separately the assembly of classical bulges
and pseudobulges. Classical bulges are assumed to be the result of violent processes (i.e., mergers and
starbursts), while the formation of pseudobulges is connected to the secular growth of disks. We apply
the model to both the Millennium and the Millennium IT simulations, in order to study our results
across a wide range of stellar masses (107 — 10'°M,). We find that z = 0 pseudobulges mainly reside in
galaxies of Mgeqtar ~ 1010 = 1019 My (Mpaio ~ 10115 — 10'2My) and we recover structural properties of
these objects (e.g., sizes and bulge-to-total ratios) that are in good agreement with observational results.
Tracing their formation history, we find that pseudobulges assembled in galaxies with a very quiet mer-
ger history, as opposed to the host galaxies of classical bulges. Regarding the bulge structure, we find
that ~30% of the galaxies with a predominant pseudobulge feature a composite structure, hosting both a
pseudo and a classical bulge component. The classical component typically constitutes ~ 10% of the total
bulge galaxy mass. When looking at the properties of the host galaxies, we find that z=0 pseudobulges
are hosted by main sequence galaxies, characterized by a stellar population which is generally younger
compared to the one of the hosts of classical bulges.

52
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3.1 Introduction

According to the current picture of galaxy formation and evolution, the collapse of primordial and dif-
fuse gas into condensed structures follows the aggregation of dark matter halos (White and Rees, 1978;
Forcada-Miro and White, 1997; White and Frenk, 1991; Birnboim and Dekel, 2003). During this pro-
cess, the hot gas cools down and settles into rotationally-supported disks which act as birthplaces for
galaxies. At later times, protogalaxies grow and evolve via a combination of ex-situ and in-situ processes
which gradually shape their morphology, giving rise to the diverse population of galaxies in the ma-
ture universe, characterized by different proportions of bulge and disk components and complex features
such as spiral arms and bar structures. While ex-sifu mechanisms can be dynamically fast and violent
phenomena which take place, for instance, during galaxy mergers, the in-sifu processes comprise phe-
nomena such as cooling of gas, internal star formation activity and instabilities in the galactic structure
(see Kormendy and Kennicutt, 2004a; Kormendy and Ho, 2013). These processes can be long compared
to the dynamical time of the galaxy, in which case they are referred to with the term secular.

It is broadly accepted that elliptical galaxies and classical bulges are formed via galaxy encounters
during their hierarchical growth (Kauffmann et al., 1993b; Baugh et al., 1996b; van Dokkum, 2005; Ben-
son et al., 2002; Menci et al., 2004; Moorthy and Holtzman, 2006; Eliche-Moral et al., 2006b; Ryan et al.,
2008; Carpineti et al., 2012; Kormendy and Ho, 2013). Despite sharing common properties, a slightly
different formation scenario has been proposed for each of them. Elliptical structures are expected to
be the result of collisions between galaxies with similar baryonic mass, during which any memory of
previous structural features, such as bulge morphology or disk component, is lost and the final galaxy
is transformed in a pure-bulge (Eliche-Moral et al., 2006b; Co6té et al., 1998; Barnes, 1999). Classical
bulges, on the other hand, are formed in galaxy encounters with small satellites where the nuclear region
of the central galaxy experiences a significant growth as a consequence of the satellite mass incorpora-
tion (Doyon et al., 1994; Aguerri et al., 2001; Tacconi et al., 2002; van Dokkum, 2005; Hammer et al.,
2005; Bournaud et al., 2005; Dasyra et al., 2006, 2007; Hopkins et al., 2009¢; Rahimi et al., 2010). This
seems to be a simplified scenario, as pointed out by e.g. Hopkins et al. (2009b); Ueda et al. (2014), who
found that some remnants of a equal-mass galaxy merger can still host a small disk component.

On the other hand, bulge structures developed in isolated galaxies are thought to follow a different
formation pathway than ellipticals and classical bulges (see e.g. Kormendy and Kennicutt, 2004a; Ath-
anassoula, 2005). Within this evolutionary channel, morphological modifications are mostly governed
by the self-gravity of the galactic disk: spatially extended and massive disks are susceptible to undergo a
wide range of dynamical instabilities, characterized by the formation of non-axisymmetric and/or spiral
structures usually referred to as bars or spiral arms, respectively (Kalnajs, 1972; Ostriker and Peebles,
1973; Combes and Sanders, 1981b; Toomre, 1981; Efstathiou et al., 1982; Pfenniger and Norman, 1990;
Mo et al., 1998a; Athanassoula, 2005; Sellwood, 2016). In particular, bar instabilities can have an in
important role in shaping galaxy morphology by acting on the disk via angular momentum redistribu-
tion and gravitational torques (Athanassoula, 2012). One of the net effects of these complex dynamical
processes is the formation of a nuclear structure known as pseudobulge shortly after bar formation, as
consequence for instance of the buckling of the nuclear stellar orbits (Pfenniger and Norman, 1990; Bur-
eau and Freeman, 1999; Combes, 2009; Athanassoula, 2012; Kormendy and Ho, 2013).

The basic elements of this picture are supported by several studies based on observational data.
Doyon et al. (1994); Papovich et al. (2005); Tamburri et al. (2014), for instance, showed that classical
bulges are usually characterized by elliptical-like properties, such as high Sersic indexes (n > 2), old stel-
lar populations, lack of star-forming activity and stellar kinematics dominated by velocity dispersion. On
the other hand, pseudobulges display properties more related to disk-like structures, such as lower Sersic
indexes (n < 2) or ongoing star formation (see e.g. Drory and Fisher, 2007; Fisher and Drory, 2008b;
Fisher et al., 2009). Nevertheless, deviations from this archetypal behaviour for pseudobulges/classical
bulges have been found, for instance, by Ribeiro et al. (2016). To complicate this picture further, some
works have argued that bulge formation could not be a consequence of just mergers and bar instabilities
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(Noguchi, 1998, 1999; Obreja et al., 2013; Laurikainen and Salo, 2016). In order to shed light on the
possible formation mechanisms of pseudobulges, classical bulges and ellipticals new efforts have been
pursued from an observational perspective by, e.g., Gadotti (2009). This work supported the idea of
classical bulges and pseudobulges being formed via different evolutionary pathways, which would leave
their respective imprint in the bulge structural properties. According to this work, Sersic indexes and
bulge-to-total ratios in classical bulges follow an elliptical-like correlation, suggesting a structural simil-
arity between these two classes of objects. However, at the same time, classical bulges appear to be offset
in the mass-to-size relation, as to confirm that classical bulges are not just ellipticals surrounded by disks.
Finally, Gadotti (2009) showed that classical- and pseudo-bulges overlap when their host structural para-
meters (such as bulge or disk scale lengths) are taken into account. These findings suggest that bulge
formation is an extremely complex phenomenon, which might be shaped by both mergers and secular
processes during the complex cosmological evolution of galaxies (see e.g. Bournaud and Combes, 2002;
Obreja et al., 2013; Erwin et al., 2015; Laurikainen and Salo, 2016).

Bulge formation has been extensively studied also via numerical approaches. Noguchi (1998, 1999),
for instance, used simulations of isolated galaxies to introduce the clumpy-origin bulge formation mech-
anism. This scenario is based on the radial migration and aggregation of several stellar clumpy structures
during the high-redshift assembly of galaxy disks. Similar results have been obtained by Dekel et al.
(2009) in a theoretical work. Spinoso et al. (2017) analyzed the bar-induced formation of a pseudobulge
structure within a Milky Way-like galaxy produced by the ErisBH cosmological zoom-in simulation
(Bonoli et al., 2016). According to their analysis, a combination of the central black hole feedback at
high redshift and the galaxy quiet merger history at lower one could have delayed the growth of the
galaxy bulge, producing a disk more prone to bar instabilities at z < 0.5. Nevertheless, all these nu-
merical works could only focus on the analysis of few specific objects, suffering low statistics issues.
Semi-analytical models (SAMs) have shown to be an useful tool to shed light to this complicated bulge
formation paradigm under a statistical point of view (see e.g. Gargiulo et al., 2015; Guo et al., 2011;
Lacey et al., 2016; Lagos et al., 2018; Marshall et al., 2019b), despite some intrinsic limitations in mod-
elling galaxy evolution processes. For instance, by using the L-Galaxies SAM, Shankar et al. (2012)
could reproduce some observed properties of early type galaxies, such as effective radii or black hole-
bulge mass relation. Other recent works used a simple approach to model the bulge growth and were
able to naturally obtain the observed fraction of bulge galaxies and the galaxy size - stellar mass relation
(Tonini et al., 2016; Lagos et al., 2018).

In this chapter we use an updated version of the L-Galaxies semi-analytical model (Henriques et al.,
2015) to study the evolution of bulges, following separately classical and pseudo-bulge components. The
code is run on both the Millenniumand Millennium IT merger tress (Springel, 2005; Boylan-Kolchin
et al., 2009), enabling us to study a wide range in stellar mass (10’ — 10'!>M). The main novelty of our
approach is that we differentiate between merger-driven and secularly-driven disk instabilities, linking
the former to the growth of classical bulges, and the latter to the formation of bars and pseudobulges. The
outline of this work is as follow: In Section 3.2 we present updates in the L-Galaxies SAM that lead
to a better description of galaxy morphology, and our approach in following the formation and evolution
of bulge structures. In Section 3.3 we present our results, focusing on the properties of galaxies that
host pseudobulges across cosmic time and on the structural properties of the simulated pseudobulges.
Finally, in Section 3.4 we summarize our main findings. A lambda cold dark matter (ACDM) cosmology
with parameters Qn =0.315, Qp =0.685, Qp, =0.045, 03 =0.9 and Hp =67.3 km s7! Mpc‘1 is adopted
throughout the chapter (Planck Collaboration et al., 2014).

3.2 L-Galaxies semi-analytical model: Understanding the bulge assembly

In this section we focus on the modification introduced in L-Galaxies semi-analytical model (Hen-
riques et al., 2015) to better describe galaxy morphology and the pseudobulges build-up. We refer the
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reader to Chapter 2 for a detailed description of the whole baryonic physics included in the SAM. We
have explored the model predictions for both Millennium (MS) and Millennium II (MSII) merger
trees. We stress that the accuracy of the results presented in this work at Mgejiar < 10°Mg for MS are
limited by subhalo mass resolution issues. In these cases, we will rely in the MSII predictions whose
limitation is at Mgeltar ~ 103Mo.

3.2.1 The build-up of bulges through mergers

Galaxy morphology in L-Galaxies is mainly driven by mergers and disk instabilities. Here we describe
how the model treats these processes and the modifications we introduced to better describe the abund-
ance of the different morphological types across a wide range of stellar masses and to follow secular-
evolution processes. Besides, in Appendix C we present the modifications introduced in the bulge size
computation of L-Galaxies (see Chapter 2, Section 2.3.3) to properly reproduce the observed trends.

Smooth accretion: a new recipe for extreme minor mergers

Galactic encounters are driven by the merger of the parent dark matter subhaloes. The time-scale of
these processes is given by the dynamical friction experienced by the merging galaxies, as presented in
Guo et al. (2011). In the standard picture of L-Galaxies, the ratio mr = (Mcold,1 + Mstellar,1)/(Mcold,2 +
Mgeelar 2) between the baryonic masses of the two galaxies is used to differentiate between major (mg > mﬁl)
and minor (mg < mg‘) interactions. In the standard version of the model, mg“ is set to 0.1. Major mergers
are assumed to be able to completely destroy the disks of the two interacting galaxies, leading to a pure
spheroidal remnant which suffers a collisional starburst. In minor mergers, instead, the disk of the larger
galaxy survives and experiences a burst of star formation, while its bulge incorporates the entire stellar
mass of the satellite that survived stripping (as modelled by Guo et al. (2011)).

In Fig 3.1 we show how the standard L-Galaxies model recovers the morphological distribution
of galaxies, as a functions of stellar mass, for both the MS (left) and MSII (right) runs. Lines refer to
ellipticals (red), spirals (green) and extreme late types (blue), while coloured dots represent a collection
of observational data, as in Conselice (2006)'. Morphological types definition is somewhat arbitrary
(see Lagos et al., 2008; Guo et al., 2011; Gargiulo et al., 2015); in what follows we define extreme
late types, spirals and ellipticals as galaxies with bulge-to-total ratios (hereafter B/T) of, respectively,
B/T<0.01,0.01 <B/T<0.7 and B/T >0.7. As we can see, Fig 3.1 in dash-dotted lines shows that the
Henriques et al. (2015) standard version of L-Galaxies (mﬁ1 =0.1, foinding = None and Pl =1.0) repro-
duces the general trend presented in Conselice (2006) on both MS and MSII. Nevertheless, in both cases
the population of (extreme late-type) spiral and elliptical galaxies is (over-) under-predicted in the range
1019~ 10'""M, (blue, green and red solid lines, respectively). Besides, the MSII does not converge with
the MS, showing a large excess with respect to observations in the spiral population at low stellar masses
<10° M.

After a detailed analysis of the impact that the current treatment of merger events has in the definition
of galaxy morphology and its dependence on the resolution of the DM simulation used, we found that an
improvement in the morphological distribution of galaxies and a reasonable convergence between MS
and MSII can be reached when including the following two modifications: (i) set the threshold between
major and minor mergers to the value mg‘ =0.2 and (ii) introduce a new approach in the treatment of
extreme minor-mergers. The first modification leads to a better convergence between the MS and the
MSII in terms of the number density of major merger events (see the details in Appendix D), and helps
increasing the fraction of spirals in galaxies below ~ 10''Mg, as can be seen in Fig 3.1 (dashed lines).

!Conselice (2006) defined ellipticals as galaxies with a morphological type T within —4 < T < —3, which would corresponds
to bulge-to-total ratios of about [0.6 — 0.7] (see Mo et al., 2010; Simien and de Vaucouleurs, 1986, for more details)
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Figure 3.1: Fraction of different morphological types as a function of stellar mass for the MS (left panel)
and MSII (right panel) at z=0. The DI stability parameter is set to ep; = 1.0 (see Section 3.2.2). Fol-
lowing Henriques et al. (2015) we define as early type (red curves), spiral (green curves) and extremely
late-type (blue curves) galaxies with respectively bulge-to-total ratio B/T > 0.7, 0.01 <B/T <0.7 and
B/T <0.01. The points of corresponding colours represents the observational constrains presented in
Conselice (2006). Line styles are associated to different set of the parameters mg‘ and f;?n ding’ Shaded
areas in the left and right plots marks the range where our results might be compromised by respectively
the Millennium coarse mass resolution and low subhalo statistics of Millennium II (i.e less than 20

objects).

The second change has a very strong effect on both the convergence of the number density of minor
merger events and on the morphological distribution of small galaxies (i.e, Mgejiar < 10°3M,). In this
mass range star formation in the disk can stall, as the cold-gas content of these low-mass galaxies is
typically too low to an important trigger star formation event >. Therefore, the only events leading to
morphological changes for galaxies with Mgejjar < 1099M,, are mergers. In the MSII, in particular, these
small galaxies experience a significant number of extreme minor mergers, as the simulation is able to
resolve much smaller structures compared to the MS (the most extreme and numerous encounters are
with satellite galaxies of the order of Mgliar ~10°My). If such extreme interactions are treated as normal
minor mergers the bulges of these small galaxies grow by incorporating the stellar mass of the satellites,
while their disks are unable to increase in mass, as star formation is stalled (and merger-induced bursts
are negligible as less than 0.2% of the cold gas mass is transformed into stars). This leads to the large
fraction of spirals (and lack of extreme disk), as shown in Fig 3.1 with dash and dotted lines. We thus
update the model, introducing a new set of prescriptions to treat these extreme minor mergers, to which
we refer with the term smooth accretions (see e.g. Abadi et al., 2003; Pefiarrubia et al., 2006; Sales et al.,
2007; Kazantzidis et al., 2008). In those extreme minor mergers, one might expect that the stellar satellite
mass might not be able to reach the bulge of the central galaxies, but gets disrupted by the disk of the
central galaxy and get incorporated by it.

%in L-Galaxies the threshold for star formation is MBril =2.4x10°M,, (see Eq.S14 of Henriques et al. (2015)). Note that a
more accurate description of star formation might come by linking this process with the molecular gas component instead of
the total cold gas (see Lagos et al. (2011)), as also discussed in Henriques et al. (2015)
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Figure 3.2: Number density of major mergers (red solid line), minor mergers (solid blue line) and smooth
accretion (dashed blue line) as a function of redshift. The left and right columns display the results for
the Millennium and Millennium IT simulation, respectively. In the first row we present the results for
all galaxies in the simulation. The second one represents the same but for galaxies with Mggejiar > 103Mg
at a given redshift.

We make use of the ratio finging between the binding energies of the merging structures to disentangle
between normal minor mergers and smooth accretion episodes. We assume that the interacting (sub-
)systems are i) the whole stellar satellite galaxy and ii) the central galaxy stellar disk (gas+stars), we
compute the satellite fhinging by considering the entire satellite stellar mass, and only the disk mass
(gas+stars) for the central galaxy, respectively:

Satellite 2 Central
f' o Ebinding _ MSat,Stellar Rdisk (3 1)
binding = ECentral - M2 Rsat ’ .
binding Cent,disk " Stellar

where Rgf;uar is the mass-weighted average half-mass radii of the satellite bulge and disk, while Rdcii‘ll“al
is the same quantity for the disk of the central galaxy (as it is composed by both gas and stars). The
larger the value of fyinding, the closer are the binding energies of the merging galaxies, so the remnant
of the satellite galaxy might survive the interaction with the central disk and reach the centre of its
massive companion (usual minor merger). On the opposite case, we assume that the central galaxy
can easily unbound the satellite stellar system, which will be incorporated in the central galaxy disk
(smooth accretion). Following this approach, the best agreement with observational data is obtained by
imposing ft:?n ding = 1078 as a threshold value to discriminate between the two scenarios. This low value
of fg‘n ding corresponds more or less to a cut in satellite stellar mass ~ 10’ My, as it is shown in Fig D.3 of
Appendix D. As can be seen in Fig 3.2, by imposing g‘n ding = 10783 we obtain a remarkable agreement
in the minor merger predictions for both MS and MSII merger trees (see blue solid lines). Concerning

the smooth accretion events (blue dotted lines), MSII and MS merger trees display different predictions.
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In the former, the smooth accretion has 1 dex larger number density than in the latter, being the dominant
type of interaction at any redshift.
To summarize:

minor merger foinding > f];?n ding & mp < mg‘
smooth accretion  fiinding < fg?n ding & mg < mgl
with tt?n ding = 108> and mg‘ =0.2. The results obtained with this new recipe for both MS and MSII

are shown with solid lines in Fig 3.1. Our new prescription leaves the morphology distributions almost
unchanged in the case of the MS, while it improves them for the MSII, providing a better agreement
between data and model predictions. A detailed analysis showing the morphology evolution with respect
to mg‘ and g?n ding PATAMEtErs can be found in Fig D.4 of Appendix D. Besides, we have checked that
the mass injected in the disk by smooth accretion accounts for less than the 5% of the total stellar disk,
with a decreasing trend with stellar mass. For instance, in Milky Way-like galaxies the smooth accretion
contributes with less than 0.5%. Note that our approach of smooth accretion in the stellar disk is not the
only possibility. For instance, during such events the satellite stellar mass could be added in the stellar

subhalo or ICM (see eg. Brook et al., 2004, 2012).

Finally, as we can see in Fig 3.1, in spite of the morphological improvements achieved at low stellar
masses by changing the merger recipe of L-Galaxies, we can not find a significant improvement in the
intermediate population 10'° — 10!'My. From this, we can draw a simple conclusion: mergers do not
have the dominant role in this range of masses. In the next section we will explore the effects of the other
bulge formation channel (disk instabilities) in the galaxy morphology.

3.2.2 Disk instabilities: the growth of pseudobulges and classical bulges

In addition to mergers, the disk instabilities (DI) channel is an important pathway for bulge growth in
L-Galaxies. Within the context of this work, DI refers to the process by which the stellar disk becomes
massive enough to be prone to non-axisymmetric instabilities which ultimately lead to the formation of a
central ellipsoidal component via the buckling of nuclear stellar orbits (see references in Mo et al., 2010).
During this process, a possible result is the formation of a bar structure (Kalnajs, 1972; Ostriker and
Peebles, 1973; Combes and Sanders, 1981b; Efstathiou et al., 1982; Pfenniger and Norman, 1990; Mo
et al., 1998a; Athanassoula, 2005; Sellwood, 2016). Galactic bars have a deep impact the morphology of
the nuclear parts. On one hand, they can efficiently modify the gas disk structure via gravitational torques
able to produce strong nuclear gas inflows which can be transformed into stars inducing the formation of
disc-like pseudobulge structure. On the other, shortly after the bar formation the structure can experience
a bending mode that thickens it and forms a boxy/peanut pseudobulge (see e.g. Pfenniger and Norman,
1990; Kormendy and Kennicutt, 2004b; Saha, 2015; Spinoso et al., 2017). As we discussed in Chapter 2,
the L-Galaxies model accounts for galactic DI with a simple analytic stability criterion, based on the
Efstathiou et al. (1982) and Mo et al. (1998a) 2d simulations:

Vmax
———— < €pr, (3.2)
(GM,q/RD2 =
where Vi« 1s the maximum circular velocity of the host dark matter subhalo?, Rff and M, g4 are the
exponential scale-length and stellar mass of the stellar disc respectively and epy a parameter which de-
termines the importance of the disk self-gravity (set to 1.0 in the standard version of L-Galaxies). If

this stability criterion is met, an amount
VZ
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SWe found no significant differences in our results when using the disk circular  velocity

V.(r=2.2R% = \/GMDM(r)/ 7+ GMyyige (1) /1 + Vgisk(r). This definition is obtained by assuming an Hernquist (Hernquist,
1990) and NFW (Navarro et al., 1996) profile for the bulge and DM subhalo, respectively.
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Figure 3.3: Same as Fig 3.1 but assuming a fixed values of m =0.2 and loglo(fbmdmg) = — 85 and

varying epy.

of the disk stellar mass is transferred to the bulge in order to restore the disk (marginal) stability. Despite
the limitations of Eq.(3.2) (see Athanassoula, 2008), this criterion to follow disc stability has the advant-
age of being simple and to depend only on global galaxy properties, accessible by the model.

According to Efstathiou et al. (1982); Mo et al. (1998a) ep; = 1.1 for a family of exponential-profile
stellar disk models. Nevertheless, in order to improve the morphology at intermediate stellar masses and
following the approach of other SAMs (Hirschmann et al., 2012; Menci et al., 2014; Lacey et al., 2016;
Lagos et al., 2018) we have tested the model with different values of DI stability parameter, ep;. The
results are presented in Fig 3.3. As we can see, we found that a slightly higher value (namely ep; =1.5)
provides a better agreement with observations in the mass range 10° < MgieniarMo < 1011, The change of
parameter value causes galaxies to be more easily prone to instabilities, thus a larger fraction of stars is
transferred from the disk to the bulge component, increasing the fraction of spirals and reducing the one
of extreme late types in this mass range. Notice that the change of ep; does not have any impact in the
elliptical population. In a recent paper, Irodotou et al. (2018) achieved a better improvement of the spiral
and elliptical population in L-Galaxies by imposing angular momentum losses during the gas cooling
and allowing DI in the galaxy gaseous disk. Nevertheless, the results were not checked in MSII. Here
we decide no to use that approach and keep our independent merger/disk instability analysis which lets
us reach the convergence between MS and MSII and update/ improve the L-Galaxies standard merger
recipe. Besides, we have checked that the increase of the stability parameter has a similar effect in the
spiral galaxy population that the one achieved by adding angular momentum losses during the gas cool-
ing.

A discretization effect: Linking different DI events as a single episode

The adopted approach to treat DIs in L-Galaxies (see Section 3.2.2), is such that galaxy equilibrium
is restored by transferring the minimum amount of mass from the disk to the bulge. This means that
the disk easily becomes unstable again in the one (or more) of the subsequent sub-step. This generates
a series of disk instabilities in a galaxy which are, effectively, all connected. This is especially true in
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Figure 3.4: Number of dynamical times (6nP!) that a galaxy experiences between two no consecutive
disk instabilities. Red histogram represents the results for MS while in blue the ones for MSII. Dotted
vertical line represents our threshold to consider two no consecutive DIs as the same episode.

systems in which the cooling rate is high enough to quickly replenish the stellar disk (Porter et al., 2014).
While two consecutive disk instability events (in two subsequent sub-steps) can be easily assumed to be
part of the same event, connecting events which are more spread in time is less straightforward. In order
to join separate DI events, thus erasing the discretization effects of the time resolution of the simulation,
we start by studying the typical time difference between two no-consecutive DIs in the same galaxy. For
this, we define the quantity onP!, defined as the time-difference between two events and normalized by

the dynamical time of the galaxy:
tLast DI _ tCurrent DI

61’1DI —

, (3.4)

*,disk
t |Last DI

d}:n
where €MDl js the lookback time of the current DI, t**P! js the lookback time in which the galaxy
experienced the last disk instability and t:&?}lSleast pi1 is the dynamical time of the stellar disk at the epoch

of the last DI. The distributions of énP! for MS (red) and MSII (blue) are presented in Fig 3.4. As we
can see, both distributions present a clear peak at values of snP! ~ 5, indicating that a large fraction of DI
events are separated by few dynamical times, and are likely causally connected. We then assume that DI

events which are separated by less then 6n€11 X tg’?}iSleast p1 are causally connected. In what follows, we

will assume a threshold value of 6n1131I =10. We have checked that the results presented in this chapter

have a very weak dependence on the exact value of the threshold for énP!, as long as the peak of the
distribution is included in the sample.

From disk instabilities to bulges: merger-induced vs. secular processes

Disk instabilities presented in L-Galaxies have been already used to study spheroidal components (see
Shankar et al., 2012, 2013). In the model presented here, we re-visit the way DI are treated, by linking
DI to the formation of both classical bulges and pseudobulges. Following the history and the physical
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Figure 3.5: Possible paths of pseudobulge and classical bulge build-up. Following Kormendy and Ken-
nicutt (2004a) we have assumed that the build-up of pseudobulges is trigger by internal evolution (Case
1, 2 and 3). In the case of classical bulges, we have assumed an external mechanism of formation (Case
4,5 and 6).

conditions of the galaxy in which a DI takes place, we are able to distinguish between instabilities that
are merger-induced and the ones that are a consequence of the slow, secular evolution of galaxies. Here
we describe the details of how to discriminate between different instability events, and how these events
lead to the build up of classical bulges and pseudobulges.

On one hand, merger-induced Dls are produced as a consequence of the fast increase of stellar disk
mass after the collisional starburst or smooth satellite galaxy accretion. On the other hand, secular Dls
result from the slow, but continuous, mass growth of the disk, playing an important role in galaxies
evolving in isolation. Under the assumption that bars are a consequence of the secular evolution of
galaxies (Debattista et al. (2004, 2006); Méndez-Abreu et al. (2010); Kormendy and Ho (2013); Kim
et al. (2016); Moetazedian et al. (2017); Zana et al. (2018a,b)) and that bars lead to the formation of
pseudobulges*, we link secular DIs to the formation of galactic bars and pseudobulges. Therefore, we
assume that the mass removed to the disk during the DI phase (according to Equation 3.3), is transferred
to the pseudobulge, which we treat as a new component of the galaxy. On the other side, merger-induced
DI, closely associated with injection of external stars or/and SF burst triggered during the interaction, are

“Numerical simulations have shown that shortly after the bar formation the structure suffers a bending mode that thickens it
and forms the boxy/peanut pseudobulge shape (see Combes et al., 1990b; Méndez-Abreu et al., 2019). Also galactic bars can
produce, via gravitational torques, strong nuclear gas inflows which can be transformed into stars inducing the formation of
disc-like pseudobulge structure.
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assumed to be the ones that lead to the formation of a classical bulge structure. In Fig 3.5 we present an
illustrative scheme of the scenarios that lead to the growth of both the pseudobulge and classical bulge
component of the galaxy. Case 1 and Case 6 are the two simplest scenarios, as described above. In the
first case, the galaxy experiences continuous star formation until the disk becomes unstable, forms a bar
and the stellar component removed from the disk is transferred to the pseudobulge. In Case 6, the galaxy,
starting from a stable configuration, experiences a merger (either a minor merger or a smooth accretion
as described in Section 3.2.1), which triggers a burst of SF that causes the disk to become unstable, and
the stellar component removed from the disk to restore stability is effectively transferred to the classical
bulge component.

However, the life of a galaxy can be rather complicated, with continuous mergers and episodes of
star formation, that make it more difficult to discriminate between the two scenarios. Naively we could
think that a DI which takes place right after a merger is a consequence of it. Nevertheless, this is
not necessarily true. In order to quantify the importance of a minor merger or a smooth accretion in
triggering a DI event, we are going to study how efficient is the interaction in injecting new stars in a
stable (or marginally stable) disk. To check that, we introduce the quantity 6 fj;, defined as follows:

AMBurst+[MSatellite H(fbinding)]

stars stellar f DI —
or M. > Mgk at t =t
(M]C)r{‘—Mdisk) crit disk mereet
ofm = (3.5
SFRmerger
DI . _
TR for Mcrit ~ Myisk at t = tmerger,

isnt

where H(fyinding) 1s a unit step function, whose value depend on the type of interaction: H =0 for minor
mergers (foinding > f;li‘n ding) and H =1 for smooth accretion events (fyinding < fl:?n ding), as explained in Sec-

tion 3.2.1. The first condition refers to events in which the disk is stable (M(I:)rlit > Mgjsk) at the time the
merger takes place (t = tyerger). In this case, 6 fjs indicates how much the stellar disk grows with respect
to how stable the disk is (MCDrIit — Myisk). If the interaction is a minor merger the entire stellar component
of the satellite is transferred to the bulge of the central, and the only new contribution to the disk is
given by the burst of SF, AME;T:{. In the case of smooth accretion, the stellar disk of the central galaxy
increases its mass not only through the SF burst, but also by incorporating the stellar component of the

satellite, as described in Section 3.2.1.

The larger is the ¢ fjy, the stronger the impact of the merger on the next DI event. In the upper panels
of Fig 3.6 we present the distribution of ¢ fy; for the MS (left panels) and MSII (right panels) for all
the events which satisfy the first case of Eq.(3.5). The values of ¢ fy; are shown separately for smooth
accretion (blue) and minor merger events (red). The differences in the relative abundance between minor
mergers and smooth accretion in MS and MSII is just a consequence of resolution, as already discussed
in Section 3.2.1. Except for the differences due to resolution effects, distributions of ¢ fj; for both minor
merger and smooth accretion peak at low values (~0.001 —0.01) for both simulations. This points to the
conclusion that most of the interactions have a minimum contribution in the DIs happening after mergers.
The small fraction of events characterized by high ¢ f; values, however, can have a considerable impact
on a subsequent disk instability. To differentiate between interactions that are responsible to a DI and the
ones that do not, we set the limit to d f3y =0.5: only the minor mergers/smooth accretions that reduce the
galaxy disk stability ~ 50% are assumed to be responsible for the following DlIs.

In addition to the ¢ f3; condition, we have also imposed that the mergers/smooth accretions have to
be causally connected to the subsequent DI, by imposing a maximum time scale that can pass between
the two events, defined to be a multiple of the dynamical time of the galaxy stellar disk at the moment of
the interaction. To set this value, we analyze the quantity sn™, defined as:
Last _ tFirst
minor Merger DI

t*’diSkl . o7
dyn minor Merger time

on™ = (3.6)
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Figure 3.6: Upper panels: Distribution of ¢ fi for all galaxies that suffered a DI after a merger in which
the disk was stable, i.e MCDét > Myisk at t = typerger- Black line represents all the events while red and
blue only the ones after a minor merger and smooth accretion, respectively. Bottom panels: In dotted
lines the 6n™ distribution of all the events which satisfy Eq.(3.5). Solid lines represent the same but
imposing the extra condition of § f; > 0.5: in red minor mergers and in blue smooth accretion. In all the

panels, left and right columns display, respectively, the results for MS and MSII.

where tllﬁisrtger is the lookback time of the last minor merger or smooth accretion, t5*! is the lookback time

> 'DI
;y(llllSk|minorMergertime is the dynamical time of the galaxy

stellar disk at the moment of the interaction. The distribution of én™ for both the MS and the MSII
are shown in the lower panels of Fig 3.6. As we can see, the distribution of én™ is more concentrated
towards lower values when we consider only events with dfj > 0.5 (solid black lines). Interestingly,
the distribution of sn™ peaks close to few number of dynamical times (6n™ ~2 — 5) with a very
sharp decrease at large 5n™. This is a clear signal that the smooth accretion and minor merger are
responsible for the triggering of a subsequent instability. Moreover, when we distinguish between minor
merger and smooth accretion (red and blue lines respectively), we find that the distribution of én™ for
minor mergers is more concentrated towards lower values than the one for smooth accretion events. This
suggests that minor mergers are typically able to destabilize the galaxy disk in shorter times scales than
smooth accretion.

Based on these results, we set that all instabilities happening within 10 dynamical times from the
interaction (6n™ = 10), and for which iy > 0.5, are merger-induced. These events thus lead to the
growth of the classical bulge component (Case 6 in Fig 3.5). On contrary, all DI events for which
Sfu < 0.5 or 6fy > 0.5 and 6n™ > 10 are assumed to be secular processes which contribute to the

of the first DI after the galaxy interaction and t
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Figure 3.7: Number density of 5 different type of events: secular disk instability(solid green line),
merger-induced disk instability (dashed green line), major mergers (red solid line), minor mergers (solid
blue line) and smooth accretion (dashed blue line). The left and right columns display the results for the
MS and MSII simulations, respectively. The different rows represent the number density for different
stellar mass bins at a given redshift.
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formation of a bar and a pseudobulge (Case 3 in Fig 3.5).

Finally, the second case in Eq.(3.5) addresses the peculiar case in which a merger event happens in
a galaxy characterized by a marginally stable disk after a DI, i.e Mg{t ~ Myisk (with MCDrgt > Mugisk). In
this cases the DI is induced immediately (6n™ = 0). However, it is difficult to say if the merger was a
necessary phenomena to trigger a DI in the galaxy given that any event producing stars (either internal
SF or merger burst) would rise the disk stellar mass over the critical threshold. Despite this cases are
not as common as the ones described by the first case in Eq.(3.5) (less than the 10% of the whole DI
merger-induced) we still take into account them by studying the relative importance of the interaction
with respect to the continuous star formation happening in the disk in the triggering of the subsequent
DI When SFR"® > SFR¥ [i.e § fy > 1, we assume that the minor merger/smooth accretion dominates
the disk growth and the subsequent DI is merger-induced (Case 5 in Fig 3.5). Otherwise we assume the

DI to be of secular origin (Case 2 in Fig 3.5).

In Fig 3.7 we present the predicted number density of secular and merger-induced DIs’(solid and
dashed green lines, respectively) for different stellar mass ranges. Left and right panels are, respectively,
the L-Galaxies predictions run on top of MS and MSII merger trees. For completeness, we have added
the predictions of major/minor mergers and smooth accretion. As we can see, secular DIs evolution
dominates the DI number density, being merger-induced DIs ~ 3 dex less abundant. Even though Fig 3.7
shows that DI secular events dominate over mergers in all mass bins, this does not mean that the im-
portance of such events is the same. For instance, galaxies with stellar mass in the range 10® — 10° Mg
secular DI contributes with 10° — 10® M, to the bulge per event while galaxies with 10'° — 10'! M, the
DI secular events are characterized by 108 — 10'° M, of mass transferred (these numbers corresponds to
DI events defined as in Section 3.2.2).

About the redshift distribution, secular evolution DIs take place at any redshift and they are the main
mechanisms of bulge formation/growth at high-z. On contrary, merger-induced DIs occur at z~ 1 with
a sharp cut-off towards higher redshifts. Even more, they are rare events at z>3. Besides, we can see
that merger-induced DIs can not compete at any redshift with mergers (major/minor) in the classical
bulge formation/growth given that their number density is a factor 100 smaller and the amount of mass
transferred per event is less than the ~ 0.1 % of the whole galaxy stellar mass. Nevertheless, these events
can complement classical bulge build-up at low redshifts. As can be seen, both MS and MSII predicts
similar redshift distributions for the merger-induced DIs and secular Dls, and similar values of number
densities, even though the MSII predicts slightly larger number densities of merger-induced Dls, as the
number of smooth accretion is much larger than in the MS.

We want to highlight that, in a hierarchical universe, each case presented in Fig 3.5 does not live in
isolation. Due to the complex merger history that a galaxy can experience, the final bulge can be the result
of a multiple physical processes, being a composite structure formed by both classical and pseudobulge
component (see, Erwin et al., 2015; Di Matteo et al., 2015; Fragkoudi et al., 2017; Blafia Diaz et al.,
2018). For simplicity, we are going to use the following criteria to define galaxy bulge morphology:

o Pseudobulge: We assume that a galaxy hosts a pseudobulge when the fraction of bulge formed
via secular induced DI is at least 2/3. This cut allows us to be confident about the fact that the
pseudobulge is the dominant structure in the bulge. Galaxies hosting this type of structures are
going to be tagged as pseudobulge galaxies.

e (Classical bulge: The fraction of bulge formed via secular induced disk instabilities is smaller than
2/3 of the total bulge mass and its bulge-to-total is 0.01 <B/T < 0.7. Galaxies with B/T <0.01 are
considered bulgeless galaxies. Galaxies hosting this type of bulges are going to be called classical

5In both types of DIs, we correct for time-discretization effects using the procedure presented in Section 3.2.2
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Figure 3.8: Median subhalo mass (Mpao, black) and stellar mass (Mge1ar, Orange) of galaxies classified
as pseudobulge galaxies at different redshift. The selection of this population at any redshift were done
following the definition presented in Section 3.2.2. The solid line and shadow region represents the
median and 1o values for MS. The dashed line and the lined area with lines symbolizes the same but for
MSIL

bulge galaxies.

o Ellipticals: The fraction of bulge formed via secular induced disk instabilities is smaller than 2/3
of the total bulge mass the bulge-to-total ratio is B/T > 0.7. Galaxies hosting this type of bulges
are elliptical galaxies.

3.3 Results

In this section we present the main findings of this chapter. We first focus on characterizing the properties
of pseudobulges and host galaxies at different cosmic times. We then explore the structural properties of
pseudobulges predicted for the local universe and compare with available data.

3.3.1 Pseudobulges across cosmic time

In Fig 3.7 we have shown that secular DIs are quite frequent at all cosmic times and for a broad range of
stellar masses, although we discussed that the amount of mass transferred to the pseudobulge component
is very modest for galaxies with Mejiar < 10°Mg. We thus do not expect a significant pseudobulge com-
ponent in small galaxies. Using the criteria described at the end of the last section to select pseudobulges,
we study the properties of their hosts across cosmic time.
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Figure 3.9: Subhalo - Stellar mass relation for pseudobulges (blue) classical bulge (green) and all (black)
galaxies in MS (left) and MSII (right) at different redshifts (z=0 (top), z=1 (bottom)). The error bar
represents the 1o~ dispersion. Here we present the relation for central and satellite galaxies. By dividing
the galaxies in central and satellites we find the same trend.

In Fig 3.8 we present the typical subhalo and stellar masses of galaxies hosting pseudobulges at dif-
ferent redshifts, for both MS (solid line) and MSII (dashed line). As expected, galaxies hosting pseudob-
ulges are tipically more massive than Mjiar ~ 10°Mo. In particular, we find that pseudobulges tend to
be hosted by galaxies in a relatively small range of stellar masses, with values mildly evolving with time.
In the MS the typical host stellar mass grows from Mgeiiar ~ 102 Mg at z> 2.5 to Mgetar ~ 10'%3Mj at
z=0. A similar trend is shown also by MSII, even though smaller masses are reached at higher redshifts.
Despite this little difference, the MS and MSII simulations agree within 10~ confidence level at any red-
shift. On the subhalo mass side, pseudobulges are hosted in Milky Way-like subhalos (i.e ~ 10'¥M,)
at z=0 in both MS and MSII. Moreover, the typical subhalo mass evolution seems to be truncated at
z~1.25, where the increasing trend exhibited from Mpgjo ~ 10'4Mg at z=4 up to ~ 10'°Mg atz=1.5,
changes into a decreasing tendency. We interpret this as a consequence of the hierarchical growth of
structures: pseudobulge galaxies are less likely to be hosted by very massive subhalos at low-z, as these
subhalos are closely related to major mergers events who deeply impact the host galaxy structure erasing
any secular evolution characteristic.

To understand if pseudobulge are hosted in peculiar type of galaxies with respect to the standard pop-
ulation, in Fig 3.9 we show the My — Mgenar plane at different redshifts for MS and MSII (right and left
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Figure 3.10: Relative contribution of pseudobulge (blue), classical bulge (green) and elliptical (red)
galaxies in the bulge galaxy population. Upper and lower rows represents the results at z= 0 and 1,
respectively. In the left the results for MS and in the right for MSII.

respectively)®. As can be seen in the relation, galaxies which display a dominant pseudobulge structure
(blue dots) are systematically above the galaxy median relation (black dots) at any redshift, i.e., at fixed
subhalo mass, pseudobulge structures are hosted by galaxies more massive than the median population.
On contrary, when we place the classical bulge galaxies (green dots) on the plane, it is evident that they
populate a different region. While for My, < 10'?M,, classical bulges lie on the median relation, in the
most massive subhalos (Mpaio > 10'2M,,) their host galaxies are characterized by systematically smaller
stellar masses (notice that the results for the range Mpyjo < 10" M, suffer of low-resolution statistics in
the case of the MS). As we will see later in Section 3.3.2, pseudobulges are typically hosted by star form-
ing galaxies, while classical bulges tend to live in more quenched systems, explaining why pseudobulges
tend to have higher stellar content than classical bulges, at a fixed subhalo mass.

To see the relative importance of different classes of galaxies, in Fig 3.10 we show the relative contri-
bution of pseudobulges (blue), classical bulges (green) and elliptical (red) galaxies to the total population
of galaxies with a bulge (i.e. B/T > 0.01), at different stellar masses. Results at z=0 and z =1 are shown
respectively in first and second row. At z=1 both MS and MSII show that pseudobulges are the main
type of galaxies at large stellar masses (i.e, Miar > 10'%°My) while classical bulges and ellipticals are
the main ones for Mgejiar < 10'°°My. While at low masses there is little evolution between z=1 and
z=0, at high masses we find that, by z =0, ellipticals dominate the galaxy population. As previously dis-
cussed, this is a result of the hierarchical growth of structures: pseudobulges hosted in the most massive

®We have done the same plot dividing between central and satellite galaxies. No difference with the Fig 3.9 has been found.
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Figure 3.11: Fraction of pseudobulge galaxies that are centrals of their friend-of-friend halo. Solid and
dashed lines represent the results for MS and MSII, respectively. Pseudobulges galaxies at different
redshift were selected following the definition presented in Section 3.2.2. For MSII it is plotted until the
stellar masses in which the simulation predicts, at that redshift, a total number of objects larger than 10.

galaxies at high-z are subsequently destroyed by major mergers which turn galaxies into pure bulges
(see example f of Fig 3.17). Additional support to this picture can be gained by studying the fraction of
pseudobulge galaxies who are centrals of their FoF group, as a function of redshift. Fig 3.11 shows that
~ 80% of pseudobulges at z =3 were centrals (with larger fractions reached for more massive galaxies
stellar mass), and the percentage drops to ~60% at z=0. This points out that pseudobulge galaxies
are less likely to be hosted in the central subhalo of their FOF at low z, independently of their stellar
mass. This trend is well followed by both MS and MSII at high stellar masses, while at small ones MSII
predicts slightly larger fractions of satellite pseudobulges. Note that this difference is consequence of
the MS subhalo mass resolution issues at Mgejjar < 109M@. Therefore, we rely in the MSII predictions
whose limitation is at Mejiar ~ 103Mo.

Finally, in Fig 3.12 we present the bar fraction f,, as a function of redshift and stellar mass for the
two simulations. We have defined fi,,; as the number of galaxies hosting a pseudobulge over the total
number of spiral galaxies (B/T <0.7) in a given bin of mass and redshift. The fraction of pseudobulge
in spiral galaxies has a peak at Mgtejiar ~ 10'%5M,, with a sharp cut-off towards low stellar masses. This
trend is broadly in agreement with the observational results of Cervantes Sodi et al. (2015) and Gavazzi
et al. (2015). The fact that our predictions lie above is reassuring, as we regard our fraction as upper
limits, given that a fraction of galaxies that we tag as pseudobulges might not have a clear detectable bar.
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Figure 3.12: Bar fraction fy, in the MS (top) and MSII (bottom). We define fy,r as the number of
galaxies hosting a pseudobulge (bar, boxy/peanut or disc-like structure) over the total spiral galaxies
population (B/T <0.7) in a given mass bin and redshift. Colors encodes different redshifts. We compare
this with recent observation by Cervantes Sodi et al. (2015) and Gavazzi et al. (2015).

3.3.2 Pseudobulges and their hosts in the local universe

In this last part we analyze the properties of z =0 pseudobulge galaxies such as star formation and stellar
age (Section 3.3.2), structural properties (Section 3.3.2), redshift of the last major/minor interaction and
pseudobulge structure formation (Section 3.3.2).

Star formation in pseudobulge galaxies

In the previous section we have seen that, at fixed host subhalo mass, pseudobulges tend to live in galaxies
more massive than what predicted by the median Mp,o-Mgtel1ar relation. Pseudobulge galaxies thus seem
to not suffer from the same quenching mechanisms that other galaxies experience (e.g., AGN feedback)
and that cause massive galaxies to be inefficient star forming engines. When looking at the star formation
properties of local pseudobulges predicted by the model, we find indeed that galaxies hosting a pseudob-
ulge are efficient in producing stars. We show this in Fig 3.13, where pseudobulges and classical bulges
predicted by the MS are shown in the Sfr-Mgeor plane. To guide the reader we have added in dashed
black line the main sequence7 of star formation from Cano-Diaz et al. (2016). At Mgejiar < 10° M, the
hosts of both classical and pseudobulges follow the main sequence. At higher stellar masses, however

"The main sequence is defined as the relation of actively star-forming galaxies which relates their star formation rate and
their stellar mass (Brinchmann et al., 2004; Noeske et al., 2007; Cano-Diaz et al., 2016)
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Figure 3.13: Star formation rate (Sfr) - Mgeelrar plane for z=0 pseudobulges (blue) and classical bulges
(green) galaxies predicted by MS. The solid lines represent the median of the distribution while the
shaded area represents the 1o dispersion. Black dashed line is the main sequence fit of Cano-Diaz et al.
(2016). The inset plot represents the same but for the plane specific star formation rate (Ssfr) - Mgeeliar-

(Mgteltar > 10°°Mp), pseudobulges and classical bulges follow two different trends. While the former
population remains on the main sequence and only starts deviating for very massive systems, classical
bulges present a clear shift in their relation, falling in the red sequence region with ~ 2 dex of lower star
formation than pseudobulges. In the inset of Fig 3.13 we show the plane specific star formation rate
(SSFR) - Meniar- As we can see, the trend is similar to the Sfr — Mgejjar One.

Fig 3.14 shows instead the mass-weighted age of the stellar population in pseudobulge and clas-
sical bulge galaxies. While the typical age of stars in pseudobulge galaxies seems shows a very weak
dependence with stellar mass, classical bulges hosted in massive galaxies Mgejar > 10'95M,, are signi-
ficantly older. At low masses (i.e, Mgteltar < 10°3M,), instead, classical bulges are hosted by galaxies
with slightly younger average stellar populations. This is due to the different merger history of classical
bulges and pseudobulges as we will show in Fig 3.16. In this mass range, in fact, almost all the classical
bulges experienced at least one minor (major) mergers at z ~ 0.5 which rejuvenated the galaxy popula-
tion via SF burst. On contrary, pseudobulges did not suffered any (major) minor merger and their stellar
population only grew via internal star formation. We remark here that also classical bulges in massive
galaxies experience mergers at recent times, but, as discussed above, star formation in these galaxies is
quenched by AGN feedback and the cold gas fraction in these massive systems is lower. The MSII gives
very similar results, do not shown here to avoid redundancy.
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Figure 3.14: Stellar population age (mass weighted age) of z = 0 pseudobulge (blue) and classical bulge
(green) galaxies predicted by MS simulation (MSII display similar behavior). The solid lines represent
the median of the distribution while the shaded area represents the 10~ dispersion.

Structural properties of pseudobulge galaxies

We now move to the analysis of the structural properties of the pseudobulges that our model predicts and
compare our predictions with the observational results of Gadotti (2009). In that work Gadotti studied
bulge properties, such as B/T ratios, bulge masses and scale length parameters, for a sample of 963 galax-
ies with masses 10! < Mgepiar < 10" M, and redshift range 0.02 <z<0.07. The sample was divided in
disk galaxies and ellipticals. The former ones were further sub-divided in galaxies hosting a pseudobulge,
classical bulge or bulgeless. To compare with the observations, we generated a galaxy sample using the
MS which reproduces the exact stellar mass selection of Gadotti (2009), but with a much larger number
of galaxies (about a factor of ten). We could not do the same exercise with the MSII, as the smaller box
does not allow to properly sample the most massive galaxies. The definition of pseudobulges, classical
bulges and ellipticals is the one used in this work, as presented at the end of subsection 3.2.2.

Results for pseudobulge, classical bulge and elliptical galaxies in MS are presented in Fig 3.15. We
show the distribution of disk scale length (h) as a function of the stellar mass (top left), the distribution
of the bulge effective radius (R.) versus stellar mass (top right), the B/T distribution and the effective
bulge radius as a function of the bulge mass (bottom left and right, respectively). Overall, the structural
parameters h and R, for pseudobulges, classical bulges and elliptical galaxies are reasonably well repro-
duced by the model. Nevertheless, classical bulges show £ values which are slightly offset, i.e. disks are
larger than the observed one, and the number of massive disks is also larger than observed.

Regarding bulge to total ratios, pseudobulges broadly follow the distribution found by Gadotti (2009),
even though we seem to lack pseudobulges with very small B/T ratios. Other studies, however, found
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Figure 3.15: Upper left: In the left panel the distribution of disk scale length (h) as a function of the
stellar mass (Mgeel1ar) for pseudobulges (blue points) and classical bulges (green squares) galaxies. The
contours represent the 1 and 2 o dispersion of the relation h — Mg,y predicted in this work in the
MS simulation. In the right panel we represent the h distribution for pseudobulges (blue) and classical
bulges (green) galaxies. Dashed and solid histogram display respectively the observed and predicted
distribution. Upper right: In the left, the distribution of bulge effective radius (R.) as a function of the
stellar mass for pseudobulges (blue points), classical bulges (green squares) and ellipticals (red triangles)
galaxies. The contours represent the 1 and 2 o dispersion of the relation Re — Mggeiar predicted in this
work. In the right, the h distribution for pseudobulges (blue), classical bulges (green) and ellipticals (red)
galaxies. Dashed histogram display the observed distribution while the solid one the predicted. Lower
left: In the left and right, the distribution of bulge-to-total ratio B/T for pseudobulges and classical bulges
galaxies. In black the observed distribution and in blue and green the predicted one for pseudobulges
(blue) and classical bulges (green) galaxies. Lower right: Relation of bulge mass (Mpuige) Vs effective
radius of the bulge (R.) for pseudobulges (blue), classical bulges (green) and ellipticals (red) galaxies.
The points represent the median of each sample while the error bars the 1o dispersion.

that most pseudobulges are hosted by galaxies with B/T > 0.2 (see Fisher and Drory, 2008a, 2010),
which is consistent with our results. On the other hand, the B/T distribution for hosts of classical bulges
peaks at ~ 0.1 with a fast decrease towards large B/T values. Once again, this points towards typically
too-massive stellar disks being hosted by galaxies with classical bulges in our model. A population of
overly-large disks was already present in the Henriques et al. (2015) version of the model. This could
be due to the delayed growth of black holes hosted in classical bulges: as these objects accreted most of
their mass at low redshift, their associated AGN feedback has been very modest at high-z, allowing for a
significant and prolonged growth of the stellar disc. An improved version of the black hole growth model
and its impact on galaxy morphology is going to be presented in a following paper (Izquierdo-Villalba
et al., 2020). Finally, the model reproduces well the typical values of R, found by Gadotti (2009) as a
function of bulge mass for pseudobulges, classical bulges and ellipticals, even though classical bulges
lie slightly above the observations. Despite this, we can confirm the Gadotti (2009) findings: classical
bulges appear to be offset in the mass-to-size relation with respect to ellipticals, pointing out to funda-
mental structural differences, and that they are not simply ellipticals surrounded by disks. Indeed, bulge
formation is an extremely complex phenomenon, which is shaped by both mergers and secular processes.
As we explore in the next section, while in pseudobulge galaxies the process that dominates galaxy evol-
ution is secular DI and in classical bulges is minor mergers, both population experience the two bulge
formation mechanisms during their complex cosmological growth.
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Figure 3.16: Left panels: First row: Stellar mass function of pseudobulges (blue), classical bulges
(green) and ellipticals (red) galaxies at z=0 in the MS simulation. Second row: Percentage of z=0
pseudobulges, classical bulges and ellipticals galaxies that experience at least one major merger (left).
From those ones we have presented the redshift in which the last one took place (right). Third row:
Percentage of z=0 pseudobulges, classical bulges and ellipticals galaxies that experience at least one
minor merger (left). From those ones we have presented the redshift in which the last one took place.
Right panels: The same as the left ones but for the MSII simulation. In all the plots, the shaded area
represents the 1o dispersion of the distribution and dotted lines represents the regions in which the
percentage of having suffered a minor/major merger is less than 10%.

Merger history of galaxies

The main assumptions of our model for bar and pseudobulge formation, is that those are linked to the
secular growth of disks, while violent events, such are mergers and their consequent starbursts are re-
sponsible for the growth of classical bulges. We expect the merger history of galaxies hosting pseudob-
ulges to be different from the one of elliptical and classical bulge hosts. In the reaming of this section we
explore the (major/minor) merger history of z=0 pseudobulge, classical bulges and ellipticals galaxies
and we present some archetypal examples of their merger trees. Finally, we explore the imprints that the
galaxy interaction history leaves in the pseudobulge structure.

In the second row of Fig 3.16 it is presented, per stellar mass bin, the percentage of z =0 pseudob-
ulges (blue), classical bulges (green) and ellipticals (red) galaxies that experience at least one major
merger (left plot) and from those ones the redshift in which the last major merger took place (right plot).
The third row shows the same but for minor mergers. The left panels show the results for the MS and the
right ones for the MSII. To guide the reader we have added the z =0 stellar mass function of pseudob-
ulges, classical bulges and ellipticals. As we can see, all elliptical galaxies experienced at least one major
merger, being the last one at z <0.5. On contrary, pseudobulges display a much more quiet major merger
history. Only 0.5% of them experienced one and only at very high redshift, being this higher for more
massive galaxies: from z ~2 at Mgejiar = 10°Mg up to z~ 6 at 10''Mg. The MSII pseudobulges present
a similar behaviour: for this simulation, the percentage of pseudobulges which underwent a merger is
larger (~ 10%), because of the larger number of small galaxies resolved, and most of these mergers took
place at very high redshifts. Regarding classical bulges, we can see that the ones hosted by galaxies
with Myepiar > 10'°Mj, follow a similar trend that pseudobulges, i.e a quiet major merger history. On the
other hand, at Mjiar < 10'°My, the majority of classical bulge galaxies suffered a recent major merger
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at < 2. Notice that the drop in percentage presented in MS at Mgjiar < 108°Mg, is mainly due to res-
olution. Actually, MSII predicts that the ~ 100% of those galaxies experienced at least one major merger.

Regarding minor mergers, all classes of bulges display a similar trend: the fraction of galaxies that
experienced at least one minor merger increases with stellar mass, although this fraction is never above
50% for pseudobulges. Also, for both the MS and the MSII the typical redshift of the last minor inter-
action decreases with increasing stellar mass. For classical bulges and ellipticals, however, the typical
redshift of the last minor merger is lower than for the pseudobulge population. However, the agree-
ment of classical bulges and ellipticals between MS and MSII decreases when we study galaxies at
Mgteliar < 10°Mg. While MS predicts a decreasing trend in the redshift distribution, MSII finds a flatten-
ing at z~ 0.5. Again, this is due to resolution effects which affect the MS in that stellar mass range.

In order to illustrate the different build-up of pseudobulges, in Fig 3.17 a and b we present two typical
examples of z=0 pseudobulges mergers trees in in the Millennium simulation. Examples of classical
bulges and ellipticals can bee seen in c-d and e-f, respectively. We have selected galaxies with z = 0 stellar
mass ~ 10'0°My, i.e the peak of z =0 pseudobulges stellar mass function (see Fig 3.16). In the plot we
represent the stellar and bulge components (empty and filled circles respectively). The size of the circles
is proportional to mass. The color of the symbols represents the fraction of bulge mass coming from DI
secular evolution. In each merging branch we have added the mass ratio of the merger. Ticks with mg
corresponds to major/minor merger while ticks with mﬁth refers to smooth accretion. Merging branch
without any mg value means that the galaxy was disrupted by environmental processes before the mer-
ger, and its mass added in the Intra-Cluster Medium (most of these galaxies are close to Mggeliar ~ 10’ Mp).

As it was discussed above, pseudobulges have a very quiet merger history. For instance, the first
pseudobulge merger tree (example a) just displays one smooth accretion at z~0.9 with mg = 6x 1073,
No other interaction takes place in its cosmological evolution. The pseudobulge structure appears after
the smooth accretion as a consequence of a DI secular evolution causally disconnected from the satellite
interaction. Therefore, the pseudobulge evolved thought internal secular evolution represented by Case 1
and Case 2 in Fig 3.5. In the case of the second pseudobulge galaxy (example b), its bulge formation
history is slightly more complicated, resulting from a combination of Case 4 and Case 1 from in Fig 3.5.
The galaxy developed a small bulge component as a consequence of a minor merger with mg = 3.4x1072.
After ~ 1 Gyr from the merger (at z ~0.7), an important disk instability took place, blurring the classical
bulge structure and resulting in the birth of a prominent pseudobulge.

Regarding classical bulges and ellipticals galaxies, we can see that all the merger trees (example
¢,d,e,f) are much more complicated than in the previous two cases. For instance, in the example c it is
presented an archetype of classical bulge build-up (Case 4 Fig 3.5): the bulge structure was generated
by a minor merger at z ~ 0.7 and strengthened by a more recent minor merger (z ~ 0.3). No signatures or
secular evolution in the bulge can be seen. Example d represents another type of classical bulge galaxy
evolution. In this case, the bulge structure was not completely build-up by mergers but by a combination
of DI and minor mergers. The bulge was born via DI secular evolution at z ~2 but at z ~ 1.5 a DI merger-
induced (Case 5 in Fig 3.5), consequence of a smooth accretion, triggered the birth of a classical bulge
component. The galaxy started to evolve and via secular DIs made the pseudobulge structure grow again.
Nevertheless, the constant minor mergers interactions that the galaxy experienced at z=0.4,0.3 and 0.2
led to the growth of a prominent classical bulge, where the pseudobulge component is negligible (<4 %
of Mpuyjge at z=0). Finally, examples e and f display some pathways of elliptical galaxy formation. In
example e the galaxy started as a classical bulge galaxy, with the bulge component being due to several
minor mergers, while in example e the galaxy hosted a prominent pseudobulge at high z. In both cases,
however, a major merger took place at z ~ 0.5, which erased the previous galaxy morphology and formed
a pure elliptical galaxy.

Finally, despite having quiet merger history, pseudobulge galaxies still have some minor/major mer-
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Figure 3.17: Examples of the MS mergers trees for pseudobulges (examples a and b), classical
bulges (examples ¢ and d) and ellipticals (examples ¢ and f). We have selected the galaxies with
Mgeeltar ~ 10'%°Mg. In the plot we represent the stellar and bulge components (empty and filled circles
respectively). The size of the circles is proportional to its respective mass. The bulge color represents
the fraction of bulge mass coming from DI secular evolution. In each merging branch we have added the
merger ratio. Ticks with mg corresponds to major/minor merger while ticks with mlsgh refers to smooth
accretion. Merging branch without any mg value means that the galaxy was disrupted by environmental
processes before the merger. Most of those galaxies are the ones close to Mgejiar ~ 10’ Mo In this cases,
the satellite stellar mass was added in the Intra-Cluster Medium (ICM).

ger interactions which can provide a classical component to the final bulge. In particular, the 31% and
32.4% of MS and MSII pseudobulge galaxies host a classical component, contributing typically with the
~ 7% of the whole bulge mass. To support the idea of last minor mergers being the main responsible for
the strengthening of the classical bulge structure in pseudobulge galaxies at z =0, we define the formation
redshift of the classical component (i.e. z%lflt;‘if)‘r‘fre) as the moment in which it reached the 70%° of its
final mass at z=0. As shown in the lower panel of Fig 3.18, the formation time of this component follows
the same trend of zﬁi:tor MEEE presented in Fig 3.16. The last merger is thus responsible for the building
(or strengthening) of the classical bulge structure in z = 0 pseudobulge galaxies. We highlight that, in the
10° - 10'°M, mass range, MSII predicts slightly lower time-formation values than MS. This is because
MSII galaxies within this specific mass range are affected 5 times more frequently by merger-induced

DIs than MS (taking place at z~ 1, see Fig 3.7).

Regarding the pseudobulge structure, in Fig 3.18 we present the distribution of formation times,

zfps’nig‘:fgﬁre, as a function of stellar mass. This value has been defined as the moment in which the pseudob-

8We have checked that the results do not suffer significant changes when we assume a value between 50% - 90%
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Figure 3.18: Upper panel: Formation time of pseudobulge structure as a function of stellar mass (Mgeltar)
in pseudobulge galaxies. Solid and dashed line represent respectively the median relation for MS and
MSII. The shaded and lined areas represent the 1o~ dispersion value. In the insert plot we present the same
but as a function of the bulge mass (Mpylge) Lower panel: Formation time of the classical component as
a function of stellar mass (Mgel1ar) for pseudobulge galaxies. In the insert plot we present the same but
as a function of the bulge mass (Mpuige). Line styles represent the same as the upper plot.

ulge component reached the 2/3° of its z = 0 total bulge mass. As we can see, while pseudobulge galaxies
with Meiiar < 10°M,, formed their pseudobulge structure mainly at z~ 1.5, more massive galaxies (i.e,
Mgteliar > 10°Mp) formed it in the low-z universe, although the scatter is larger. Interestingly, this trend is
broken for most massive pseudobulge galaxies (Mgeliar > 101 Mg) where the zfobrrbﬁg‘:fgﬁre rises again up to
z7~0.5-1.0. We interpret this turn-over as an effect of the star-formation rate damping induced by AGN
feedback in these galaxies. As a consequence of feedback, the DIs frequency is severely decreased and
pseudobulge formation is suppressed in many massive galaxies at low-z. The sSfr distribution (Fig 3.13)
supported this scenario, by showing a clear drop at Mgejjar > 10'%5M,,. The insert plot in Fig 3.18 shows
the same distribution but for fixed bulge mass. As we can see, the fixed-bulge trend is similar to the pre-
vious one: small-bulge galaxies formed their pseudobulge component at higher redshifts with respect to
more massive-bulge ones. Our findings of pseudobulge formation at intermediate redshifts are supported
by a recent work of Gadotti et al. (2015) who found that the bar in the Virgo galaxy NGC 4371 formed a

pseudobulge at z~1.8 (with an uncertainty of ~ 1Gyr).

3.4 Summary and conclusions

In this chapter we have studied the cosmological build-up of pseudobulges using the last public ver-
sion of the L-Galaxies semi-analityical model (SAM, Henriques et al., 2015). Taking advantage that
L-Galaxiescan be run on top the merger trees of both the Millennium and the Millennium II N-
body simulations, we have been able to study the formation of pseudobulge structures and properties of
their hosts across a wide range of stellar masses (108 — 10'">M,). In order to reach a reasonable conver-
gence between the MS and MSII in terms of distribution of galaxy morphology and number density of
merger events across cosmic time, we first had to introduce some small modifications to the parameters
that distinguish between major and minor mergers and that set the conditions for disk instability events.
Moreover, to improve the predictions of the MSII for the morphological distribution of low stellar mass
systems (Mgtellar < 109'5M@), we introduced a new prescription for the interactions in which the binding
energy of the satellite galaxy is very small compared to the one of the central galaxy. For these events,

%i.e, the moment in which, independently of redshift, the galaxy would be always selected as a pseudobulge galaxy
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which we refer to with the term smooth accretion, we assume that the stellar core of the satellite gets
incorporated by the disk of the central galaxy, being unable to reach its nucleus before being disrupted.

Assuming that pseudobulges can only form and grow via secular evolution (e.g., Kormendy and Ho,
2013), we have modified the treatment of galaxy disk instabilities (DI), distinguishing between two kinds
of events: DI secular-induced, which is a consequence of the slow and continuous mass-growth of galax-
ies, and DI merger-induced, linked to the fast growth of disks during galaxy interactions. The former are
the events which we assume to lead to long-lasting bar structures and the formation/growth of pseudob-
ulges, while merger-induced instabilities contribute, together with mergers, to the growth of classical
bulges. Our SAM predicts that merger-induced instabilities have a number density ~2 — 3 dex smaller
than the DI secular evolution at all cosmic epochs, and that it is a secondary channel in the growth of clas-
sical bulges, being classical-bulge growth during the merger event the primary channel at all redshifts.
On the other hand, secular-induced Dls are the most abundant events at any redshift and stellar masses.
However, while in galaxies with Mgeiiar = 107 — 1019 M, these events are able to substantially contribute
to the growth of the bulge, by transferring up ~10% of the total stellar content to the pseudobulge, in
galaxies with Mggejjar = 108 — 10° Mg, DIs can only lead to a small (sub-percent) transfer of mass from the
disk to the pseudobulge. As a consequence, predominant pseudobulge structures are typically present
in galaxies in the range 10°° < Myeiar < 10'°Mp, at high-z, moving to slightly higher values at more
recent cosmic times. At z = 0, in particular, pseudobulges are hosted by galaxies in a very narrow stellar
and subhalo mass window, 10'® < Mjiar < 101%3Mg, and 101 < My, < 1012M,, i.e Milky-Way type
galaxies. Moreover, while at high-z pseudobulges are the dominant bulge structures in massive galaxies
(Mgteliar > 1014 M), they get systematically depleted in such massive systems with decreasing redshift.
We interpret this as a consequence of the hierarchical growth of galaxies: pseudobulges are less likely
to be hosted by very massive systems at late cosmic times, as the assembly of these galaxies is closely
linked to numerous merger events which dramatically modify the dynamics of the galaxy, leading to deep
morphological transformations.

When looking at the properties of the hosts, we find that pseudobulges are hosted by actively star
forming galaxies (in the main sequence of star formation), and with a relatively young stellar population
(mass weighted age ~6 — 8 Gyr, independently on the host stellar mass). Classical bulges, instead,
reside in star forming galaxies only if the host mass is below ~ 10°3 My, while more massive systems are
quenched, or in the process of quenching, and are characterized by an older stellar population.

Tracing the history of galaxies hosting pseudobulges at z=0, we found that they are characterized
by an extremely-quiet merger history. The Millennium and Millennium II simulations predict, re-
spectively, that only 0.5% and 11% of galaxies with a pseudobulge at z =0 experienced a major merger,
and this took place at very high redshifts 2 <z <7. Also minor mergers are rare in the history of today’s
pseudobulge galaxies, with less than 30% of pseudobulges hosts having experienced a minor merger.
Because of the minor mergers, however, these galaxies also contain a small classical bulge component
(~7% of the total bulge mass). The two structures are characterized by different formation times: while
the pseudobulge was formed at z < 0.75, the classical one did it at z < 1.5, the time in which the last minor
merger took place.

Finally, we have created mock samples of local pseudobulges and classical bulges, to compare with
the observational results of Gadotti (2009), who analyzed the properties of pseudobulges in galaxies
above ~ 10'°M,. We found that the pseudobulge structural properties predicted by the model are broadly
consistent with observations. In particular, we find a good agreement in the effective radii distribution of
different classes of bulges. The distribution of bulge-to-total ratios for pseudobulges is also consistent
with the results of Gadotti (2009), while classical bulges are predicted to be in galaxies with disks larger
than observed. These results are quite encouraging and give support to our main underlying assumption
that pseudobulge structure can form mainly via secular evolution.
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Despite the promising results, more investigation is needed to understand bar and pseudobulge form-
ation in a broad cosmological context. Our simple approach is highly complementary to more sophist-
icated simulations which try to study the complex dynamical evolution of disk galaxies. More synergy
among different theoretical approaches and observations are certainly needed to reach a more clear pic-
ture on the different mechanisms that lead to formation of different bulge classes.



CHAPTER 4

LBARRED GALAXIES IN THE LOCAL UNIVERSE: REVISITING THEIR
ANALYTICAL FORMATION FROM A HYDRODYNAMICAL

PERSPECTIVE
“Veo la Comarca, el rio Brandivino... Bolsén “I can see the Shire... the Brandywine River...
Cerrado... los cohetes de Gandalf... las luces de Bag End... Gandalf’s fireworks.. the lights in
la fiesta del drbol. Rosita Coto, bailando. the Party Tree. Rosie Cotton dancing. She had
Llevaba cintas en el pelo. Si me hubiera podido ribbons in her hair. If ever I was to marry
casar, habria sido con ella. Sélo con ella. someone, it would ve been her. It would ve
Me alegro de estar contigo, Samsagaz Gamyi. been her. I'm glad to be with you, Samwise
Aqui, al final de todas las cosas...” Gamgee, here at the end of all things.”
El sefior de los anillos: El Retorno del Rey. The Lord of the Rings: The Return of the King.

This Chapter is based on the paper in preparation: Barred galaxies in the local universe: revisiting
their analytical formation from a hydrodynamical perspective. (David Izquierdo-Villalba; Silvia Bonoli;
Volker Springel, Yetli Rosas-Guevara; Daniele Spinoso; et al.)

ABSTRACT

In this chapter we study the performance of the Efstathiou et al. (1982) analytical description of disk
instabilities to bar-modes. We made use of a barred and an unbarred galaxy samples extracted from the
TNG100 cosmological hydrodynamical simulation. We have found a correlation between the analytical
criterion predictions and the actual bar assembly (non-assembly) shown in the TNG100 for the barred
(unbarred) galaxies. However, in both samples, we have detected cases where the Efstathiou et al. (1982)
criterion of disk instability fails, either claiming disk stability for barred galaxies or disk instability for
unbarred (hence stable) disks. We have explored the galaxy and subhalo properties of these events. The
main differences between barred and unbarred galaxies in which the analytical prescription claims disk
stability reside in the subhalo circular velocity and the stellar-to-halo mass ratio within the disk scale
length, being these two quantities larger in the barred sample. On the contrary, the differences between
barred and unbarred samples identified as unstable by the criterion reside in a larger subhalo circular
velocity and stellar disk spin displayed by barred galaxies. Regarding these results, we propose an extra
criterion based on the subhalo circular velocity, stellar disk spin and stellar-to-halo ratio to be applied on
top of the Efstathiou et al. (1982) one. We have shown that the combination of the old and new criterion
improves the detectability of bar structures and reduces both the contamination of fake barred galaxies
and the number of undetected bar formation events.
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4.1 Introduction

Nowadays we know that bars are a common structure of galaxies in the local Universe where nearly
60% of the disk dominated galaxies host one (Knapen, 1999; Eskridge et al., 2000; Grosbgl et al., 2004;
Menéndez-Delmestre et al., 2007; Barazza et al., 2008a). However, the number of barred galaxies is
not constant with time but seems to decrease towards higher redshifts (Jogee et al., 2004; Elmegreen
et al., 2004; Marinova and Jogee, 2007; Sheth et al., 2008). Bars are believed to be important structures
concerning the galaxy secular evolution. Their capability of redistributing the galaxy angular momentum
leads to gas inflows towards the galaxy nuclear parts, triggering star formation episodes which ultimately
prompt the formation of a pseudobulge (Lynden-Bell and Kalnajs, 1972; Tremaine and Weinberg, 1984;
Kormendy, 1993; van Albada and Roberts, 1981; Schwarz, 1981; Sakamoto et al., 1999). Besides, it has
been shown that bar evolution is accompanied by a secular bucking instability, causing the bar to acquire
large motions normal to the galactic plane, giving the bar a boxy shape (Combes et al., 1990a; Raha et al.,
1991; Debattista et al., 2004; Martinez-Valpuesta et al., 2006; Saha et al., 2013) whose kinematics and
structural properties place them among the pseudobulge class (Debattista et al., 2004, 2005).

Current simulations are able to track the evolution of stellar disks (Navarro and Benz, 1991; Navarro
and Steinmetz, 2000), but it remains unclear why certain galaxies end up developing a bar structure and
some others, apparently similar, do not. One of the pioneer works addressing the complex matter of
bar formation was Efstathiou et al. (1982) which explored the global stability of cold stellar disks (i.e
when most of the kinetic energy of the disk is in rotational motion) by performing a set of 2D N-body
simulations. Interestingly, the authors found a simple analytical prescription to determine the stability
against bar formation:

Vmax

€=——mM———— 4.1
(GMisk /RH1/2 @D

where G is the gravitational constant, V. is the maximum rotational velocity, Ril is the scale length
of disk and My;sk its total mass. The simulations showed that the onset of the bar instability requires
a threshold, epy, equal to 1.1. In this way, at € < epy stellar disks become bar unstable, while at € > epy
they are stable against bar formation. The performance of this criterion was shown to be independent
of the mass-concentration of the halo and bulge component, independent to a considerable increase of
random motions in the central part of the disk and unaffected by changes in the adopted rotational curves.
Further studies on Efstathiou et al. (1982) criterion were performed by Mo et al. (1998b) who explored
the dependences with the disk mass and angular momentum. Other N-body simulations addressing the
bar formation were performed by Athanassoula and Sellwood (1986) which showed that the disk ve-
locity dispersion has an important influence on the bar stability, which in turns depends on both disk
random motion and halo masses. The subsequent studies about bar formation focused on the disk-halo
interaction. Traditionally, as in Efstathiou et al. 1982, the dark matter halo was assumed as a rigid com-
ponent, which does not respond to the stellar disk dynamics. However, many works showed that when
both stellar and halo components are allowed to interact, the angular momentum exchange between them
enhance the growth of bars. This effect was found to be a consequence of the halo transporting outwards
disk angular momentum via resonant interactions (Debattista and Sellwood, 1998; Holley-Bockelmann
et al., 2005; Weinberg and Katz, 2007a,b; Romano-Diaz et al., 2008; Dubinski et al., 2009; Saha and
Gerhard, 2012). Regarding the halo properties, Athanassoula and Misiriotis (2002a) explored the effect
of halo concentration on the bar formation. By comparing two numerical simulations with the same
disk-halo ratio but different halo concentrations Athanassoula and Misiriotis (2002a) showed that the
one with larger concentration developed a much stronger, larger and thinner bar than the simulation with
the less concentrated halo. Similar results were reported by Debattista and Sellwood (1998, 2000) and
Athanassoula (2003), who found differences in the bar pattern speed and bar strength at different halo
concentration. Besides, Athanassoula (2003) explored the effect of the halo mass on the bar formation.
The simulation showed that while the most massive halos had the strongest bar, the less massive ones
displayed weaker bars. The halo spin seems to play also an important role in the stability of stellar disk
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against bar modes. Non-rotating dark matter halos are able to stabilize the disk again bar formation
(Ostriker and Peebles, 1973). On the contrary, it has been suggested that rotating ones can enhance the
growth of a bar (Weinberg, 1985). For instance, Saha and Naab (2013) demonstrated that dark matter
halos with a spin parameter between 0 and 0.07 in co-rotation with the stellar disk are able to prompt the
formation of bars and boxy bulges. Finally, Athanassoula et al. (2013) showed that the halo shape might
play a relevant role in the bar formation. By performing N-body simulations, the authors showed that
halo triaxiality has an impact on the bar formation, being galaxies hosted in halos with larger triaxiality
the ones that develop earlier their bar structure.

Although most of the studies have focused on the effect of the halo properties on bars, there are some
works addressing the effect of bulges in the bar assembly and evolution. Since bulges are a high-mass
concentration at the center of the galaxies, they can have a deep impact on the radial forces acting in the
disk. Kataria and Das (2018) used N-body simulations of bar formation in isolated galaxies to study the
effect of a bulge mass and concentration on the bar assembly. Interestingly, the results suggested a delay
in the bar formation as a function of the galaxy bulge-to-disk ratio (B/D). Particularly, they reported a
B/D upper cut off above with the development of a bar is suppressed. While in dense bulges such cut
was at B/D ~ 0.2, in the less dense ones was a ~ 0.5 (see also the paper of Kataria et al. 2020). Similar
bulge dependence could be hinted when comparing the zoom-in hydrodynamical simulations Eris and
ErisBH (Guedes et al., 2011; Bonoli et al., 2016). While the bulge of ErisBH was smaller than the one
of Eris, the former displayed a bar structure and the latter not (Spinoso et al., 2017). Some observational
studies have also shown such correspondence between the presence of bulges and bars. For instance, the
results of Barazza et al. (2008b) and Aguerri et al. (2009) point out that the bar fraction decreases with
increasing bulge luminosity.

In order to describe the complex processes of bar formation listed above with a single analytical
prescription, most of the semi-analytical models (SAMs) in the literature have relied on the 40-years-old
Efstathiou et al. (1982) criterion (see e.g. Guo et al., 2011; Barausse, 2012; Croton et al., 2016; Lacey
et al., 2016; Cora et al., 2018; Marshall et al., 2019b). These models have shown that disk instabilities
caused by such prescription are one of the main mechanisms of the bulge growth, leading to pseudob-
ulge/bar structures mainly hosted in Milky-Way type galaxies (Tonini et al., 2016; Izquierdo-Villalba
et al., 2019; Marshall et al., 2019b). Despite SAMs provided results in broad agreement with observa-
tions (Izquierdo-Villalba et al., 2019), the Efstathiou et al. (1982) criterion can not fully describe the
multi-dependent and non-linear nature of bar formation processes (see Athanassoula, 2008). Therefore,
to refine SAM predictions, further studies are required to develop a criterion able to broadly capture the
whole physics and dependences involved on the bar onset in a wide cosmological context (Algorry et al.,
2017; Valencia-Enriquez et al., 2019). These studies are now possible thanks to the enormous advance of
cosmological hydrodynamical simulations, which can follow the physical assembly of galaxies down to
relatively small scales in large cosmological volumes (see e.g, Dubois et al., 2014b; Schaye et al., 2015;
Nelson et al., 2018; Davé et al., 2019).

In this chapter we present an ongoing work whose aim is testing the Efstathiou et al. (1982) analytical
criterion of bar formation with a sample of z= 0 barred and unbarred galaxy extracted from the TNG100
hydrodynamical simulation (Nelson et al., 2018; Pillepich et al., 2018a). By studying the properties of
the barred and unbarred galaxies in which the criterion fails, we propose an additional condition applied
on top of Efstathiou et al. (1982) analytical criterion to improve its performance. The outline of this
work is as follow: In Section 4.2 we describe the main characteristics of the TNG100 simulations and
the bar/unbarred galaxy sample. We apply the Efstathiou et al. (1982) analytical criterion to these two
samples. In Section 4.3 we analyse the properties of the galaxies in which the analytical criterion for
bar formation fails and we explore a new condition applied on top of the Efstathiou et al. (1982) to
improve its performance. Finally, in Section 4.4 we summarize our main findings. A Lambda Cold
Dark Matter (ACDM) cosmology with parameters Qp, = 0.309, Qp =0.691, Q, =0.047, 03 =0.816 and



BARRED GALAXIES IN THE LOCAL UNIVERSE: REVISITING THEIR ANALYTICAL
FORMATION FROM A HYDRODYNAMICAL PERSPECTIVE 83

Ho=67.74kms~! Mpc~! is adopted throughout the chapter (Planck Collaboration et al., 2016).

4.2 Methodology

Our purpose is checking the performance of Efstathiou et al. (1982) analytical prescription for bar form-
ation with galaxies extracted from cosmological hydrodynamical simulations. Specifically, we test this
criterion in two different disk-dominated galaxy samples: one composed by galaxies hosting bar struc-
tures and the other containing unbarred galaxies. We expect the Efstathiou et al. (1982) criterion to be
able to find a larger number of disk instability events in barred galaxies, close to their bar formation
time. On the contrary, we expect a few of these events (or none) in the unbarred sample. In this work, we
focus on z = 0 galaxies, making use of the bar and unbarred galaxy sample of Rosas-Guevara et al. (2020)
extracted from the TNG100 simulation. In the following sections, we briefly describe the main character-
istics of the hydrodynamical simulation, the procedure employed to detect barred and unbarred galaxies
and their stability against bar formation reported by the Efstathiou et al. (1982) analytical criterion.

4.2.1 The TNG100 simulation

The Next Generation Illustris Simulations' (I11ustrisTNG or just TNG) are a set of gravo-magneto-
hydrodynamical simulations of large cosmological volumes run with the moving-mesh code AREPO
(Springel, 2010). To follow the evolution of galaxies and subhalos, AREPO solves the coupled equations
of ideal magneto-hydrodynamics and self-gravity and includes an updated version of the I1lustris?
subgrid galaxy formation physics (Vogelsberger et al., 2014a,b). Among many others, the subgrid model
includes prescriptions for radiative gas cooling, stellar evolution, AGN/supernovae feedback, chemical
enrichment, gas recycling, black hole seeding, black hole growth and metal loading of outflows (Vogels-
berger et al., 2014b). Regarding the updates with respect to I1lustris, the underlying TNG subgrid
includes a new radio mode AGN feedback (Weinberger et al., 2017), updates the supernova wind model
(Pillepich et al., 2018a), refines the chemical evolution (Naiman et al., 2018) and introduces magneto-
hydrodynamics effects (Pakmor et al., 2011; Pakmor and Springel, 2013; Pakmor et al., 2014; Pillepich
etal., 2018a,b).

The TNG project includes three different simulations: TNG300, TNG100 and TNG50 (Nelson et al., 2018;
Pillepich et al., 2018a; Springel et al., 2018; Nelson et al., 2019; Pillepich et al., 2019). In this work
we make use of the TNG100 which follows the the evolution of 2 x 1820 particles (gas and dark mat-
ter) in a box of 75 Mpc/h which translates into a baryon and DM mass resolution of 9.5 X 10° Mo /h
and 5 x 109 My/h, respectively. The collisionless and gas softening lengths at z=0 are 0.5kpc/h and
125 pc/h. The TNG100 simulation was started at z= 127 with initial conditions set by the Zeldovich ap-
proximation and cosmological parameters consistent with Planck Collaboration et al. (2016): Qp, =0.3089,
Qx=0.6911, Qp=0.0486, 03 =0.8159, n;=0.9667 and h=0.6774kms~! Mpc~!. Particle data was
stored at 100 different snapshots from z~20 to z=0. Dark matter subhalos and galaxies were identi-
fied within these snapshots by using a friend-of-fiend group finder (Davis et al., 1985) and SUBFIND
algorithm (Springel et al., 2001). Finally, by applying L-HALOTREE and SUBLINK algorithms (Sprin-
gel, 2005; Rodriguez-Gomez et al., 2015) all DM subhalos and galaxies were arranged in merger trees
structures.

4.2.2 Bar and unbarred galaxies seen from an hydrodynamical perspective

In this work we use the z =0 TNG100 barred and unbarred galaxy sample of Rosas-Guevara et al. (2020).
In the following paragraphs, we briefly describe the procedure employed to identify them.

Thttps://www.tng-project.org/
Zhttps://www.illustris-project.org/
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Sample Number Mgteltar [Mo]
Weak bars 48 10794 <« Mgeprar < 101
Strong bars 59 10194 <« Meprar < 101
Unbarred 131 10194 < Miepiar < 1011

Table 4.1: Number of objects and stellar mass range of weak bars, strong bars and unbarred galaxies in
TNG100 simulation.

Based on the Genel et al. (2015) kinematic bulge-to-disk decomposition of TNG100 galaxies, Rosas-
Guevara et al. (2020) selected a galaxy sample at z =0 with disk-to-total ratio > 0.7, guaranteeing a
galaxy morphology fully dominated by the disk structure. To ensure a well-resolved disk, the extra
condition of more than 10* stellar particles within the galaxy half mass radius (Rhair) was also imposed.
Such particle limit set a low stellar mass cut of 10'°4*My. From this disk-dominated galaxy sample,
the authors identified stellar bars by performing a Fourier decomposition of the face-on stellar surface
density (Zgars, Athanassoula and Misiriotis, 2002a; Valenzuela and Klypin, 2003). Specifically, they
determined the strength of a non-axisymmetric nuclear component (A;) by computing the ratio between
the second and zero terms of the Fourier expansion:

|33 M; %]
M

where M;, 6;, and r are, respectively, the mass, angular position in the galactic plane (x,y) and radial
distance from the galactic center of the j stellar particle. The sums of Eq.4.2 were performed over all
particles within cylindrical shells of 0.12 kpc with and 2 kpc high. In short, A,(r) displays an increasing
trend up to a distance rpyx Where the strength of the non-axisymmetric structure exhibits a maximum
(Ag‘a"). After rpax, the values of A,(r) gradually decrease to zero. The position rp,x were used as an
estimate of the bar length (r,,:). Finally, to avoid confusion between bars and other non-axisymmetric
structures such as spiral arms (or spurious detection), the authors imposed that the phase of the second
Fourier mode:

Ax(r)= (4.2)

1
o(r)= 3 arctan 4.3)

¥ M; sin (26;)
2 M; cos (ZHj)]

has to be constant® within the bar length. This Fourier decomposition allowed Rosas-Guevara et al.
(2020) to divide the disk dominated galaxy sample in three different groups: unbarred sample (A7** <0.2),
weak bar sample (0.2 < A7 <0.3) and strong bar sample (AJ** > 0.3). In Table 4.1 we summarize the
number of objects in each sample and the stellar mass range. In what follows, we only study the unbarred
sample and strong bars (hereafter barred sample). We highlight that instead of using the values of AT
get from the A, (r) profiles, we use the ones obtained from the cumulative ones, A, (< r)*. Notice that the
values of AT (<r) are smaller than AJ™ (see Figure 2 of Rosas-Guevara et al., 2020).

Similar as in Rosas-Guevara et al. (2020), we define the bar formation time, 52 as the moment in
which the AT**(<r, figokback) 18 for the first time always large than 0.15. For the unbarred sample we
define the formation time as the median value of t?ar of the strong barred galaxy sample. To properly
compare the bar evolution of the whole galaxy sample we will use the normalised time since the bar
formation, 6t, defined as:

o — ¢,
f snp

bar
Ty

ot= 4.4

3The term constant refers to a median value of ¢(r) — @(r) at r < ry,, smaller than 5°. The value of @(r) is the median of ¢(r)
at r < Fpyr.

“The difference between A,(r) and A,(<r) is that the in the latter the summation is carried over all particles enclosed within
a cylinder of radius r.
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Figure 4.1: Left panels: Evolution of a barred galaxy at z=0 and z=1. The upper panels display the
galaxy face-on surface mass density. While the red circle highlights the bar length (1), the black ones
represents the one and two half-mass-radius (Rpar). The lower panels display the galaxy face-on surface
mass profile: pink, red and green represent the fit for the all galaxy, the bulge and the disk component,
respectively. Right panels: The same as the left panels but for an unbarred galaxy.

where g, corresponds to the loockback time of the simulation snapshot. To guide the reader, 6t = 0 rep-
resents the bar formation time while 6¢ > 0 (67 < 0) corresponds to times after (before) the bar formation.

Given that the Efstathiou et al. (1982) disk instability criterion depends on the stellar disk mass and
its scale length (see Eq.4.1), we need to extract these quantities form our sample of disk-dominated
galaxies. For that we compute for each galaxy its face-on surface mass profile’, Zrs(r), and we fit it to
a sum of a Sérsic model (Sersic, 1968) and an exponential profile:

1
n
(%)

where the first and second term represent the bulge and disk component, respectively. Xy, Ry and n
represent the central surface mass density, effective radius and Sérsic index of the bulge component. On
the other hand, ZgiSk’* and RS are, respectively, the central surface mass density and the scale length of
the galaxy stellar disk. The b, value is such as I'(2n) =2y(2n, b,) where I' and 7y are, respectively, the
complete and incomplete gamma function. The fits have been done by finding first the optimal parameters
of the exponential disk profile and afterwards modelling with the Sérsic profile the central residual excess,
i.e bulge (see Scannapieco et al., 2011; Marinacci et al., 2014). We have used the kinematic bulge-to-
disk decomposition of Genel et al. (2015) as an initial guess for the break at which the change between
the exponential and the Sersic law happens. These fits have been done up to 2R},,¢ and throughout the
whole cosmological evolution of the galaxy. As an example of the fit performance, in Fig. 4.1 we present
the face-on stellar surface density profile and its disk-bulge decomposition for an unbarred and a barred
galaxy at z=0and z=1. As we can see, in both galaxies and redshifts the structural decomposition finds
a well behave exponential declining trend corresponding to the galactic disk structure.

—b,
Zstars(r) =2p e

+ Zre B 4.5)

5The surface mass profile is computed in concentric annulus of 0.2 kpc wide centred in the position of the most bound
particle of the galaxy.
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Figure 4.2: Distribution of €, Myjsk, Ril and Vp,« for bar (blue) and unbar (red) sample at different bar
times (0t, see Eq.4.4). Positive (negative) values of ¢ represent galaxy moments after (before) the bar
formation. The solid vertical line in the first column highlights the value of epy.

4.2.3 Bar and unbarred galaxies seen from an analytical perspective

In this section we apply the disk instability criterion of Efstathiou et al. (1982) to the barred and unbarred
sample. We explore if the criterion is able to capture the formation/assembly of the TNG100 bar structure
and capable to explain its absence in the unbarred sample. Hereafter, and following the approach of many
semi-analytical models, the value of V,« in the Eq.4.1 is going to be assumed the maximum circular
velocity of the subhalo (see e.g Guo et al., 2011; Tonini et al., 2016; Gargiulo et al., 2017; Izquierdo-
Villalba et al., 2019).

In Fig. 4.2 we present at different o the distribution of My;sx and Rff for the barred and unbarred
sample. As shown, the former displays slightly more massive stellar disks than the latter. The largest
difference is reached at —0.5 <6t <0.5. By looking at the disk scale length, we can see that regardless
time the RY distribution of the bar sample generally peaks at lower values (< 3kpc) than the unbarred
one (2 3 kpc). These results point out that unbarred sample have more extended and diffuse stellar disks
than the barred one. We have also explored the distribution of the subhalo maximum circular velocity,
Vmax- Interestingly, at any ¢t, galaxies displaying bar features are systematically hosted in subhalos with
larger Vax than unbarred galaxies.

In the left panels of Fig. 4.2 we present the evolution of the € distribution. Concerning the barred
sample, we can see a correlation between € and the bar formation and assembly. While at 6r < — 0.25
the distribution peaks at € > epy, when approaching to 67 =0 it moves towards low values, concentrating
at 0.9 <epr <1.3. Once 6tr>0 is reached, the peak of the € distribution is systematically found at the
unstable region of the Efstathiou et al. (1982) criterion. For the unbarred galaxies, we see the opposite
trend, being € systematically larger than epy at any 6. Despite in both samples the € distribution displays
a correlation with the (no) bar assembly, there are cases where the Efstathiou et al. (1982) criterion does
not capture the (in)stability of the stellar disk. For instance, in the bar sample we have cases in which
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Figure 4.3: Examples of barred in the unstable region (BUR, cyan lines), barred in the stable region
(BSR, purple lines), barred in the unstable region (UBUR, magenta lines) and unbarred in the stable
region (UBSR, green lines). The upper panels display the values of €(dt) while the lower ones the
AJ™(<r, o1). The horizontal black line represents the value of ep;.

close to the bar formation € > ep;. On the other hand, for the unbarred galaxies we find examples where
€ < epy but the TNG100 galaxy did not develop a bar structure.

In order to draw a more robust conclusion and avoid confusion with transient bars or bar dissolution
events, we have selected a sub-sample of strong bars whose value of AJ**(<r) is always <0.15 and, at
a certain time close to ¢t ~ 0, it stars to monotonically increase as a consequence of the bar assembly.
In this sub-sample, we have differentiated between two groups. The first one is formed by galaxies
satisfying the Efstathiou et al. (1982) criterin, i.e € decreases down to values smaller than epy at 6¢ ~ 0 at
the same time that AT**(<r) grows because of bar formation. Hereafter such group is going to be called
barred in the unstable region or just BUR. The other group consists of barred galaxies whose value of €
is systematically larger than ep; before and after the bar formation and assembly. This group has being
tagged as barred in the stable region or BSR. We have done a similar procedure for the unbarred galaxies,
selecting a sub-sample of galaxies whose AJ**(<r) is smaller than 0.15 at any time. We differentiated
between galaxies where € < epy and galaxies where € > ep;. Analogously to what we did with the sub-
sample of barred galaxies, the former group is called unbarred in the unstable region (or just UBUR)
and the latter unbarred in the stable region (or just UBSR). In Fig. 4.3 we present an example of the
galaxy types BUR, BSR, UBUR and UBSR, showing the € and A7**(<r) evolution as a function of the
normalized time since the bar formation. As we can see, while the A7**(<r) evolution in BUR and BUR
samples is very similar, their € values are completely different. One is systematically in the stable region
while the other is in the unstable one. Similar trend is shown in the UBUR and UBSR examples, being
the former classified as barred galaxy by the Efstathiou et al. (1982) criterion.

4.3 Results

In this section we explore the performance Efstathiou et al. (1982) analytical prescription for the BUR,
BSR, UBUR, UBSR sub-samples, whose bar/no-bar evolution is well defined. The aim of this section is
understanding the limitations of the Efstathiou et al. (1982) criterion.
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Figure 4.4: Distribution of €, Mk, Rs*l » Vinax/ V200 and II/_l)hII for BUR (dark blue) and BSR (cyan) sample
at different bar times (¢, see Eq.4.4). The solid vertical line in the first column highlights the value of
€DI.

4.3.1 Differences between BUR and BSR: Distinct analytical results for barred galaxies

In Fig. 4.4 we present the comparison between the BUR and BSR samples. As we expected, the BUR
displays a nice correlation between € and the bar formation. On the contrary, BSR has systematically
€ > epy, especially at 6r> 0. Interestingly, while the two samples have a similar radius, BSR displays
smaller disk masses. These results suggest that while Efstathiou et al. (1982) criterion can capture, at a
fixed stellar mass, the disk instabilities leading to the bar formation in relatively compact disk, in less
compact ones is not able to properly determine the onset of disk instabilities. We have checked that the
differences shown in € do not come from the values of V,;x given that both distributions are really similar.
We have further explored the properties of the subhalos hosting the BUR and BSR samples. Some
theoretical works have pointed out that large subhalo concentration and spins can lead to a faster bar
growth and formation (Athanassoula and Misiriotis, 2002b; Saha and Naab, 2013). In Fig. 4.4 we present
the evolution of Vyax/Vaoo, where Vo is the subhalo virial velocity. This quantity is an approximation
of the subhalo concentration and it is widely used in many works (see e.g. Gao and White, 2007)°. As
shown, both samples display very similar distribution and evolution of V,.x/ V200, peaking typically at
~1.4. In the same figure we show the modulus of the subhalo spin (||/_l)h||), obtained following Bullock
et al. (2001):

Foo L ZMTXY (4.6)

V2 Mhaio V200 R200

where M;, 7; and V; are the mass, radius and velocity of the j dark matter particle. My, and Ry
represent the virial mass and radius the subhalo. As happened with the subhalo concentration, no evident
differences are seen in the values of ||jh|| for BUR and BSR. According to these results, we can conclude
that the main differences between the two sub-sample of barred galaxies reside in the properties of their
stellar disk rather than the ones of their hosting subhalos.

6 The advantage of this concentration definition is that it is not required any model to fit the simulation data.
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Figure 4.5: Distribution of €, Myjsk, Rff , Vinax/ V200 and IIZhII for BSR (cyan) and UBSR (dark red) sample
at 5 different bins of bar times (¢, see Eq.4.4). The solid vertical line in the first column highlights the
value of epy.

4.3.2 The BSR and UBSR samples: Fake unbarred galaxies in the analytical criterion

As we showed in Section 4.2.3 there are galaxies in the bared sample in which the analytical prescription
for bar formation is not able to capture the disk instability events which ultimately lead to the growth
of a bar structure. In order to understand what are the discrepancies between the outcome of the hydro-
dynamical simulation and the analytical criterion, in this section we compare the BSR sample with the
UBSR one. This comparison will help to understand what are the differences between false stable disks
in the Efstathiou et al. (1982) criterion and the frue ones.

In Fig. 4.5 we present the distribution of € for BSR and UBSR. As expected, both samples are
systematically in the disk stable region. Regarding the stellar disk properties, we can see that BSR and
UBSR are very similar type of galaxies, showing comparable evolution in their disk stellar masses and
scale lengths. However, at 6t >0.5 we find significant differences in R$'. While BSR typically hosts
disks with RS/ ~ 3kpc, UBSR has RS ~ 4.5 kpc. Similar behaviour is found in the subhalo concentration,
where at ¢ > 0.5 UBSR are hosted in subhalos slightly more concentrated than BSR (1.5 against 1.35,
respectively). Concerning the subhalo spin, we do not find relevant differences at any o¢. In Fig. 4.6
we have explored the differences in the modulus of the stellar disk spin, defined as (Springel and White,

1999): '
Jdisk |,

[ Agiskll = [l Al (4.7)
Mdisk

where mygisk is the ratio of the stellar disk mass over the subhalo one (Mgisk/Mhalo) and jgisk is the ratio
between the disk and subahlo angular momentum (||.7disk|| / ||.7ha10||). As happened with the subhalo spin
parameter, both distributions of ||/Tdisk|| for BSR and UBSR display similar trends, spanning from 0.01
up to 0.5. The main differences are seen in V,x and the ratio between the total stellar and subhalo mass
within the disk scale length, mg(< RS*’). As we can see, the BSR have larger velocities (Viax = 220 km/s)
than the UBSR (Vinax $220km/s). On the other hand, regardless of time, mg(< Ri’) in the UBSR has a
clear cut off at ~0.8. On the contrary, the BSR sample has a distribution clearly peaked at mg(< R$) ~1,
which becomes more and more concentrated at ¢ > —0.25. To further explore the differences between
BSR and UBSR, in the right panel of Fig. 4.6 we present the plane (Il;l)diskll , mg(< Rff)), where the color
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Figure 4.6: Left panels: Distribution of Vi.x, ||/Tdisk|| and mg(< Ril) at 5 different 6t intervals.
Cyan and dark red lines represent the BRS and UBSR samples, respectively. Right panels: Plane
(Il;l)diskll , mg(< Rif)) for BSR (circles) and UBSR (squares). The color encodes the maximum circular
velocity of the hosting dark matter subhalo (Vax).

encodes the value of V,.x. As shown, there is a correlation between mg(< Rif) and Vpax: at larger values
of mg(< Ril), the larger is Vpax.

4.3.3 The BUR and UBUR samples: Fake barred galaxies in the analytical criterion

Similar to what we did in the previous section, here we compare the BUR sample with the UBUR one.
This comparison will shed light in the differences between false unstable disks in the Efstathiou et al.
(1982) criterion and the true ones. As shown in Fig. 4.7, the criterion claims disk instability against
bar formation (€ < epy) in BUR and UBUR. However, these samples have different stellar disk mass and
radius evolution. While BUR sample has stellar disk of Mg;sx 2 10! with RS ~ 3 kpc, UBUR displays
less massive and more extended ones (Mg < 10193 and Ri’ ~2kpc). On the subhalo side, we do not
find significant differences in the concentration (~ 1.5) and spin (~ 0.07).

Regarding the subhalo maximum circular velocity, in Fig. 4.8 we show their distributions at different
ot. As happened with the barred galaxies in the stable region, BUR displays systematically larger Vpax
than UBUR, which has a sharp cut off at ~220km/s. Interestingly, on contrary to what happened with
the galaxies in the stable region, the main difference between BUR and UBUR is found in ||/_l)disk|| and not
in mg(< Rif) where both samples have mg(< Ri’) > 1. As we can see, the distributions of ||/Tdisk|| for UBUR
is concentrated at ~ 0.05 with very few cases larger than 0.1. On the other hand, BUR has larger disk spin
values, peaking typically at ~ 0.175. In order to find correlations between IIZdiSkII, ms(< Ri’) and Vpax, In
the right panels of Fig. 4.7 we display the plane (lljdiskll , mg(< Ri’)) where the color represents the Vp,x.

Interestingly, for the BUR at mg(< R‘V*l) ~ 0.2 we find the galaxies with the largest Vyax (2 240km/s). A
part from that, we do not see further correlations.
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Figure 4.7: Distribution of €, Myjsk, Ril, Vimax/Va0o and II/ThII for BUR (orange) and UBUR (dark blue)
sample at 5 different bins of bar times (¢, see Eq.4.4). The solid vertical line in the first column highlights
the value of epy.

4.3.4 Reducing the contamination: extra conditions in the analytical criterion

As we have shown in Section 4.3.2 and 4.3.3, there are cases in which the Efstathiou et al. (1982) analyt-
ical criterion for the bar formation is not able to properly capture the stability/instability of the galactic
disk. Regarding the differences between BSR/UBSR (see Fig. 4.6) and BUR/UBUR (see Fig. 4.8), we
explore an extra condition applied on top of the Efstathiou et al. (1982) to determine if the disk is truly
stable or unstable. Such criterion is going to be parametrized as:

f=ms(<Rs*l (Vmax)(”/ldisk”) (48)

220 0.15

where the normalization factors in V,x and ||jdisk|| have been obtained according to the peaks in the
distribution of BSR/UBSR and BUR/UBUR, shown in Fig. 4.6 and Fig. 4.8. In order to explore the
performance of the new parameter &, in Fig. 4.9 we present the plane (€, &) for the BSR/UBSR and
BUR/UBUR samples at different 6. As show, & is systematically larger in both barred samples than in
the unbarred ones. While the former samples have £ > 1.0, the latter ones display £ < 1.0. Regarding
these results, we suggest that the analytical stability/instability of a stellar disk should be determined as:

Disk is unstable against bar formation when e<epr & &=épp
Disk is unstable against bar formation =~ when e€>ep; & &>&pp
Disk is stable against bar formation when e>ep; & €<épp

Disk is stable against bar formation when e<epr & &<épp

where, according to Fig. 4.9, we set the value of &py to 1.1. In Fig. 4.10 we present for the whole bar
un barred sample the ratio between the number of disk instabilities detected when the new criterion is
applied and when it is not. As we can see, the number of detected disk instabilities in the barred sample
when the new extra condition is applied is larger or equal than when only the Efstathiou et al. (1982)
criterion is applied. On the contrary, for the unbarred galaxy sample we can reduce more than the half of
the events considered as a disk instabilities.
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Figure 4.8: Left panel: Distribution of Vj.x, ||/Tdisk|| and mg(< Ril) at 5 different 8¢ intervals. Dark
blue and orange lines represent the BUS and UBUR samples, respectively. Left panel: Plane
(Il;l)diskll , mg(< Rif)) for BUR (circles) and UBUR (squares). The color encodes the maximum circular
velocity of the hosting dark matter subhalo (Vax).

4.4 Summary and conclusion

In this chapter we have presented an ongoing work whose aim is studying the performance of Efstathiou
et al. (1982) analytical prescription for bar formation. For that, we have made use of the strong bar and
unbarred galaxy samples of Rosas-Guevara et al. (2020) extracted from the TNG100 cosmological hy-
drodynamical simulation. Specifically, they are formed by galaxies with disk-dominated morphologies
(disk-to-total ratio >0.7) in the 10'%4 —10'! M, range of stellar mass. Given that the Efstathiou et al.
(1982) criterion requires the mass (Mgisk) and scale length (Ri’) of the galaxy disk, we have fitted for all
galaxies in our samples their face-on stellar surface density to a sum of a Sérsic and an exponential disk
model. These fits have been done throughout the whole cosmological evolution of the galaxies. When
applying the Efstathiou et al. (1982) prescription we have found a correlation between the analytical
criterion predictions and the actual bar assembly (non-assembly) shown in the TNG100 barred (unbarred)
galaxies. While close to the onset of the bar most of the galaxies in the barred sample display unstable
stellar disks against bar formation, galaxies in the unbarred sample are in the disk stable region. Despite
this, we have detected cases where the Efstathiou et al. (1982) criterion does not capture the onset of
the bar. For instance, while for some barred galaxies we have cases in which close to the bar formation
the criterion claims disk stability, for some unbarred galaxies it asserts disk instability when the TNG100
galaxies do not develop a bar structure.

In order to have a better understanding of the limitations of Efstathiou et al. (1982) criterion, we
have only analysed a sub-sample of barred and unbarred galaxies with a smooth bar (non-) assembly
evolution. This concerns to galaxies in the unbarred sample which never developed a non-axisymmetric
structure during its cosmological evolution. For the barred sample we refer to galaxies with a monotonic
and well behave bar formation and assembly. With these samples we have been able to obtain robust res-
ults about secular bar formation, avoiding confusions with transient or non-permanent non-axisymmetric
structures caused, for instance, by fast interactions as fly-bys. These sub-samples have been divided into
two different groups. The former is formed by galaxies which are systematically in the stable region (SR)
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Figure 4.9: The central panels represent the (¢,£) plane at different 6t for the BSR (cyan circles) UBSR
(dark red squares), BUR (dark blue) and UBUR (orange). While the horizontal line highlights the vale
ep1, the vertical one highlights épy. Let and right panels with histograms represent the distribution of &
parameter.

of the Efstathiou et al. (1982) criterion: BSR and UBSR for the group of barred and unbarred galaxies,
respectively. On the contrary, the second is composed by galaxies displaying regularly disks in the un-
stable region (USR) of the Efstathiou et al. (1982) criterion: BUR and UBUR for the group of barred and
unbarred galaxies, respectively. By analysing the properties of BSR and UBUR samples we have been
able to understand the properties fake negative and fake positive barred galaxies on the Efstathiou et al.
(1982) criterion.

Regarding the cases of false stable disks in the Efstathiou et al. (1982) criterion, we have compared
the BSR sample with the UBSR one. Interestingly, before the bar formation no significant distinctions
in the stellar disk mass, disk scale length, subhalo concentration and subhalo spin are displayed. The
differences are seen in the maximum circular velocity of the subhalo (V) and in the stellar-to-halo
ratio within the disk scale length (mg(< Rif)), being these quantities larger for the barred sub-sample. On
the other hand, the cases of false unstable disks have been analysed by comparing the BUR and UBUR
sample. Unlike the previous cases, BUR and UBUR samples have different stellar disk mass and ra-
dius evolution before and after the bar formation, being these properties larger in the BUR. While BUR
sample has stellar disk of Mgjsk = 10195 with Rff ~ 3kpc, UBUR displays less massive and more exten-
ded disks (Mg < 10193 and Rff ~2kpc). However, the main differences are shown in the Vi, and the
stellar spin (||/7disk||) where the latter quantity is ~ 2 times larger in the barred sub-sample before and after
the onset of the bar structure.

After investigating the properties of false stable/unstable disks according to Efstathiou et al. (1982),
we are planning to propose an extra condition applied on top of the Efstathiou et al. (1982) criterion to de-
termine if the disk is truly stable or unstable. Such condition correlates with Vi, ||jdisk|| and mg(< Ril).
Interestingly, after applying the new condition, the number of bar formation events in the barred sample
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Figure 4.10: Ratio of the number of disk instabilities when we apply a combined criterion of € and ¢ and
when we only use the condition on €. Blue and red lines represent the whole barred and unbarred galaxy
sample, respectively.

increases (~25%) while they are considerably reduced in the unbarred galaxy sample (around 50% in
the whole unbarred galaxy sample and 75% in the UBUR sample).

Although in this work we have explored a novel extra analytical condition applied on top of the Ef-
stathiou et al. (1982) criterion with promising results, further investigations are needed. The increase
in the number of high-resolution hydrodynamical simulations (see for instance TNG50, Nelson et al.,
2019; Pillepich et al., 2019) provides a unique opportunity to test with large statistics the Efstathiou et al.
(1982) criterion at lower stellar masses than the one explored in this chapter. Such analysis will help to
the understanding of bar formation in low-mass galaxies (Mgteltar < 10'° M,) and determine if Efstathiou
et al. (1982) criterion still holds in that range of masses.



CHAPTER D

‘7 SPINNING BLACK HOLES AND WANDERING BLACK HOLES

* ¢Cémo se retoma el hilo de toda una vida?, “How do you pick up the threads of an old life?
;como sequir adelante cuando en tu corazén empiezas How do you go on, when in your heart you begin
a entender que no hay regreso posible, que hay cosas to understand there is no going back. There are
que el tiempo no puede enmendar, aquellas que hieren some things that time can not mend. Some hurts
muy dentro, que dejan cicatriz?” that go too deep, that have taken hold.”
El sefior de los anillos: El Retorno del Rey. The Lord of the Rings: The Return of the King.

This Chapter is based on the paper: From galactic nuclei to the halo outskirts: tracing supermassive
black holes across cosmic history and environments. David Izquierdo-Villalba; Silvia Bonoli; Massimo
Dotti; Alberto Sesana; Yetli Rosas-Guevara; Daniele Spinoso; Monthly Notices of the Royal Astronom-
ical Society, Volume 495, Issue 4, pp.4681-4706 (2020)

ABSTRACT

In this chapter we study the mass assembly and spin evolution of supermassive black holes (BHs) across
cosmic time as well as the impact of gravitational recoil on the population of nuclear and wandering black
holes (WBHs) by using the semi-analytical model L-Galaxies run on top of Millennium merger trees.
We track spin changes that BHs experience during both coalescence events and gas accretion phases. For
the latter, we assume that spin changes are coupled with the bulge assembly. This assumption leads to
predictions for the median spin values of z = 0 BHs that depend on whether they are hosted by pseudob-
ulges, classical bulges or ellipticals, being a ~ 0.9, 0.7 and 0.4, respectively. The outcomes of the model
display a good consistency with z <4 quasar luminosity functions and the z =0 BH mass function, spin
values and black hole-bulge mass correlation. Regarding the wBHs, we assume that they can originate
from both the disruption of satellite galaxies (orphan wBH) and ejections due to gravitational recoils
(ejected wBH). The model points to a number density of wBHs that increases with decreasing redshift,
although this population is always ~ 2 dex smaller than the one of nuclear black holes. At all redshifts,
wBHs are typically hosted in Mg, =103 My and Mgepiar 210'° M, being orphan wBHs the dominant
type. Besides, independently of redshift and subhalo mass, ejected wBHs inhabit the central regions
(£ 0.3Ryq) of the host DM subhalo, while orphan wBHs linger at larger scales (> 0.5Rjqp). Finally, we
find that gravitational recoils cause a progressive depletion of nuclear BHs with decreasing redshift and
stellar mass. Moreover, ejection events lead to changes in the predicted local black hole-bulge relation,
in particular for BHs in pseudobulges, for which the relation is flattened at Myyge > 10102 Mg and the
scatter increase up to ~ 3 dex.
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5.1 Introduction

Since the discovery of the first quasar (Schmidt, 1963) our understanding of supermassive black holes
(BHs), their growth and relation with the host galaxies has substantially increased, although a complete
and exhaustive picture on their formation, evolution and impact on the environment is still missing. A
couple of decades ago, observational results confirmed both the existence of BHs at the center of most
massive galaxies and the presence of a correlation between their masses and the properties of their hosts
(Soltan, 1982; Haehnelt and Rees, 1993; Faber, 1999; O’Dowd et al., 2002; Hiring and Rix, 2004b;
Kormendy and Ho, 2013; Savorgnan et al., 2016). Their effect on shaping the star formation of their
hosts has also been extensively studied (Silk and Rees, 1998; Birzan et al., 2004; Diamond-Stanic and
Rieke, 2012; Mullaney et al., 2012b,a; Eisenreich et al., 2017). Observational studies are finally finding
direct evidence of AGN-driven winds (Tombesi et al., 2014, 2015; Cresci et al., 2015; Bischetti et al.,
2017).

From a theoretical point of view, it is well established that black holes grow via gas accretion and
coalescence with other black holes (Marulli et al., 2008; Bonoli et al., 2016; Hirschmann et al., 2012,
2014; Fanidakis et al., 2011; Dubois et al., 2012a). While the former seems to be the main contributor
to the total mass-assembly budget (Soltan, 1982), the latter appears to have just a sub-dominant import-
ance (Small and Blandford, 1992; Fanidakis et al., 2011; Dubois et al., 2014b). Concerning gas accretion,
several physical processes are believed to be responsible for driving gas towards the black hole surround-
ings. One of these processes is galaxy mergers, whose gravitational torques can modify the galaxy cold
gas structure and trigger gas inflows towards the nuclear region (Hernquist, 1989; Barnes and Hernquist,
1991b; Mihos and Hernquist, 1996a; Di Matteo et al., 2005; Springel, 2005; Li et al., 2007). Secular
processes such as the formation of bar structures or the redistribution of gas after supernovae explosions
may have similar effects (Shlosman et al., 1989; Hopkins et al., 2009a; Hopkins and Quataert, 2010;
Fanali et al., 2015; Dubois et al., 2015; Du et al., 2017). However, no clear observational conclusions
about these two latter feeding mechanisms have been reached up to date. After being transported towards
the nuclear parts, the gas has to lose a significant amount of its angular momentum to reach closer orbits
around the BH to be ultimately accreted by it. Even though this process is not trivial and probably does
not have an unique answer, many works have pointed out that both local viscous stress and gravitational
torques (such as bars-within-bars, spiral waves or large-scale magnetic stress) can be very effective in
transporting gas close to the BH (<0.01 — 0.1 pc) before being transformed into stars (Shlosman and
Begelman, 1989; Balbus and Hawley, 1998; Thompson et al., 2005).

As a result of gas accretion onto the BHs, a large amount of energy can be released prompting the
birth of a quasar or an Active Galactic Nucleus (Soltan, 1982; Hopkins et al., 2007; Ueda et al., 2014).
The amount of energy released depends on the mass of the black hole, the geometry of the accretion
disk and on the spin of the black hole (Shakura and Sunyaev, 1973; Merloni and Heinz, 2008). The
dimensionless spin parameter, a, is defined as: a =cJpy /GM2BH <1 where c is the speed of light, G is
the gravitation constant and Jgg is the black hole angular momentum. Its specific value plays an im-
portant role in the BH assembly and feedback. While highly-spinning BHs can convert up to ~40% of
the accreted matter into radiation, slowly spinning ones can only reach up to ~5%. This translates into
potentially very bright radiative emission and relatively slow mass-growth of the first ones, as opposed
to the generally high growth-rates and low luminosity of the latter ones (Bardeen, 1970; Novikov and
Thorne, 1973; Page and Thorne, 1974). Moreover, the production and strength of AGN jets might be
related to the value of the BH spin (Blandford and Znajek, 1977). How BHs acquire their spin is not
fully understood yet. Up to date, all the proposed theories have assumed that a BH reaches its final spin
after repeated gas accretion episodes and BHs coalescence that modify the initial rotation (Fanidakis
etal., 2011; Volonteri et al., 2013; Berti and Volonteri, 2008; Barausse, 2012). On the gas accretion side,
several theoretical scenarios have been proposed. For instance, King et al. (2005) suggested the chaotic
scenario where the gas accretion always proceeds via consumption of self-gravitating accretion disks in
uncorrelated directions. In this scenario, BHs tend to spin-down towards a typical final value of a <0.2
(King et al., 2008). On the other side, Volonteri et al. (2007) showed that a prolonged gas accretion in
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the form of a constant and coherent gas consumption, efficiently spins-up the BHs up to a ~ 1. These two
can be seen as extreme cases, and intermediate scenarios have been explored (see e.g. Dotti et al., 2013;
Fiacconi et al., 2018; Bustamante and Springel, 2019). Over the last years, some works have attempted
to measure BHs spin by using X-ray spectroscopy (Brenneman and Reynolds, 2006; Reynolds, 2013).
However, the challenges and biases in the observations make it difficult to draw solid conclusions. In the
near future, with the upcoming experiments such as Laser Interferometer Space Antenna (LISA, Amaro-
Seoane et al., 2017b) or Advanced Telescope for High-ENergy Astrophysics (ATHENA, Nandra et al.,
2013) it will be possible to reach robust observational conclusions ruling out many theoretical models of
BH spin evolution.

Even though BH-BH coalescences seem to play a sub-dominant role in the evolution of both BH
mass and spin, they can have an important effect on the co-evolution between black hole and galaxy
(Redmount and Rees, 1989). Because of conservation of linear momentum, the propagation of gravita-
tional waves imparts a recoil (or kick) in the remnant BH (Bekenstein, 1973; Baker et al., 2008; Lousto
et al., 2012). Small kicks could simply lead to a small displacement of the remnant BH from the galaxy
center whose observational counterpart would be an offset AGN (Madau and Quataert, 2004; Loeb, 2007;
Blecha and Loeb, 2008a; Guedes et al., 2011). At the other extreme, if the recoil velocity is larger than
the escape velocity of its host galactic center, the black hole can be kicked out of the galaxy becoming a
wandering black hole. This last case could be more probable at high-z, where the galaxy potential wells
are smaller and relatively small recoil kicks can effectively expel the BH from the galaxy and possibly
even from the halo potentials. Such BH ejections might have some important consequences to be taken
into account when drawing a complete black hole-galaxy co-evolution picture. For instance Blecha et al.
(2011), by using hydrodynamical simulations, found that the bulge velocity dispersion and the BH mass
relation changes (a shift in the velocity dispersion axis) when the simulation is run with and without the
inclusion of recoil velocities. This deviation is due to the fact that the ejection interrupts the BH growth
while the galaxy continue its evolution (see similar results of Blecha and Loeb 2008b; Gerosa and Sesana
2015). In the same work, Blecha et al. (2011) discussed the halting of AGN feedback as a consequence
of the BH ejection. The outcome is an extended period of active star formation in the galaxy which
yields a dense and massive nuclear stellar cusps. This type of nuclear regions could be a target property
which would point out galaxies which underwent a BH ejection. Indeed, from an observational point
of view, some galaxies have been tagged as candidates of having undergone a BH recoil (see eg. BCG
in A2261 cluster (Postman et al., 2012), SDSS J1056+5516 (Kalfountzou et al., 2017), CID-42 (Civano
et al., 2012), NGC 1399, 4261, 4486, IC 429 (Lena et al., 2014), 3C 186 radio quasar (Chiaberge et al.,
2017) and Komossa (2012) for a review). On top of ejection via gravitational recoil, the complex dy-
namics of the two BHs before the final coalescence might cause the formation of a wandering black hole.
If the two black holes spend enough time orbiting around each other (Begelman et al., 1980; Quinlan
and Hernquist, 1997) a third BH could reach their sphere of influence. As a consequence, the three BHs
are likely to undergo a complex 3-body scattering interaction with the final outcome of the ejection of
the less massive BH and the shrinking of the separation between the two remnants BHs (Volonteri et al.,
2003; Volonteri and Perna, 2005; Bonetti et al., 2018b). Even though this type of interactions might no
have a main role in the population of wandering black holes (see e.g. Volonteri et al., 2003; Volonteri and
Perna, 2005) they seem to play importance in speeding up the final BH-BH coalescence (Bonetti et al.,
2018a).

Wandering black holes can also be a consequence of the disruption of a satellite galaxy during the
infall onto a larger system. Environmental processes such as ram pressure or tidal interactions, in fact,
can gradually strip away satellites before they merge with the central galaxy (Moore et al., 1999; Sprin-
gel et al., 2001). The frequency of satellite galaxy disruptions is still not well constrained. Some recent
works have suggested that dwarf galaxies hosted in clusters are the ones which experience these events
the most (Faltenbacher and Mathews, 2005; Martel et al., 2012). Naively, the BHs hosted by the disrup-
ted satellites are expected to be incorporated in the halo of the central galaxy and, thus, contribute to the
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population of wandering BHs. Even though such population of BHs is interesting because it would give
an idea of the galaxy disruption rate, it has been mainly studied only through hydrodynamical simula-
tions (Bellovary et al., 2010; Miki et al., 2014; Tremmel et al., 2018; Pfister et al., 2019). However, the
current limits in the resolution achievable in simulations, make it difficult to well-resolve the fate of the
cusp of stars and/or gas around the BH after the disruption and to properly assess the evolution of such
“orphan” BHs.

Given the observational limitations in detecting wandering black holes, more theoretical work is
needed to constrain where and how these black holes can be found with current and upcoming instru-
ments. Several works have attempted to determine the orbits and time spent by a BH in a wandering
orbit. For instance, by using 3D hydrodynamical simulation Blecha et al. (2011) found that at a fixed ra-
tio between recoil and escape velocity, the recoil trajectories have a substantial variation with the galaxy
gas fraction. On the other hand, under an analytic perspective, Choksi et al. (2017) explored different
parameters and contributions in the orbital damping of wandering BHs finding a longer wandering phase
in lighter halo and galaxy systems. These authors found that in many circumstances the wandering phase
may be larger than the Hubble time.

In this work we use the L-Galaxies semi-analytical model in the version presented in Chapter 3 to
study the statistics and environment of black hole growth and spin evolution and to explore the popu-
lation of wandering black holes across cosmic time. We include both galaxy mergers and galaxy disk
instabilities as physical processes that can lead to BH growth. For tracking spin evolution we follow the
approach introduced by Sesana et al. (2014), where spin changes are coupled to the bulge assembly. We
also introduce a time-delay between galaxy and BH mergers that depends on the BHs mass ratio and the
galaxy gas fraction. Recoil velocities after BH coalescences are calculated on the basis of the progenitors
properties while the trajectories of kicked BHs depend on the physical properties of the host halos and
galaxies. We also follow the trajectory of orphan black holes from stripped satellites to complete the
picture of wandering black holes.

The chapter is organised as follows: in section 5.2 we present the semi-analytical model and the
merger trees used in this work. In section 5.3 we describe all the physics included in the semi-analytical
model to properly follow the BH mass growth, spin evolution and wandering phases. In section 5.4 we
presents our main findings regarding nuclear black holes (i.e., black holes in the center of galaxies). In
section 5.5 we explore the properties of wandering black holes across cosmic time. In section 5.6 we
present the effects of gravitational recoils in both BH occupation fraction and bulge-black hole mass
relation. Finally, in section 5.7 we summarize our main findings. A lambda cold dark matter (ACDM)
cosmology with parameters Qy, =0.315, Qp =0.685, Qp, =0.045, 05 =0.9 and Hyp =67.3 km s Mpc‘1
is adopted throughout the chapter (Planck Collaboration et al., 2014).

5.2 Galaxy formation model

The work of this chapter is based on the L-Galaxies semi-analytical model (Henriques et al., 2015) and
the Millennium (MS) dark matter merger trees. The bulk of the model is the one presented in Chapter 2,
with the modifications of mergers and disk instabilities presented in Chapter 3 which contribute to a bet-
ter description of galaxy morphologies and radii at 108 < Mgieltar < 1012 M.

Here, in order to distinguish between bulge morphologies in the SAM, we follow the definition of
Chapter 3. In brief, we assume that a galaxy hosts a pseudobulge when the fraction of bulge formed
via secular induced DI is at least 2/3. Galaxies display a classical bulge or elliptical structure when
the fraction of bulge formed via secular induced DIs is smaller than 2/3 of the total bulge mass and
its bulge-to-total stellar fraction (B/T) is respectively 0.01 <B/T < 0.7 and B/T > 0.7. Finally, galaxies
with B/T <0.01 are considered bulgeless galaxies.
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Improving the galaxy initialization in Millennium trees

As we discussed in Chapter 2, L-Galaxies populates each new resolved subhalo with an amount of hot
gas in form of a diffuse atmosphere. From that moment, different analytical recipes are included to deal
with the baryonic physical processes that lead to a mature galaxy. The subhalo mass resolution of the
Millennium simulation used in this work (Mpaio ~ 10'°Mg/h) imposes a clear limit on the galaxy and
BH evolutionary pathway that can be followed. Nevertheless, new resolved subhalos could already host a
mature galaxy and its evolved BH. To improve this aspect we follow the approach of Bonoli et al. (2014)
and Angulo et al. (2014) initializing each MS subhalo with random galaxies (hosted in the same redshift
and subhalo mass) extracted from a run of L-Galaxies on top of the high resolution Millennium IT
merger trees (ME:IZ ~108My/h). The galaxy grafting includes all the properties of the galaxy and its
respective central black hole (including wandering BHs). We stress that this does not imply for our
model to be able to follow subhalos below the resolution limit of MS, as we do not have access to their
merger history and cosmological evolution. The aim of this procedure is to better match the DM mass of
the newly resolved subhalo to the properties of the newly initialised host galaxy.

5.3 A comprehensive model of black hole growth

Astrophysical black holes can be fully determined by two quantities: mass and spin. In this section we
present the implemented physic to track their evolution along the cosmic history.

5.3.1 Black hole seeding and spin initialization

Even though the existence of BHs is now well established, their origin is still an open issue. Up to date,
several theories have been proposed and explored (see Volonteri, 2010; Mayer and Bonoli, 2019, for a
review). The most studied one is the light seed scenario where BHs of mass between 10 — 100 Mg were
formed at z > 20 as remnants of Population III stars (Pop III, Madau and Rees, 2001; Heger and Woosley,
2002). Another complementary formation channel is the heavy seed scenario where much more massive
black holes (~10% — 10°My,) are formed after the direct collapse of massive gas clouds, either in pristine
primordial subhalos or in gas-rich merging galaxies (Koushiappas et al., 2004; Volonteri and Stark, 2011;
Mayer et al., 2010; Bonoli et al., 2014). In this work we simply assume that each newly resolved subhalo
(independently of redshift and subhalo properties) is seeded with an initial BH mass of 10*M. This ini-
tial seed mass is a reasonable assumption given the minimum mass of new resolved subhalos in MS and
MSII (~ 10'°M, and ~ 108My, respectively). In future works, a proper BH seeding in L-Galaxies will
be tackled (Spinoso et al. in prep.).

Besides the initial mass, the BH angular momentum, Iﬂng, has to be set. The exact value of IfBHl

can be expressed as: ,

\ul= LMBHCl (GMguRscn)'/? = %, (5.1

V2 c

where Rsch, = 2 GMpp/c? is the Schwarzchild radius, G the gravitational constant, c the light speed, and a
the dimensionless spin parameter, whose value can be in the range 0 < |a| < 0.998 (Thorne, 1974). While
Mgy and Rsp, are fully determined by the seed mass, the value of a does not have to depend on the initial
mass. Indeed, no observational constraints and theoretical predictions about the initial BH spin exist to
date (see e.g. Batta et al., 2017; Fuller and Ma, 2019; Roulet and Zaldarriaga, 2019; Zackay et al., 2019).
Here we assume that the initial value of a is a random number selected between 0 < |a| < 0.998. We have
tested that the initial selection of a does not affect the results presented in this work. In fact, a BH loses
any memory of its initial spin when it has accreated in a coherent way a gas mass comparable to its own
(see for instance Fanidakis et al., 2011, Figure 1).
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5.3.2 Black hole gas accretion

In this section we summarize the different mechanisms that feed central black holes with gas: (i) galaxy
mergers, (ii) galaxy disk instabilities and, (iii) gas accretion from the hot gas atmosphere.

Cold phase accretion

The cold gas accretion is triggered by two different processes: galaxy mergers and disk instabilities.

1) Gas accretion after mergers. Simulations have shown that gravitational torques during galaxy
mergers are able to drive cold gas towards the galaxy inner regions, triggering the black hole
accretion (Di Matteo et al., 2005; Springel, 2005; Hopkins et al., 2009a). Following Kauffmann
and Haehnelt (2000), Croton (2006) and Bonoli et al. (2009) we assume that the fraction of cold
gas accreted by the BH after a galaxy merger is:

m
AMgag = merger(l + Zmergef) 1+(V R/Vzo )? Mgﬂd’ ©:2)
BH 0

where AM%‘E includes a dependence on the galaxy baryonic merger ratio, mg < 1, the virial velo-
city of the host DM subhalo, V3o, the redshift of the merger, zyerger, and two adjustable parameters
Vi and fg;; set to 280 km/s and 0.034, respectively.

i1) Gas accretion after disk instabilities. Non-axisymmetric instabilities of galactic disks have a deep
impact on the morphology of the nuclear parts. They are able to modify the gas disk structure via
gravitational torques (see Shlosman and Begelman, 1989; Hopkins and Quataert, 2010). These
processes produce strong gas inflows that lead to nuclear bursts of star formation and can drive
part of the gas also in the BH surroundings (Shlosman et al., 1989; Hopkins et al., 2009a; Hopkins
and Quataert, 2010; Fanali et al., 2015; Du et al., 2017; Spinoso et al., 2017). Consequently, each
time a galaxy undergoes a disk instability episode we allow the central black hole to accrete an
amount of gas given by:

AMDI
AMgds _ DI(l + ZDI)3/2 stars , (53)
1+ (VBu/Va00)?

where Vg and Voo are the same parameters described before, zp; the redshift in which the DI
takes place and AMStars the mass of stars that triggers the stellar disk instability (see Eq. 2.29).
fBH is a free parameter that takes into account the gas accretion efficiency. As we discussed in
Chapter 3, we assume DIs to be the consequence of either the galaxy secular evolution or of
galaxy minor mergers. In the former case, we set the efficiency fgé =0.008. Instead, for the
case of merger-induced DIs, which are causally connected with the last galaxy minor interaction
(< IOtC’l‘yn, see Section 3.2.2) we assume fgl = gg’rger, i.e since the system is not relaxed the torque
causing the gas inflow during the DI has the same efficiency that the one of the merger (Hopkins
and Quataert, 2010). The exact values of fgy for both mergers and DI have been chosen to match
the observed correlation between the bulge and the BH mass.

In this work, we assume that all the cold gas accreted by the BH after a merger or disk instability is
stored in a reservoir, Mres. Motivated by numerical simulations, the reservoir is progressively consumed
according to a light curve composed by two different phases (Hopkins et al., 2005, 2006a). While the
first one is characterized by a rapid growth truncated at Eddington limit, the second one is a quiescent
regime of low accretion rates which starts when the BH reaches a certain threshold of accreted mass.
Previous works have shown that this average AGN light curve is able to match successfully the faint
end of the AGN luminosity functions (Marulli et al., 2008; Bonoli et al., 2009; Hirschmann et al., 2012;
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Volonteri et al., 2013). Note that if a galaxy undergoes a new merger or DI while the central BH is still
accreting mass from a previous event, the new cold gas driven in the BH surroundings is added to the
previous remnant gas reservoir and the light curve re-starts under the new initial conditions.

To characterize both phases we use the Eddington factor, fgqq , defined as:

Lioi(1) = frad(t) Leda (), (5.4

where Lyo and Lggq are respectively the black hole bolometric and Eddington luminosity. These quant-

ities can be expressed as:
47nG m,, ¢ Mg (9)c?
Lgaa(t) = ———Mpu(t) = ————, (5.5)
or IEdd

Lyol(2) = 1 i(;)( 5 Mgnc?, (5.6)

where o7 is the Thomson scattering cross-section for the electron, m,, the proton mass, tgqq = orc/(4nmpG)
=0.45 Gyr and 1 and € the black hole accretion and radiative efficiency, respectively. Notice that, since
we want to obtain a general equation that describes the growth of supermassive black holes, in Eq. (5.6)
we have distinguished between 1 and €. We refer to other works such as Pacucci and Ferrara (2015) or
Volonteri et al. (2015) in which the same distinction is performed.

By definition of Eddington limit, the first phase is characterized by frqq(f) =1. The BH grows in
this phase for the time necessary to reach the mass Mgy peak defined by the moment in which the BH
consumed a fraction y (free parameter set to 0.7) of its whole gas mass reservoir (see Marulli et al.,
2008; Bonoli et al., 2009; Hirschmann et al., 2012). Once this mass is reached, the black hole enters in a
self-regulated or quiescent growth regimen characterized by small fgqq values. Following Hopkins et al.
(2006b) we assume that fgqq in this phase is parametrized as:

1
Jeaa(n) = ; (5.7)
[1 + (t/tQ)l/z]Z/ﬂ

where 1 = 1) & /(31n 10), being o = 1.26x10% yr, B=0.4 and £ =0.3 (see the discussion of these values
in Hopkins et al., 2006b). We highlight that ¢ is relative to the moment in which the BH finishes the
Eddington phase.

As pointed out by Hopkins et al. (2006b) and Merloni and Heinz (2008) we also take into account
the fact that the radiative efficiency has a dependence with the accretion efficiency and the nature of the
accretion flow:

( ) N feaa > 55
e(n, = ~ .
- Jeaa U(f—ﬁfﬁ‘) fedd < fEh

Edd

where fégié (Merloni and Heinz, 2008; Volonteri et al., 2013, set to 0.03) is the Eddington factor by which

below it the accretion disc becomes radiatively inefficient.

Finally, the black hole mass evolution during any accretion event can be obtained from the black hole
growth rate, Mgy = dMpy/dr. By using Eq. (5.4), Eq. (5.5) and Eq. (5.6), Mgy can be computed as:

1 - U(l)) Mgu(?)
e(?)

As we will see in Section 5.3.3, € and 17 experience a time variation given their dependence with the black
hole spin, a, which varies with time as a consequence of BH-BH mergers and gas accretion. In order to
ease notation, instead of denoting the accretion and radiative efficiency as n(a(¢)) and e(a(#)) we will use
just the notation 1 and €.

Mg = feda(?) ( (5.9)

TEdd
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Hot phase accretion

This mechanism of black hole growth is triggered by the accretion of the hot gas which surrounds the
galaxy. Following Henriques et al. (2015) the BH mass accretion rate during this mode is determined by:

- Mot Mgu
Mgu =k , 5.10
BH AGN(IO“MO)(IOSMO) (3.10)

where My the total mass of hot gas surrounding the galaxy and kg is a free parameter set to 3.5 X 1073My/ yr
to reproduce the turnover at the bright end of the galaxy luminosity function.

As pointed out by Marulli et al. (2008), the accretion rate of Eq. (5.10) is orders of magnitude below
the BH Eddington limit. Therefore the contribution of this radio mode in the black hole mass growth is
minimal. However, the AGN feedback generated during this phase is essential to inject enough energy
into the galaxy hot atmosphere to decrease or even stop the gas cooling rate in the galaxy (Croton, 2006;
Bower et al., 2006).

5.3.3 Tracing the BH spin evolution

In this section we present the main equations implemented in L-Galaxies to properly follow the evolu-
tion of BH spin. Note that we have applied the spin model presented here to both modes of gas accretion
(hot and cold). However, since the hot gas accretion is characterized by small values of fgqq , Wwe do not
expect a large variation of the spin during these accretion events.

Spin evolution during gas accretion

During an accretion event, the gas settles in a disk which may not lie in the equatorial plane of the black
hole. The disk could have a random orientation with an angular momentum Ja, misaligned with respect
to the one of the black hole Jg. When this misalignment happens, the rotating BH induces on the
disk the so called Lense-Thirring precession (Bardeen and Petterson, 1975a). For large-viscosity disks'
this misalignment configuration is unstable making the orbital plane of the inner parts of the disk align
(prograde orbit) or counter-align (retrograde orbit) to the black hole angular momentum. This process
is called Bardeen-Petterson effect (Bardeen and Petterson, 1975b). The criterion of counter-alignment
was established by King et al. (2005) and it takes into account the ratio between the black hole and disk
angular momentum and the angle 6 formed between them:

|l
2 |JgHl

cosf< — (5.11)

Thus, for most of the accretion event, the inner part of the accretion disk is aligned if 1) |]_;1| > 2|]?ng or ii)
Ifdl < 2|fBH| and 6 < /2. On the contrary, when |fd| < 2|fBH| and 0> /2, the (anti-)alignment depends if
the ratio of |]:1| /2 |J_1)3H| is small enough with respect to exact value of cos 6.

We model this in our semi-analytical framework following the spin model presented in Dotti et al.
(2013) and Sesana et al. (2014). The model assumes that the gas available during an accretion event
(given by Mgy, see Section 5.3.2) is accreted in chunks of transient accretion disks limited by self-
gravity, instead of being consumed in a single episode (King et al., 2008). In an a-disk the self-gravity

°¢ . is determined by the distance to the BH at which the Toomre parameter Q is less than

radius, R dik,
unity: QO ~ c;Q/nGZ < 1, where Q is the Keplerian angular velocity, ¢, sound speed and X the gas surface
sg

density. Thus, the value of R, is:
sg ~52/45
Rdiskz 10522145 ( @ )28/45 Mg / ( n )22/45 512
Rsch Edd 0.1 106 Mg, 0.1 ’ ’

This property is met in the a—disk model which describes the accretion disk around black holes (Shakura and Sunyaev,
1973).
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where Rscp is the Schwarzchild radius and « the radial shear viscosity parameter (set from hereafter to
0.1). Concerning the self-gravity mass, M*, the value is expressed as:

145 [ M 34/45
ME 2 x 1070 () LUl Mo . 5.13
Jeas g 109 M, © (5.13)
Sg
which was computed by solving the expression M€ = fORC“Sk 27%(R)R*dR with a surface density:

a \"5( M
Z(R)=7><107fE7£0(m) (106]1};
. o

_ -3/4
i) 7/10{ R 5
(0.1 Rsq) &M

To avoid unrealistic accretion episodes, Dotti et al. (2013) set the maximum mass of the transient ac-
cretion disk to the minimum between M*¢ and a fixed molecular cloud mass, MM, set in our case to
7% 103 Mg. As pointed out by Sesana et al. (2014), fixing the value of M is an idealized case, as
molecular clouds might be characterized by a broad mass spectrum (< 10°My) eventually dependent on
the host galaxy properties. However, since the cloud mass function is not trivial, we follow Dotti et al.
(2013) keeping M4 constant over the whole BH life. The continuous increase of the BH mass during
accretion episodes with constant M4 implies the formation of accretion disks which carry less angular
momentum relative to the BH. In this way, the larger is the BH mass, the larger is the number of ret-
rograde accretions possible given that the condition |J:1| / 2|J_;3ﬂl <1 holds for a significant fraction of the
duration of each accretion event. Typically, the number of retrograde accretions exceeds the prograde
ones at Mgy =4 X 105(0.1fEdd /77)‘2/ 21(M14/10*M)»/3*M,,. For a given cloud mass, the radius of the
accretion disk is ’:

)19/20

(5.14)

1d 4/5
Riik ~ A 10414125 Metoua | (i
Rsch Edd {104 M, 0.1

MBH —44/25(i)14/25
106 M, 0.1 '

Each transient accretion disk has associated an angular momentum |J4] determined by Perego et al.
(2009):

)16/25

(5.15)

8 R}/*(GMgn)'/?

Vil = 5= Men, (5.16)
where o 50 M 1/20 7 \-3/10
A, =9.14x 10930105 (106;‘@) (35) " em™ss. (5.17)
and i) Ry = RS, if MM < M or ii) Ry = RS, if M <M,

Therefore, the BH spin evolution during any gas accretion episode is followed by using Eq.(5.12)-(5.16)
and checking Eq.(5.11). If |J_:1| > 2|fBH|, the fraction of transient disks consumed in a prograd accretion,
npg, 1s always equal to 1. On contrary, when |J_21| < 2|JEH| the scenario is more complex and the exact
value of cos 6 is needed to check the (anti)alignment. To determine cos 8 in the regime of |fd| < 2|J];H|,
previous works have assumed the chaotic accretion presented in King et al. (2005, 2008), consisting
in choosing randomly the value of cos 6§ (Fanidakis et al., 2011; Volonteri et al., 2013). This selection
gives the same probability of having an alignment and counter-alignment, i.e n,, ~ 0.5 (King et al., 2005).
Since the gas accretion in a counter-rotating orbit spins down the BH more efficiently than the spin-up
due to a co-rotating accretion, the net result of the chaotic scenario is a low-spinning BH population

2The value of R%Y

cld
cld_is computed by solving M? = fORd‘Sk 27%(R)R%dR.
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with a typical a value oscillating around 0.2 (see King et al., 2008; Berti and Volonteri, 2008). Here,
instead, following the approach of Dotti et al. (2013) and Sesana et al. (2014), we assume a much more
general scenario, allowing an asymmetry in the np, value. According to Sesana et al. (2014) the fraction
of transient disks accreted in a prograde accretion when |Jal < 2|Jgul is given by:

R
/4l
-

2|JgH]

npy = F + a-rF, (5.18)
where F' is an isotropy parameter which takes into account the fraction of accretion events with an initial
angular momentum with 6 < /23,

The particular conditions of the gas inflow at subparsec scales that determine the value of F are still
unknown. Hopkins and Quataert (2010), by analyzing nested hydrodynamical simulations, found out
that the gas inflow at ~ pc scales displays a correlation with the non-axysimetric disturbances that act on
galactic scales such as mergers or dynamical instabilities of self-gravitating disks. As discussed previ-
ously, King and Pringle (2007) suggested that a chaotic BH feeding at small scales (F = 1/2) would offer
a promising explanation of the growth of the most BHs. However, the large level of anysotropy during
the chaotic accretion leads to a population of low spinning BHs which makes it difficult to reconcile the
model with observations. In this work, to obtain a better agreement with the spin observations, we relaxed
the chaotic scenario by following the the assumption of Sesana et al. (2014) which links the value of F
to the bulge morphology. With this connection we presume that the gas driven to circumnuclear scales
retains certain memory of both the event which triggered its nuclear in-inflow and the bulge assembly
(see the recent observational work of Smethurst et al. (2019) which would suggest this). Specifically, in
Sesana et al. (2014) the exact value of F is associated to the ratio between the bulk rotation velocity of the
bulge, v, and its velocity dispersion, o. This ratio gives an idea of the coherence motion of the galactic
bulge. If v/o>1 then F=1, if v/oo=0 then F=0.5 and if O<v/o <1 then F=(1+v/0)/2. Thus,
bulges characterized by a large coherent motion (e.g. bars) feed the BHs with a larger number of tran-
sient chunks of co-rotating accretion disks than bulges dominated by velocity dispersion (e.g. ellipticals).

Since the exact value of v/o is shaped by a complex galaxy dynamics which L-Galaxies does not ad-
dress, we decide to take the v/o values from the observed probability distribution function (PDF) of
pseudobulges, classical bulges and ellipticals presented in Eq. 14-18 of Sesana et al. (2014). In brief,
while elliptical structures have an asymptotic PDF around 0, classical bulges have a PDF centred at
~0.55 (see Eq.15 and 16 of Sesana et al. 2014). For pseudobulges, we follow the hybrid model of Ses-
ana et al. (2014) assuming a log-normal PDF with 0.34 dex of standard deviation and an average value
given by its Eq.14. Following Chapter 3 we assume that in L-Galaxies, DI secular events build-up the
pseudobulge/bar structure, minor mergers and DIs merger-induced assembly the classical bulge compon-
ent, and major mergers shape an elliptical galaxy. Therefore, each time that a galaxy undergoes one of
these events we extract a random number from its v/o out-coming bulge PDF and we perform a mass-
weighted average between that value and the one which characterizes the bulge at that moment. In the
case of major mergers, we re-set the value of v/o- with a value randomly selected from the elliptical-bulge
PDF. For the special case of smooth accretion events which bring gas onto the BH but do not build-up
a bulge structure, we assume that the v/o of the gas brought towards the BH surroundings is linked to
the kinematics of the galaxy gaseous disk. For that, as we did with the pseudobulges, we assume a log-
normal PDF with 0.34 dex of standard deviation and an average value given by Eq.14 of Sesana et al.
(2014).

Following Thorne (1974) we can determine the evolution of the BH spin by:

M
a = [Lisco(a) — 2aEisco(a)] (M—E‘;) (5.19)

3Notice that by fixing F = 0.5 the model presented here becomes the standard chaotic scenario of King and Pringle (2006).
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where Mgy is the black hole mass, Mgy the accretion rate onto the black hole and Lisco, Eisco quote
respectively the specific angular momentum and energy in the innermost stable circular orbit (ISCO).
Since an accretion event is composed by a fraction of np, prograde and (1 — np,) retrograde orbits,
Eq. (5.19) can be rewritten as (Sesana et al., 2014; Barausse, 2012):

a = [(”Pa Ligco(@) + (1= ”Pa)qgt(r:%)
— 2a(npa Efge(@) + (1-npa) Efiy(a ))] M o (5.20)
where L rco (Liste) and EP rco (Efscy) are, respectively, the specific angular momentum and energy in

a prograde (retrograde) ISCO (Bardeen et al., 1972).

Finally, the accretion efficiency, 7, it is computed as (Bardeen, 1970):

2 1
n=1-Eisco=1- 1—§
rsco

(5.21)

where risco is the radius of the ISCO (in units of Rsch/2) and its exact value depends in the spin value
and the (anti)alignment of the transient accretion disk (Bardeen et al., 1972; Barausse et al., 2012):

risco=3+2Zy F a3 - Z)(3 + Z; +27,), (5.22)

where the upper and lower sign refers respectively to a prograde and retrograde orbits and the vales of
Z and Z, are determined by:

Zi=1+(1-)'P|a+a)'P+(1-a)',

(5.23)
Zy=\3a>+ 72,

Therefore, the final value of n after a fraction of prograde np, and (1-np,) of retrograde orbits is:

n(agn) = npy npro(a) + (1 = npa) Nrewo(@) , (5.24)

where 7,1, and 7eqo are the values of accretion efficiency computed from Eq (5.21) assuming a risco
radius in a prograde and retrograde orbit, respectively.

Spin evolution after a BH-BH coalescence

The last stage of a BH binary system is the coalescence. The final spin of the remnant BH is shaped by
the initial spin configuration of its progenitors and their initial masses. In this work we follow the results
of Barausse and Rezzolla (2009) which found that the spin modulus of the remnant black hole, |ay|, is
determined by:

1
lasl = ——— |lail + a3l ¢* + 2 @zl |g* cos @
f (1 +q)2[ 1 2 (525)
2 2 21172
+2(ailcos B + lazlq cos y)lel + 1P|
with
[ =2 \/_ 3+ v+ I3V2+
84 2 2 4 2
W(Wﬂ +laal"qg" + 2laillaz|g”cos a) (5.26)
(S5V +19+2

+
T )(|a1|COS/3 lazlq*cos y),
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where g =Mppn2/Mpn,1 <1 is the binary mass ratio, v=¢/(1 + q)2 the symmetric mass ratio, |a;| and
laz| are the initial spin magnitudes, « is the angle formed between the two spins and S, y the angle
formed between the spin (1 and 2) with the orbital angular momentum, respectively. The other paramet-
ers are set to the following values: s4 = 0.1229 +0.0075, s5 =0.4537 + 0.1463, 1t = — 2.8904 + 0.0359,
t3=2.5763 £0.4833 and r, = — 3.51714 £ 0.1208 (Barausse and Rezzolla, 2009; Barausse, 2012).

Given that in the SAM we only track the evolution of the BH spin modulus we have to establish
the direction between the two black hole spins and their directions with respect to the orbital angular
momentum, i.e the values of «, 8 and y of Eq.(5.25) and Eq.(5.26). To do that, we use the standard
approach of dividing the BH-BH mergers in two types (Barausse, 2012; Volonteri et al., 2013): wet and
dry. While the former is characterized by (Mges,1 + MRes2) > (Mpn,1 + MBh,2), the latter is characterized
by (MRes,1 + MRes2) < (Mgn,1 + Mph.2). In the case of wet mergers, it has been shown that the dissipative
dynamics between black holes and the massive gas disc produces a torque with the effect of aligning
both spins to the orbital angular momentum. However, Dotti et al. (2010) showed that this alignment is
not perfect and there is a residual offset in the spin direction relative to the orbital angular momentum
at the level of 10°. Therefore for the wet BH mergers we assume that cos @, cos 8 and cosy are random
numbers between [cos 0° — cos 10°]. For dry mergers, we assume random values of cosa, cosf and
cosYy.

5.3.4 Black hole coalescence
Black hole binaries: merger delay

In the standard hierarchical paradigm galaxies grow mainly through mergers with smaller or comparable
mass companions (White and Rees, 1978). This fact, together with recent observational results confirm-
ing the existence of BHs being hosted in the center of galaxies (Haehnelt and Rees, 1993), suggest that
binary BH (BBH) systems have been formed and merged during the whole lifetime of the universe. The
evolutionary pathway of BBHs is described by three different stages (Begelman et al., 1980): i) an initial
pairing phase in which dynamical friction exerted by the galaxy gas and stars drives both BHs individu-
ally to the nucleus of the merger remnant eventually forming a binary; ii) a following hardening phase in
which the BBH orbital separation shrinks due to three-body slingshots and/or interaction with a massive
gaseous disk; iii) a final gravitational wave inspiral phase which drives the binary to the final coales-
cence (see Colpi, 2014, and references therein for a review). Building on this scenario, several studies
have tackled the evolution of BBHs (see for instance Quinlan and Hernquist, 1997; Sesana, 2013; Kelley
et al., 2017a,b; Bonetti et al., 2018a,b). On the semi-analytical modelling side, up to date, most of the
studies presented in the literature have assumed an instantaneous coalescence right after a galaxy-galaxy
merger (see the few exceptions of Volonteri et al., 2003; Tanaka and Haiman, 2009; Antonini et al., 2015;
Bonetti et al., 2018b,a). This might be an acceptable assumption at high-z, where galaxy interactions are
gas rich and dynamical friction can efficiently reduce the angular momentum of both BHs and speed up
the hardening and final coalescence (Mayer, 2013; del Valle et al., 2015). However, at low-z galaxies are
generally poorer in gas and the timescales for merger can become very large.

In this work we relax the assumption of instantaneous BH-BH coalescence by allowing for a time
delay between the galaxy merger and the BH binary final coalescence. Therefore, we introduce the
possibility for galaxy-merger remnants of hosting a binary BH system for a given time interval tggay.
Following the results of several dedicated hydrodynamical simulations (Callegari et al., 2011a,b; Fiac-
coni et al., 2013; Mayer, 2013; del Valle et al., 2015), we implement a simple prescription to determine

the lifetime of a BH binary system:

Holay ~ 0-01 (%) (;)—3) F(e) Gyr, (5.27)

gas
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Figure 5.1: Distribution of BBH merger delay timescales, tdBéliay, for different formation redshifts (zg’ﬁf,
as described in the legend). Vertical lines represents the lookback time (# gt) at z=0.5,1.0,2.0. Binary
systems whose zg}ﬂg‘ is 0.5, 1.0,2.0 and are beyond these lines will not merge by z=0. The increase of
the binary system lifetime towards low z is caused principally by the dependence of the gas fraction in

Eq. (5.27).

where ¢ (< 1) is the mass ratio between the two BHs at the moment of the galaxy-galaxy merger, fg,s is
the galaxy gas fraction, ¥ (e) is a factor which takes into account the dependence of tge"}ay with the binary
eccentricity e (for simplicity, we assume ¥ (e) ~ 1) and the 0.01 Gyr amplitude is based on the hydro-
dynamical simulations of Dotti et al. (2007), Fiacconi et al. (2013) and del Valle et al. (2015) who found
that the BH separation in a binary system decays, typically, at parsecs scales in few Myrs. We clarify
that the tge}llay presented in Eq. 5.27 refers only to the time spent by the BBH system in the hardening
and gravitational wave inspiral phase. This is counted starting from the galaxy merger time computed by
the L-Galaxies, which marks the moment in which the two galactic nuclei merge. We have checked
that the black hole mass function, spin distribution and BH-Bulge scaling relation presented in this work
do no significantly change if we run the model with a delay 100 tg}llay. Even though the hydrodynam-
ical simulations of Escala et al. (2004, 2005), Dotti et al. (2007) and Cuadra et al. (2009) showed that
dense gaseous regions are very effective in hardening BBHs, promoting their coalescence in less than
< 107 yr, the dependence with the gas fraction might be much more complex. For instance, Tamburello
et al. (2017) showed that the final BH-BH coalescence can be speeded-up or delayed depending on the
clumpiness of the circumnuclear discs around the BHs. In a future work we plan to explore how different

assumptions for the merger delays affect the global BH population.

We allow both BHs to accrete their respective gas reservoir carried before the merger while they
are in a binary system. We also assume that any new amount of gas accreted after the galaxy merger
(see Section 5.3.2) is added to the reservoir of the most massive BH. Still, the life of a galaxy is rather
complicated and it can undergo multiple mergers in short time scales. If a merger happens in a moment
in which the galaxy is still hosting a BBH, a third BH (or even another BBH) will perturb the system
(Hut and Rees, 1992). The final configuration is not trivial and few studies have addressed this (see e.g.
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Bonetti et al., 2018b,a, and references therein). Here we use a simplified approach allowing only the
two most massive BHs to remain in the galaxy (see Volonteri et al., 2003; Volonteri and Perna, 2005).
The lightest BH suffers a scattering event and it is ejected from the galactic nucleus. We highlight that
we do not follow the wandering phase of these scattered BHs since we do not track the binary system
separation (as, for instance, Volonteri et al. 2003 do) and therefore we cannot set the initial velocity of
the ejection (see Section 5.3.5). We emphasize that our treatment of 3-body scattering is a simplified
approach. Recent works of Hoffman and Loeb (2007) and Bonetti et al. (2018a) pointed out that triple
interaction can lead to the coalescence of stalled binaries. Even though this effect should be taken into
account to have a complete picture of the evolution of BBHs, we do not expect significant modifications
to our final results by neglecting it. For instance, Bonetti et al. (2018a) found that triple interactions
drive to coalescence only the ~ 30% of stalled binaries and, for those, the merger timescale is dictated
by the dynamical friction timescale of the incoming intruder which is usually few hundreds of Myrs. In
Appendix E the number density of both gravitational and 3-body scattering ejections is compared. We
show that at any redshift and subhalo mass, the former is > 2 dex more frequent. Finally, if the two initial
BHs forming the binary system are the most massive ones, we eject the intruder without changing the

tg‘fll value. Conversely, if there was an exchange of BHs in the system, we reset the value of tg‘}ll with
elay elay

BH

t

the new initial conditions. The distribution of BH-BH merger delays, delay’ is presented in Fig. 5.1. As

shown, the earlier is the redshift of binary formation, zg’gg, the shorter is the time spent by the two BHs

in a binary system. While at sz"}fl“S“ >3 BBHs merge in < 100 Myr, at zg’lfl‘? <3 a considerable fraction
of BHs spend more than 1 Gyr orbiting each other before the final coalescence. Besides, at zg’ﬁ? <3a
sizeable fraction of BBHs survive for times larger than the lookback time corresponding to their zg’gg,
and therefore still inhabit galaxy nuclei today. The increase of the binary system lifetime towards low z
is caused principally by the dependence of the gas fraction in Eq. (5.27). While at high-z galaxy mergers
are mainly gas-rich, sinking effectively both BHs until the final coalescence, at low-z galaxies run out of

gas stalling the two BHs in a binary system for a long time.

Final mass after a coalescence

Since gravitational waves carry away part of the energy of the system, the final mass of the remnant black
hole, M]fBH, is not the sum of the two progenitor black hole masses. According to Tichy and Marronetti
(2008), the final mass of a black holes can be computed as:

ML =(Mpp 1 + Mpp) [1 +4v (mo— 1) + (5.28)
16m1v2 (ajcosfB + ar cosy)] , ‘

where mg =0.9515 + 0.001, m; = — 0.013 + 0.007.

5.3.5 The population of wandering black holes

Black holes outside of a galaxy in bound orbits within the dark matter subhalo are defined as wandering
black holes (wBHs). In this section we study two types of events responsible for the formation of the
wBH population: (i) disruption of satellite galaxies and (ii) gravitational recoils after a BH-BH merger.

Orphan black holes: a disruption event of its host galaxy

In L-Galaxies, as soon as two dark matter subhalos merge their host galaxies do it as well in a time
scale given by the dynamical friction formula of Binney and Tremaine (1987). The smallest galaxy
starts to sink towards the inner parts of its new host subhalo. During this process, if the galaxy is
not compact enough it can be disrupted before reaching the subhalo center, losing the possibility to
merge with the central galaxy. When this happens, the central black hole (or binary system) of the
satellite galaxy is deprived of its host and is incorporated in the dark matter subhalo as a wBH. The
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Figure 5.2: A schematic view of the two pathways that lead to wandering BHs. Upper panel: Orphan
wandering black holes originate from the complete disruption of the host galaxy during its infall towards
the central galaxy. Once the black hole is deprived of its host galaxy, we assume that its accretion disk
(in case it was in an accreting phase), is also removed. The initial orbital speed of the new wandering
BH is assumed to be the 3D velocity of the satellite galaxy at the disruption time Vsat (see Section 5.3.5).
We highlight that an accreting BH is presented surrounded by a warped accretion disk. This is the result
of the Bardeen-Petterson effect which makes the orbital plane of the inner parts of the disk align or
counter-align to the black hole angular momentum. Lower panel: An ejected black hole is the result of

the coalescence of a binary system (after a tg’gay subsequent to the merger of the two host galaxies) and

the resulting gravitational recoil. The kick velocity, V recoil, depends on the properties of two progenitors.
If the modulus of the recoil velocity is larger than the escape velocity of the galaxy (ves.) the kicked BH
is ejected from the host galaxy, starting its wandering phase.

disruption process implemented in L-Galaxies is presented in Guo et al. (2011). We follow the 3D
orbit of the black hole using the formalism presented in Section 5.3.5. As initial conditions, we consider
the position in which the satellite galaxy is disrupted (Psa = (Xsat> Ysat» Zsat) ) and the satellite galaxy
velocity (Vsﬁt = (Vg Vgat, V¢,)) evaluated at the same instant. Additionally, we assume that the black
hole completely loses its accretion disk. From here onwards, we tag this type of wBHs as orphan black
holes. In the upper panel of Fig.5.2 we present a cartoon showing the formation of the orphan black hole
population.

Ejected black holes: Kicks due to gravitational recoils

During a BH merger, the binary system emits gravitational waves able to carry away energy and angular
momentum. Due to conservation of linear momentum, in the instant of the merger, the emission of
gravitational waves imparts a kick to the remnant black hole. The velocity characterizing this kick is
called recoil velocity, Vrecoﬂ. Using numerical simulations of general relativity, it has been shown that
recoil velocities can take a wide range of values: from small ones which just displace the remnant BH
from the galaxy center, to larger values big enough to exceed the escape velocity of the host galaxy or
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even of the host subhalo (Baker et al., 2008; Lousto and Zlochower, 2008; van Meter et al., 2010). Here
we use the fitting formula established by Lousto et al. (2012):

- A A . A A
Vrecoil = V€1 + vy (cos (€1 +sindér) + vy,
(I-9)

m=mﬁﬂ+wu+%ﬂ,
y | | (5.29)
=H —
=g (0 - aai)
2
V= 16v [Vl 1+ VAS” + VBS2 + Vc§3] |6_lu' - qﬁLl cos(pa — ¢1),
1+ q) » [l [ 2 1

where, v, is the velocity due to the mass-asymmetry contribution® and, V|, Vo are spin contribution
producing kicks parallel and perpendicular to the orbital angular momentum respectively. As in the
previous section, q:M%H /Mll3H <1 is the binary mass ratio, v=g/(1 + ¢)*> the symmetric mass ratio,
|ai| is the initial spin magnitude of the black hole i, || and L refer respectively to components parallel
and perpendicular to the orbital angular momentum. €; and &, are orthogonal unit vectors in the orbital

plane. { = 145° is the angle between the unequal mass and spin contribution (Gonzélez et al., 2007;

Lousto and Zlochower, 2008), 5:" =2(d> + ¢*a1)/(1 + g)*. ¢a is the angle between the in-plane compon-
ent AL = (ML + M%,)H)(S? y /ML, - Y +/M.) and the infall direction at merger. The values of the other
coefficients are obtained numerically: A, =1.2 X 10, B,,= — 0.93, H=6.9 x 10° (Gonzilez et al.,
2007; Lousto and Zlochower, 2008) and V;; =3677.76 km/s, V4 =2481.21km/s, Vp=1792.45km/s
and Vo =1506.52km/s (Lousto et al., 2012).

If the modulus of this velocity is larger than the escape velocity of its host galaxy, the black hole
is kicked from it and incorporated in the DM subhalo as a wBH. Indeed, if the recoil velocity is large
enough, the BH can even escape from the subhalo. This happens more frequently at high-z, where the
subhalos are smaller and their potential wells shallower. This scenario is summarized in the lower cartoon
displayed in Fig.5.2. Hereafter, we call this type of wBHs ejected black holes. When an ejected wBH is
kicked out of its host galaxy we assume a purely radial motion for the orbital integration (i.e, along the
# coordinate without movement in the § and ¢ ones, see Section 5.3.5). However, when an ejected wBH
loses its host subhalo and is incorporated to a larger structure, after a galaxy merger, we start treating the
ejected wBH as an orphan wBH, and we start tracking its 3D orbit according to the formalism presented
in Section 5.3.5. In what follows, we will call inborn the ejected wBHs that are still orbiting the galaxy
from whose nucleus they were ejected, while we will use the term acquired to refer to ejected wBHs that
have lost their host galaxy and have been incorporated by the subhalo of a larger one.

Finally, we neglect the fact that the ejected BH can retain an accretion disk. It is not clear how massive
is the disk that can be retained and subsequently accreated by a BH after a recoil (see Blecha et al., 2011).
Loeb (2007) showed that in an a-disk the maximum amount of the disk material that a recoiled BH can
carry out is, at most ~Mpy which accounts for a relatively small AGN lifetime (~4.5 x 10%fgqq/€ yr,
Volonteri and Madau 2008). In this work we neglect the accretion disk of ejected BHs, but we plan to
include it in a future work, focused on the observability of AGN pairs.

Tracking the orbits of wandering black holes

Once in the wandering phase, the BH starts to orbit within the subhalo potential (i.e. around its centre
ro°). The equation of motion can be expressed as:
GM (< (r—rp))
(r=ro)?

“since it does not depend on the spin it disappears in equal binary mass mergers
SHere we assume that the galaxy position is always at the center of the host subhalo, i.e ry

o
u=

cless gas)
+ag +ag ) i, (5.30)
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where the first term refers to the gravity acceleration caused by a mass M (< (r — rp)) of dark matter, stars
and gas (in both galaxy and inter-cluster medium) within a radius » — rg. The second and third terms
are related to the dynamical friction caused by collisionless (stars and dark matter) and gas components,
respectively. Since in this work we are interested in the position of wBHs, we track their orbital evolution
by solving numerically Eq. (5.30) using a 4™ order Runge-Kutta integrator with time step of 1 Myr®. We
have also used integration intervals of 0.1 Myr, obtaining nearly identical results.

Assuming a Maxwellian velocity distribution and a black hole velocity vgy, the value of afllf"’ss is determ-
ined by (Chandrasekhar, 1943):

N 4nG* M —rp)InA 2r
g = - G Monplr i) A Yy 20 o (5.31)
VBH Vr

with I" = |vgg|/ V20 where o is the dark matter velocity dispersion computed as o = (GMpg10/ 2R500)' /2,
errf is the error function and In A is the Coulomb logarithm fixed to 3.1 (Escala et al., 2004; Gualandris
and Merritt, 2008; Blecha and Loeb, 2008b). Finally, p(r—rp) is the mass density of the collisionless
system enclosed within r—ry. In our case p(r—rgy) = ppm(r—r9) + pricm(r—rp), i.e the mass of dark matter
and the mass of stars in the inter-cluster medium (ICM or stellar halo). For the case of dark matter we
assume a NFW profile (Navarro et al., 1996)” while for ICM an isothermal one.

Since galaxies are surrounded by hot gas which fills their host DM subhalos, we also take into account the
dynamical friction caused by that gas. Escala et al. (2004) determined that the damping of the oscillation
amplitude for an object moving inside a gas follows the equation:

—gas
af

4nG*MBHPgas(r —
rGMeipe 7 10) ppgy (5.32)

BH
where pg,s(r—ro) is the mass density of the hot gas at position r—ry, In A is again the Coulomb logarithm
fixed to 3.1 and, M the Mach number equal to |vgy|/cs with c, the sound speed computed as in Tanaka
and Haiman (2009) and Choksi et al. (2017): ¢; = 1.8(1 +2)/2(Mpa1o/ 10’Mp)'/3(QmA? /0.14) km/s. The
exact value of f(M) is determined by:

%lnA[errf(%) - \/%Me‘MZ/Z] if M<0.8
FM) = %1HA[errf(%) - \/gMe—MZ/Z] if0.8 <M< 15 (5.33)
IIn(1- M2 +InA it M> 1.5

The integration of the wBH orbit stops when i) the black hole is re-incorporated in the galaxy (see Sec-
tion 5.3.5), ii) the recoil velocity of ejected BHs is larger than the subhalo escape velocity or iii) the
black hole position exceed 3 X Rogp (Rogo is the subhalo virial radius) and it is still moving away from
the galaxy.

As an example, in Figure 5.3 we present orbit evolution of an orphan wBHs extracted form L-Galaxies run
on the MS subhalo merger trees. In particular, the wBH has a mass of ~ 10’ Mg, and it was formed at
z~0.5 inside of a ~ 10'2 M, subhalo.

®Note that the sub-steps that L-Galaxies does between DM snapshots are ~2 — 20 Myr, depending on redshift
"The concentration parameter as a function of redshift and subhalo mass has been computed by using the fits of Dutton and
Maccio (2014).
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Figure 5.3: Orphan wBHs orbit extracted from L-Galaxies run on top of MS subhalo merger trees. The
example presents a ~ 10’ Mg, wWBH formed at zg;s = 0.51 after the disruption of its host galaxy. The final
(Znow = 0) subhalo and stellar mass of its central galaxy is 6x10'>2 My and 1.3x10'' Mg, respectively.
The color of the orbit encodes the modulus of the wBH velocity (vggy).

Reincorporation of wBHs

We assume that a BH is reincorporated in a galaxy when it passes thought the galaxy, r < Rgalg, with a
velocity (vpy) smaller than the galaxy escape velocity (Vesc), i.€: VBl < Vese. Lhe exact value of veg is
computed taking into account both bulge and disk (stellar and cold gas):

_ 2 2 2
Vesc = \/vesc,Bulge + vesc,StellaI disk T vesc, Cold disk ° (5.34)

In the case of the bulge component we assume a Hernquist profile (Hernquist, 1990) with an escape
velocity at rp:
G MBulge
Vesc ,Bulge — =2 (1 + \/_) Tbulge (535)
where Mpyge is the total bulge mass and ryyee the bulge half-mass radius. Although, this profile can
approximate classical bulges, it is a rough approximation for pseudobulges.

For stellar and cold gas disk we assume an exponential profile. In this case, the escape velocity at ry is

determined by: oM
2 Disk
vesc,Stellar/Cold disk — 3.36 rdT’ (536)

where Mpjgy is the total stellar/cold gas disk mass and rgjsx its half-mass radius.

8R.u is the galaxy radius computed as the mass weighted average between the bulge, stellar disk and cold gas disk. In
Appendix C we showed that the SAM, after including gas dissipation losses during the bulge size computation, is able to
reproduce the galaxy radius of early and late type galaxies.
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Changing reference system during merger events

The scenario described above complicates when galaxies merge. During the interaction, the satellite
galaxy is first of all deprived of its host DM subhalo. In the following, we will refer to the “subhalo
merger time” as the instant in which the satellite subhalo is no more identified within the underlying
merger tree. Any wBHs which was hosted by the satellite galaxy now starts to be influenced by the
potential of the larger central galaxy’. To track the new orbit, the position and velocity of the recently
accreted wBHs, we need to change the reference system, so that the center is given by the new central
galaxy position and velocity '
XWBH = (xh + owH) X3 VepH = (V;’x + VXWBH) -V

new

waH_(yh+yWBH> W VabH ( +VWBH) v (5.37)

new c . .znew _ [ sz o2
<wBH = (Zh + ZWBH) Zh > VwBH T (Vh + vaH) Vi

where (x;,y;,z,) and (vh , vh V) ) are, respectlvely, the positions and velocity of the satellite subhalo at
the moment of merger. [ (x¢,y¢,20), (v, v}”,vi*) | and [ (xwBH, YwBH: ZwBH) » (Vg Vi Vapr) | 1€P-
resent the same as before but for the central subhalo and wandering BH, respectively.

Although obtaining the exact value of (xwBu,YwBH,ZwBH) and (vaH, ‘vaH,vjv gy for orphan (or ac-
quired ejected) wBHs at the moment of the merger is simple because we follow their full 3D orbit, for
inborn ejected wBHs is not trivial since we only follow their radial coordinate (see Section 5.3.5). In
this case, we assume that they start the new orbit from a random location (in 6, ¢) in a sphere of radius
r. Once r, 6 and ¢ are fixed, the Cartesian coordinates and velocities of the inborn ejected wBHs are
determine by:

XwpH =|rsinfcos¢ ; vipy=|vpulsinfcosy,
YwBH = |7|sinfsing ; VszH [veH| sin 6 sin ¢, (5.38)
ZweH = |r|cos 6 5 Vigy = veHlcos6.

where r and vgy are respectively the radial position and radial velocity of the ejected wBH at the moment
of the subhalo merger.

5.4 Nuclear black holes

In this section we compare the predictions for nuclear black holes (i.e BHs located at the center of the host
galaxy at the analyzed redshift) with a variety of available observational results. By checking the black
hole mass function, the bolometric luminosity functions and spin values we prove that our black holes
form a reliable population at z<4. We do not present results beyond z =4 since the model predictions
are very sensitive to the exact seed mass assumed. In a future work, where a more careful seeding in
L-Galaxiesis modeled, we will analyze the high-z black hole population (Spinoso et al. in prep.). On
top of this, we show only the results for BHs whose mass is larger than 10 M, as at smaller masses the
resolution of Millenium DM simulation does not allow us to draw reliable conclusions.

5.4.1 Black hole mass assembly

The evolution of the black hole mass function (BHMF) between z=0 and z=4 is shown in the upper
panel of Fig.5.4. There is a significant evolution from z~4 up to z~ 2, where the BHMF amplitude

9The orbits of the wBHs moving around the central subhalo (galaxy) are also affected by the change of the dark matter
potential as the differential equation which determines the orbit evolution depends on the subhalo mass at r < rypgy, see Eq (5.30).
1Notice that we assume that the galaxy position is always at the center of the host subhalo.



SPINNING BLACK HOLES AND WANDERING BLACK HOLES 114

2=0.00 ]
0.01 = 0 4 . z=0.51—=
¢ -
-\ “Aaaaey ® z=1.04 3
[ \/ j =S¢ &L} i
-3 ¢¢i,¢ =207 ]
3 ’O.g 2=3.11 3
B <@ ]
C \ Ay z2=3.95 ]

104 7

X

—t

@)

&
IBLRRLLY |
/
Lol

—6
107" # Marconi et al. 2004 =
CTD F ¢ Shankar et al. 2004 ]
QO T 4 Shankar et al. 2009 -
010"
[ ¢ Greene & Ho (2009) Total BHs ]
T 0.01 = ¥ Schulze & Wisotzki (2010) = = Active BHs: Thin diSk—:
b &0 ===+ Acitive BHs: ADAF 3
(<D} i :‘.“."“““”'”“”“”“”' ------- Inactive BHs ]
'U 10_3 B 'IIII,,,,I |
\@* g & sE. L3 N ,""n, n E
E o~ T l,,, .
F M s 2=0.00 ]
—4 ,’-_",_ X - A g - I"', )
10 3 S i~ 23 o, z=3.11 3
- - >~ 2N %, 3
- = N \ = \‘Q ,’"/ E
3 \\\\ 'ti S . \ . ::%’.* /z,, ]
-5 Q b 20N TR, %
1077 oo § O N -
E YAz At Tlw E
B I \QQ i ?’,“ ’1 1
o[ 8 B
107 DS N e 3 =
E \\\J N RN 2 3
- o™ 3 R
i L Y AU
10_7 1 1 11 I 11 111111 I 111 1 1 1111 I ]l ] | Igl\ﬁl |+I }\\I 1 1 11 Ai““| bl 1 ] |
6 7 8 9 10

10g1o(MBH/M @)

Figure 5.4: Upper panel: Redshift evolution of the black hole mass function compared to the observa-
tional results of Marconi et al. (2004) and Shankar et al. (2004, 2009). Lower panel: Black hole mass
function at z ~ 0 and 3 (thick blue and yellow lines, respectively) divided between inactive (fgqq < 1074,
dotted lines) and active (fiqq > 10~%) black holes, where the latter are split in BHs accreting in the thin
disk (fgaa > fEht, dashed lines) and ADAF ( 107 < faq <fg5t, short dashed lines) phase. The black hole
mass function of active BHs at z ~ 0 from Greene and Ho (2007) and Schulze and Wisotzki (2010) are

added for comparison.
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increases up to 2 dex. Conversely, at z < 1 the BHMF does not evolve significantly. Such small evolution
at low z indicates that most of the local BHs were already assembled by z ~ 1. Similar behavior is found
in the theoretical work of Merloni and Heinz (2008) where a very weak evolution in the BHMF is seen
below z ~ 1 and, as we find here, most of it happens at small masses (< 10’ My). On the semi-analytical
side, works such as Fanidakis et al. (2011); Griffin et al. (2019) or Marshall et al. (2019a) show a stronger
redshift evolution at z < 1 where the normalization of the BHMF increases relatively fast at > 108 Mg and
decreases at < 108 M. On the other hand, the results of Hirschmann et al. (2012) show a similar weak
evolution in the BHMF at z ~ 1. In the same figure, we have compared the predictions at z=0 with the
observational constrains provided by Marconi et al. (2004) and Shankar et al. (2004, 2009). Even though
the BHMF of the model is compatible with the observations, mainly with Marconi et al. (2004), it dis-
plays a smaller amplitude when compared with Shankar et al. (2004, 2009). As pointed out by Shankar
et al. (2016), this discrepancy might be caused by biases effects affecting the observations. Shankar
et al. (2016) showed that, because of selection effects'!, the normalization of the scaling relations used
to link the BH mass with galaxy properties (bulge velocity dispersion, total stellar mass and bulge mass)
is increased by a factor > 3 (see also Bernardi et al., 2007; Shankar et al., 2019). The lower amplitude
in the empirical relations pointed out by Shankar et al. (2019) yields smaller BH masses, lower black
hole mass density and higher radiative efficiencies which would support rapidly spinning BHs and lower
levels of gravitational wave emission, consistent with the current non-detection of this signal by pulsar
timing array experiments (see Sesana et al., 2016).

The lower panel of Fig.5.4 presents the BHMF of active and inactive BHs at z ~ 0 and 3. We consider
as threshold between active and non-active the Eddington ratio fgaq ~ 10™* (Rosas-Guevara et al., 2016b),
i.e below this value the emission of the BH is essentially undetectable against the emission of the host
galaxy. Even though this threshold is quite arbitrary, we did not find significant differences in the results
assuming a threshold between 1073 — 107>, The inactive population increases from z ~ 3 to z~ 0, with
the most massive BHs becoming non-active at an earlier epoch: while at z ~ 3 inactive BHs have typical
Mgy > 108 M, at z ~ 0, black holes with masses Mgy > 100 Mg are inactive. This behaviour is usually
referred to as downsizing, and it has been reported by observational works (Merloni et al., 2004; Heavens
et al., 2004; Hasinger et al., 2005), semi-analytical models (Bonoli et al., 2009; Fanidakis et al., 2012;
Hirschmann et al., 2012) and cosmological hydro-simulations (Sijacki et al., 2009; Rosas-Guevara et al.,
2016b; Thomas et al., 2019). In the same figure we divided the active population by accretion geometry.
We assume that the emission of active BHs with fgqq > fg(rjictl can be described by the thin and radiatively-
efficient Shakura-Sunyaev disk model (Shakura and Sunyaev, 1973, thin disk geometry, hereafter). On
the other hand, the emission of active BHs with 10™* < Jfedd < fég& are associated to a thick and radiatively-
inefficient accretion disk to which we will refer as a Advection Dominated Accretion Flow geometry (or
just ADAF geometry, Rees et al. 1982; Narayan and Yi 1994). As shown, regardless of the BH mass,
z~3 active BHs are characterized by a thin disk geometry fuelled by Eddigton limited accretion flows
(see Fig. 5.5). This picture changes at z ~ 0, where ADAF becomes the main accretion geometry for BHs
with Mgy > 10®M. In this case, BHs are powered by the quiescent phase of cold gas accretion and the
consumption of hot gas which surrounds its host galaxy (see right panel of Fig. 5.5). We refer the reader
to Section 5.3.2, where a detailed description of how fggq values are computed in our BH growth model.

Finally, we have also explored the evolution of the black hole masses in the chaotic scenario proposed
by King et al. (2005)'%. For the sake of the present discussion, we only compare the main predictions
of this chaotic model to our findings. We have seen that, as a consequence of the different outcomes in
the spin distribution, there is a faster BH assembly in the chaotic model than in the one explored in this
work. Whereas the former display typically spin values of a < 0.1, the latter is characterised by a > 0.7.
As shown by Eq.(5.21), the spin has an impact in the mass-to-energy conversion, implying longer times-
cales in the BH growth at larger spin parameters (see Eq.(5.9)). We have also checked that the fast

UFor instance, they reported that local galaxies with black hole mass estimate with a dynamical approach are a biased subset
of all galaxies, i.e at fixed stellar mass BHs display larger velocity dispersion that the bulk of the population, regardless of the
exact morphological type.

2Following Sesana et al. (2014), the chaotic scenario presented in King et al. (2005) is obtained fixing F = 1/2 in Eq.(5.18).
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Figure 5.5: Left panel: Quasar bolometric luminosity functions (Ly) at z~0.1,0.5, 1.0, 2.0, 3.0, 4.0.
Solid lines represent the total quasar bolometric luminosity functions. Red dashed-dotted line, green
dashed line, and blue dotted lines represent the same but for galaxies hosting respectively elliptical,
classical bulge, and pseudobulge bulge structures. Luminosity functions are compared with the data of
Hopkins et al. (2007) (circles), Aird et al. (2015) (triangles) and the fit of Ueda et al. (2014) (shaded area).
Right panel: Bolometric luminosity (Lye) - black hole mass (Mgy) plane at z~0.1,0.5, 1.0, 2.0, 3.0,
and 4.0. The color map encodes the number density (n [Mpc‘3]) of objects, with solid, dashed and
dotted contours indicating the regions with n equal to 5x10~" Mpc=>, 1077 Mpc~3, and 10=8 Mpc—3,
respectively. Diagonal lines represent 1, 0.1, 0.01, and 0.001 fgqq limits.

growth undergone by the BHs in the chaotic scenario has an imprint in the faint end of z < 1 bolometric
luminosity functions (LFs). Since the BH growth in the chaotic scenario happens on a shorter time-scale
than in the model presented here, the BHs tend to consume the gas reservoir faster, hence entering to the
quiescent phase earlier. This implies that BHs at low z do not have enough gas in order to effectively con-
tribute to the faint-end of the bolometric luminosity function, reducing its amplitude. In order to contrast
this effect and match the observed faint-end of the AGN bolometric LF, the parameters fg ;" and fg);
(Eq.(5.2)-(5.3)) controlling the amount of gas accreted during mergers and DI, had to be increased. This
resulted in a significant excess on the predicted BHMF at Mpy > 10® M, making difficult its comparison

to observations.

5.4.2 The evolution of bolometric luminosity

Since the discovery of the first quasar (Schmidt, 1963), it has been widely accepted that the quasar
phase is triggered by the gas accretion onto BHs. The understanding of the quasar luminosity function
at different redshifts is a crucial point for inferring the assembly history of BHs. They provide us with
information about the BH growth rate, the nature of accretion disks and fundamental quantities such as
BH spins and radiative efficiencies. In the left panel of Fig.5.5 we present the evolution of the bolometric
luminosity (Lyop) function predicted by our model (in Appendix F it is presented the same but for hard
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and soft X-rays luminosity). The predictions of our model are compared to the observational work of
Hopkins et al. (2007); Aird et al. (2015) and Ueda et al. (2014). A good agreement is achieved at any
redshift bin. However, at z < 0.5 our model slightly underestimates the number of objects in the range
of 10¥< Ly < 10% erg/s. This might be caused by other feeding processes which are not accounted
by our model. For instance, Volonteri et al. (2013) discussed that substantial growth of BHs in ellipt-
icals galaxies was due to the consumption of recycled gas of the evolving stellar population. In future
works, we plan to include this extra growth channel in both elliptical and spiral galaxies. In the same
figure, we have divided the luminosity functions in three types of bulge population: galaxies hosting a
pseudobulge, classical bulge and elliptical structure. While at high-z (z>2) the bolometric luminosity
function is dominated by BHs accreting in pseudobulge structures, at lower redshifts classical bulges
and elliptical galaxies are the main structures hosting active BHs. At z < 1, pseudobulges host only faint
AGNSs (Lyor < 10* erg/s). Since pseudobulges form in galaxies experiencing a quiet merger history (see
Figure 3.16 of Chapter 3), our model points out that high-z AGNs (z>?2) and a fraction (~ 10-20%)
of intermediate luminous AGNs (Lyo ~ 10*~% erg/s) at z < 1 are mainly triggered by secular processes
rather than galaxy encounters. This is in agreement with recent observational and theoretical results.
For instance, the observational work of Allevato et al. (2011) pointed out that major or minor mergers
alone are not able to reproduce the high bias factors of X-ray AGN selected sample. Similar results
were obtained in Marian et al. (2019) for X-ray and optical selected AGNs at z~2. On the theoretical
side, Martin et al. (2018), by using the Horizon-AGN hydrodynamical simulation, found out that only
35% of today’s BH mass is directly attributable to merger-driven gas accretion. Similar results were
found by Steinborn et al. (2018), which using large-scale cosmological hydrodynamic simulations from
the Magneticum Pathfinder set, concluded that mergers could not be the statistically prevalent fuel-
ling mechanism for nuclear activity at z=0 — 2, except for very luminous AGNs, with Lyo > 10* erg/s.
From the semi-analytical models perspective, recent works of Lagos et al. (2008); Fanidakis et al. (2011);
Griffin et al. (2019) and Marshall et al. (2019b) found that, regardless of redshift, DIs are the main drivers
of BH growth and AGN activity. Even though all these works use the same analytical prescription to de-
tect instabilities in the galactic disk (see Eq. 2.28), their implementation is slightly different from the one
used here. For instance, the model of Fanidakis et al. (2011) (and Griffin et al. 2019) assumes that any
disk instability event is able to destroy the galactic disk, transforming the galaxy into a pure spheroidal
structure and triggering a burst of star formation. On the other hand, the works of Lagos et al. (2008)
and Marshall et al. (2019b) follows the approach presented here transferring to the galaxy spheroidal
component only the amount of stellar mass needed to restore the disk stability. However, they do not
distinguish between their triggering mechanism, as we do here.

To directly explore the relation between bolometric luminosity and BH mass, in the right panel of
Fig.5.5 we show the black hole mass-bolometric luminosity plane at six different redshifts. At z>3
there is a tight correlation between black hole mass and luminosity, as almost all BHs are accreting at
Jeda=1. On the contrary, at z<?2 most BHs are far from growing at the Eddigton limit, and diverse
combinations between BH mass and fgqq are present. For instance, whereas at z~4 all the quasars
shining at Lyo ~ 10% erg/s are triggered by BHs of mass Mpy ~ 107 Mg with fgq = 1, at z < 3 the same
luminosity is triggered by a wide range of BHs (Mpy ~ 107 — 10° Mg) accreting at fgga~1 — 0.01.
Only the highest luminosity (Lpoj > 1040 erg/s) are reached always by the same type of objects: BHs
of mass Mgy 2 108 Mg, accreting at the Eddignton limit. Interestingly, the plane Ly, — Mpy displays
two branches: one at fgqq = 1073 and the other at Jedd S 1073, While the former is caused by cold
gas accretion, the latter is originated by hot gas consumption. At z>3 these two regimes are clearly
separated, whereas at z ~ 2 the branches start to blend. This is because BHs accreting via the cold gas
phase enter in the quiescent (or self-regulated) phase, characterized by low fgqq. Eventually, as we
discussed in Fig.5.5 left panel, at z ~ O the number density of active BHs is dominated by low fgqq values
(or ADAF geometries) caused by both hot and cold gas accretion.
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Figure 5.6: Black hole spin, a, as a function of black hole mass (Mpp) at z=0 for black holes with
hard X-ray luminosity Lyx>10*?erg/s. The solid black line represents the median value of the spin,
whereas dark and light orange shaded areas display the 1o~ and 20 of the distribution. Black dots are the
observational data of Reynolds (2013).

5.4.3 The evolution of black hole spin

Apart from mass, the spin parameter is the other fundamental property of BHs that has to be taken into
account to build a complete picture of how black holes assemble their masses across cosmic time, given
also the dependence of the radiation efficiency on the spin value. From an observational point of view,
spin measurements are still a challenge and the current estimates display large errors. Reynolds (2013)
present a compilation of few BHs with reliable measurements of both spin and mass. However, all the
spin values have been computed via X-ray spectroscopy of iron Ka line, biasing the results towards
AGNs with bright hard X-rays luminosity (x10% erg/s, see Table 2 in Sesana et al. 2014). As a check
of the spin predictions in L-Galaxies, we present in Fig.5.6 a comparison of the model with Reynolds
(2013) data. In order to perform a fair comparison we have only selected in our sample the BHs with
hard X-ray luminosity larger than 10%? erg/s (see Appendix F for hard and soft X-rays LFs). We see that
the model predictions are overall consistent with the observations.

In the left panel of Fig.5.7 we present the cosmological evolution of BH spin. The model generally
predicts a rapidly spinning super-massive black hole population. While at Mgy < 10® Mg, BHs tend to
be maximally spinning, at Mgy > 10° My BHs display lower spin values (see also Sesana et al., 2014),
with average spin values descreasing with increasing BH mass. Also, the median spin values show a
modest decrease with decreasing redshift, but only for BHs with Mgy > 10 M. The different spins of
small and high-mass BHs come from the ratio |J:1| / 2Iﬁ3H| during the gas consumption. At Mgy < 10° Mg,
independently of the redshift and the nature of the accretion episode, the ratio Ifdl / 2|J_})3H| is always lar-
ger than one, resulting in a BH feeding characterized by np, =1 (see Section 5.3.3). Conversely, for
Mgg > 10° Mg, the value of |J_;1| / 2|J_])3H| is not necessary larger than one and the precise number of np,
depends on the galaxy bulge assembly. Indeed, this bulge dependence is seen in Fig.5.7 when the BH
population is divided according to the host bulge type (pseudobulge, classical bulge and elliptical). Re-
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Figure 5.7: Left panel: Predicted black hole spins, a, as a function of black hole mass (Mpgy) and
at different redshifts. Solid black lines represent the median value of the spin per black hole mass.
Dark and light orange shaded areas display the 10~ and 20 of the distribution. To guide the reader we
have highlighted with dashed lines the value of a = 0.6 (corresponding to an accretion efficiency ~0.1).
Right panel: The same as in the left panel but dividing the galaxies between classical bulges (green),
pseudobulges (blue) and ellipticals (red). Shaded areas display the 1o of the distribution. The large
fluctuations at high masses are due to small sample statistics (in both panels dashed lines in the median
relation corresponds to the black hole masses where the number of objects is smaller than 5).

gardless of the redshift, at fixed mass, BHs hosted in pseudobulges display larger spin values (a > 0.9)
than the ones in classical bulges (a ~0.7) and ellipticals structures (a <0.4). This is in agreement with
the work of Orban de Xivry et al. (2011), which concluded, by observing local AGN, that BHs in local
Narrow-line Seyfert I galaxies (with masses ~ 10°M) hosted in pseudobulge structures need to be rap-
idly spinning in order to explain their duty cycles. Notice that the model predicts a slight spin-up of BHs
hosted in elliptical galaxies form z~1 (a~0.3) to z~0 (a~0.4). This is because after the formation
of the elliptical structure the galaxy undergoes successively minor mergers/smooth accretions (a median
value of 5) which carry gas with large v/o towards the BH, ultimately causing its spin-up (see Figure 3.7
and 3.16 in Chapter 3 where we show the number density of minor/smooth accretion events and the
typical redshift of the last minor merger). This is along the line of recent observational work, pointing
out that minor mergers (~ 8 with mass ratio 1:10) contribute significantly to the build-up of massive
elliptical galaxies at z <1 (Boylan-Kolchin et al., 2006; Trujillo et al., 2011). The dependence on the
bulge type is somewhat blurred for BHs with > 108 M, inhabiting pseudo- and classical- bulge struc-
tures. This is because such massive BHs are hosted in massive galaxies (Mgtefiar > 10" M) whose bulge
assembly is complicated, shaped by both mergers and disk instabilities. This intricate bulge assembly
results in a complex evolution of the bulge v/o, significantly deviating form the v/o values produced by
DI or minor mergers alone. For instance, the bulge v/o in pseudobulges decreases after a minor merger
while v/o in classical bulges increases after a DI. Other mechanisms that blur the spin-bulge depend-
ence at > 108 My, are the gas-poor BH-BH coalescences. In these cases the remnant BHs do not accrete
gas and the spin change is driven by the BH coalescence. Berti and Volonteri (2008) showed that the
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spin evolution under only BH-BH mergers is driven towards a~ 0.4—0.7 (with some intrinsic dispersion).

During the last years several studies have addressed the evolution of BH spin by using semi-analytical
models. For instance, Fanidakis et al. (2011) and Griffin et al. (2019) found out that the chaotic scen-
ario suggested by King et al. (2005) applied on GALFORM SAM (run on top of the Millennium and
P-Millenium merger trees) yields a population of BHs characterized by low spin values (a <0.4) at any
mass and redshift (see Figure 9 of Fanidakis et al. 2011 and Griffin et al. 2019). Even though the chaotic
scenario was able to reproduce the population of radio-loud AGNs in the local Universe, its outcome spin
distribution makes difficult reconciling the model predictions with the recent claims of a rapidly spinning
black hole population (Orban de Xivry et al., 2011; Reynolds, 2013; Trakhtenbrot, 2014; Shankar et al.,
2016). In the same work they also explored a prolonged accretion scenario. Although in this case the
model predicts BHs with a > 0.9, the observed LFs are systematically above the observed one and its con-
sistency with radio-loud AGNs in the local Universe is worse than in the chaotic scenario (see Figure 10
of Fanidakis et al. 2011 and Figure 16 of Griffin et al. 2019). Other attempts have been done by Barausse
(2012) employing a SAM build on top of Press-Schechter merger trees. By using a more sophisticated
approach consisting in feeding the BH respectively in a prograde and chaotic way during gas rich and gas
poor mergers, they found a dichotomy in the spin distribution between rapidly (a = 0.9) and low (a ~0.2)
spinning BHs (see Figure 14 and 15 in Barausse 2012). Sesana et al. (2014) updated the spin evolution
of Barausse (2012) by linking the BH growth with the assembly of the galactic bulge. As in this work,
they found different spinning black holes hosted in elliptical and spiral galaxies. Finally, Volonteri et al.
(2013) also studied the spin with a SAM based on Press-Schecter merger trees. Similar what we do here,
they assumed that the BH quasar phase takes place in two different phases. Whereas the former is de-
scribed by an Eddington limited growth with a spin evolution characterized by a prograde accretion, the
latter displays low Eddington ratios with a chaotic spin evolution (even though they explored a coherent
mode as well during this quiescent phase). They found a strong spin redshift evolution whereby z > 2
BHs are characterized by large spin values (a > 0.8) whereas z < 1 BHs display small spins (a <0.4).
However, the model did not include BH feeding through disk instabilities, a channel which seems to be
fundamental in SAMs (Fanidakis et al., 2012; Menci et al., 2014; Marshall et al., 2019a).

5.5 Wandering black holes

In this section we discuss our main results on the wandering black hole population. We first explore the
frequency and location of the events at different cosmological times. We then focus on the local universe,
investigating the characteristics of wBHs hosted in different kinds of galaxies.

5.5.1 Wandering black holes across cosmic time

The left panel of Fig.5.8 shows the redshift evolution of the wBH number density (7). We show only
results for BHs whose mass is larger than 10° My, since at smaller masses we can not draw solid conclu-
sions given the resolution of the MS simulation, as previously discussed. Regardless of the BH mass,
the number density evolves with redshift, reaching a maximum of ~ 1073 Mpc™ at z~ 0. The lighter is
the mass of the wBH the larger is the number density at high-z. For instance, while at z ~ 4 black holes
of Mgy > 10’ Mg, have n < 107° Mpc‘3, black holes of 10° < Mgy < 107 Mg, present 1 dex larger number
densities. For comparison, the figure displays the n values of nuclear black holes. Regardless of mass
and redshift, nuclear BHs are 1 — 3 dex more numerous than wandering BHs, especially at z>4. Con-
cerning the different contribution between orphan and ejected BHs, we find that at My > 10’ Mg the
former dominate the number density of wBHs. On the other hand, at 10 < Mgy < 107 Mg, the relative
contribution of the two types of wBHs evolves with redshift; while ejected wBHs display larger number
density at z > 1.5, orphan ones dominate at lower redshifts. This evolution is due to the fact that towards
lower z the number of orphan galaxies increase, and, at the same time, the frequency of the major/minor
interactions decreases (see, e.g., Figure 3.2 of Chapter 3).
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Figure 5.8: Left panel: Redshift evolution of the number density (n) of nuclear (thick black solid line)
and wandering (thick short-dashed dark green line) BHs of in the ranges: 6 <log;o(Mpua/Mg) <7 (upper
panel), 7 <logio(Mpu/Mg) < 8 (middle panel) and log;o(Mpu/Mg) > 8 (lower panel). The population
of wBHs has been divided into orphans (long dashed dark red line) and ejected (dotted dark blue line).
Central left panel: Median subhalo mass in which wandering black holes are hosted at different red-
shifts. As in the left panel, each figure corresponds to a different BH mass bin. The wBH population has
been divided into orphans (long dashed dark red line) and ejected (dotted dark blue line). The shaded
areas indicate the 1o dispersion. Central right panel: Same as the central left panel but for stellar
masses. Right panel: Redshift evolution of the median positions of all wandering black holes with mass
> 100 M. The position, rgy, is given with respect to the subhalo center, ry, and is normalized to the
subhalo virial radius, Rpgg. Each panel corresponds to a different subhalo mass bin. Blue short—dashed
and red long—dashed lines represent the median positions of ejected and orphan wBHs respectively. The
shaded areas indicate the 10 dispersion. We further split the ejected population into inborn and acquired,
represented by the black short-dashed and blue dotted lines, respectively.

In the two central panels of Fig.5.8 the evolution of the median subhalo and stellar mass in which
wandering black holes are hosted is presented. At z>3 wBHs with Mgy > 108 Mg, inhabit very massive
subhalos and galaxies, with typical masses of Mpgj > 10" Mg and Mgejiar > 10" Mo Particularly, the
host subhalo mass presents an increasing trend toward low z, displaying values from Mp,o ~ 10 Mg
at z~4 up to Mpgo ~ 10'* Mg at z~0. On the contrary, the stellar mass of their central galaxy hardly
changes, maintaining a rather constant value of ~ 10'' My. WBHs with 107 < Mgy < 108 Mo display
a similar behavior but are hosted in slightly less massive subhalos and galaxies. Finally, wBHs with
10® < Mgy <10’ My, are typically placed in Mpgio ~ 1022 M, and Mgeiar ~ 10'%3 My. When the pop-
ulation of these wBHs is divided by formation scenario, we see that at z <2 ejected wBHs tend to be
hosted in less massive subhalo and galaxies (Mpa1o ~ 107 My, and Mgepiar ~ 10'° Mo, respectively) than
at higher redshifts. However, the significance of this trend change is small.

The position of both ejected and orphans wBHs with My > 10 M, as function of redshift is presen-
ted in the right panel of Fig.5.8. The population has been divided in 3 different bins of subhalo masses
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while the distances (referred to the subhalo center, rp) have been normalized by the subhalo virial radius,
Ropo. As shown, regardless of subhalo mass, ejected and orphan wBHs at z > 0.8 are located in differ-
ent regions inside the subhalo. While the former reside at <0.3R»qp (with a decreasing trend towards
low z), the latter orbit at ~0.6 — 0.8 Rygg radii. On the contrary, at z < 0.8 there are differences from a
subhalo mass bin to another. While for Mp,1, < 10!3 Mg ejected and orphans wBHs still inhabit different
subhalo regions, at My, > 103 My, both types of wBHs are at similar distances from the subhalo center,
~0.3Ryg. To understand this behavior, in Fig.5.8 we divided the population of ejected wBH in two
sub-classes: the acquired and inborn ones. While the former have been incorporated from other galaxies
after an subhalo merger, the latter were generated in-situ, expelled from the central galaxy of the subhalo
after a recoil. A completely different behavior is seen for the two populations, regardless of the redshift.
While inborn ejected BHs are closer to the subhalo center than orphan BHs, the acquired ejected wBHs
populate similar regions, further from the subhalo center. Consequently, the change of trend of the ejec-
ted population in massive subhalos at low z it is caused by the acquired ejected wBHs, whose number
becomes dominant with respect to the inborn ones.

5.5.2 The environment of wandering black holes in the local universe

We now focus on the local universe, exploring the typical subhalo and galaxy masses hosting wandering
black holes as well as the frequency of wandering BHs for different galaxy type. As discussed before,
we assume that wBHS are not accreting, thus not observable as active sources. In future works we will
explore how simple assumptions for the growth of wBHs could translate into their observability for dif-
ferent host properties.

The mass function of wBHs at different subhalo and galaxy masses is presented in the the small pan-
els of Fig.5.9. For what concerns the subhalo mass, we note that only the more massive subhalos host a
significant population of wBHs, including some with mass larger than 10’ M. By dividing the wander-
ing BHs by formation scenario we can see that for My, < 103 M, the ejected population reaches larger
masses than the orphan one, whereas at larger subhalo masses the trend is inverted. Indeed, the amp-
litude of the orphan wBHs mass function increases with subhalo mass due to the increase of the average
number of satellite galaxies'>. Analogously, galaxies with the largest masses are the ones which host the
most massive wandering black holes, but already galaxies with Mgeejtar ~ 10'° M, can be surrounded by
massive wBHs.

The larger panels of Fig.5.9 present both the probability # of finding at least one wBH above a given
mass threshold Mng (upper panel) and the median number of wBHs (Nypps) at a given subhalo mass
(lower panel). Independently of the Mg‘H, both # and Nypp increase with the host subhalo and galaxy
mass. However, the exact value of Mng has an important effect in the values of  and Ny,gy. For in-
stance, at M%’H = Mjeeq all subhalos above 103 Mg (galaxies above 101975 M) host at least one wBH,
with a typical Nygy > 5. However, only subhalos above 10'4 M, (galaxies above 10! M) host a wBH
with M, > 10%M.

5.6 The imprint of gravitational recoil on the BH global properties

In this section we investigate the effects of gravitational recoil in the properties of nuclear black holes
across cosmic time. As we will show, long wandering phases can have a visible effect in the black hole
occupation fraction and in the BH growth, in particular for certain galaxy types.

BTypically, the average number of satellite galaxies increases with the subhalo mass in a power-law shape (see e.g. Berlind
et al., 2003; Contreras et al., 2017).
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Figure 5.9: Left panel: Connection between the wandering black holes and their host subhalos at z=0.
Left upper panel: Probability # at a given subhalo mass bin of finding at least one wBH above the mass
threshold, Mg‘H. Solid black line, short dashed orange line and long dashed purple line display three
different M, thresholds: Mgcea = 10* Mo, 10° Mg and 10® Mo, respectively. Horizontal dashed lines
highlight the values £ =0.1,0.5,0.9 the Left lower panel: Median number of wandering black holes,
NwsH, per subhalo mass bin for a given Mg‘H value. Shaded areas represents the 30 interval of the
distributions. Right panels: Wandering black hole mass function at three different subhalo mass bins.
Solid blue, short red dashed and long blue dashed lines represent, respectively, the mass function for
nuclear BHs, orphan wBHs and ejected wBHs. Right panel: Same as in the left panel but for stellar
masses.

5.6.1 Black hole occupation fraction

The seeding procedure followed in this works (see Section 5.3.1) imply that all galaxies host a BH when
they are initialized. But gravitational recoil after BH mergers can leave galaxies without a central BH,
at least until the kicked BH loses the aquired energy and settles again in the galaxy center. Therefore,
especially at later times, a fraction of galaxies is expected to be deprived of a central BH. In Figure
5.10 we show the nuclear BH occupation fraction as a function of galaxy stellar mass, and for different
galaxy morphologies. Regardless of the bulge morphology and redshift, fgy decreases towards low stel-
lar masses: from ~ 80% for Mjiar = 10'"Mg down to ~ 60% for galaxies with Mejiar < 108°Mg. This
mass dependence is related to the potential well of the galaxy: the smaller the galaxy, the lower the escape
velocity, thus the higher the ejection probability for the central BH. Moreover, as we will see at the end of
this section, for galaxies with Mgjjar < 109M@, it is also much more probable the ejection not only from
the galaxy, but also from the subhalo. By dividing the galaxy population in different bulge morphological
types, we find that, in massive galaxies with Mgeiar > 109 M, pseudobulges and bulgeless galaxies dis-
play lower occupation fractions than both classical bulges and ellipticals. This is because pseudobulges
and bulgeless galaxies experience very few mergers during their evolution, thus it is more difficult for
them to replenish their empty bulge after an ejection. Indeed, as we will see in Section 5.6.2 (Fig.5.13),
the reincorporation of BHs in a pseudobulge galaxy is not very common (<10% of probability at any
stellar mass) making it even more difficult for such structures to increase their nuclear BHs occupation
fraction. Besides mass and morphology, Fig.5.10 shows a trend of decreasing fgy towards low z. This
is because BH-BH mergers are characterized by smaller values of g (~0.01,0.08, 0.1 for pseudobulges,
classical bulges and ellipticals, respectively) and poorer gas environments towards low z. For instance, at
z~2, 80% of BH-BH mergers in pseudobulges, classical bulges and elliptical galaxies are considered as
wet mergers. On contrary, at z ~ 1.0, ~ 90%, 60%, 80% of the BH-BH mergers in pseudobulges, classical
bulges and elliptical galaxies are classified as gas poor mergers. These conditions increase the modulus
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Figure 5.10: Nuclear black hole occupation fraction, fgy, as a function of stellar mass and different bulge
morphological types at z ~ 0, 1, 2, 3. Black lines present the fpy for all the galaxies. Blue, green, red and,
yellow lines display the break-up into pseudobulges, classical bulges, ellipticals and bulgeless galaxies,
respectively. Horizontal dashed line highlights fgy =0.9.

of the kick velocity making it easier for a BH to be ejected. In particular, the recoil velocity after a
BH-BH coalescence in a gas-rich environment is generally larger than in a gas-poor one since this latter
is inefficient in leading the alignment between the two BH spins. On the other hand, small values of ¢
lead to larger kicks since the recoil value is proportional to the inverse of (1 + g) (see Eq. (5.29)).

To explore in which moment the BH recoil velocities had major importance in driving ejections,
Fig.5.11 shows the comoving number density of BH ejections. Clearly, at z~1.5 the number density
reaches a maximum, coinciding with the peak of the galaxy-galaxy merger frequency (see Figure 3.2 of
Chapter 3). By dividing the ejections in different bins of BH mass we find that the larger is the BH mass,
the lower is the redshift of its ejection. While black holes of < 10°M,, are typical ejected at 7> 2.5, the
ones with > 103Mg, were kicked out at 0.1<z<0.6. This mass segregation is just a growth matter. At
very high-z we do not find massive BHs (> 103M,) being ejected, since they did not have enough time
to accrete gas and grow.

Finally, in Fig.5.11 we also show the number density of reincorporation as compared to the one of
ejections. The latter is larger than former by a factor of 2 — 3 depending on the exact redshift. This is
because gravitational recoil would expel more easily a BH from both galaxy and subhalo, rather than
only from the galaxy. In other words, gravitational kicks are likely to overcome at once both the subhalo
and galaxy escape velocities rather than only the galaxy one. This directly reduces the effective number
of BHs that can be can be reincorporated in the parent galaxy. For instance, regardless of redshift, we
have found that galaxies with Miar < 10°Mg, 10° < Mieqiar < 101°Mg, 100 < Miepiar < 10'"Mg, have,
respectively, 2.5, 2 and, 1.5 times more galaxy+subhalo ejections than only galaxy ejections. On the
other hand, in more massive systems (Mgeljar > 10""M,,) the trend is inverted and the former is 2 times
less common than the latter. A similar behavior is seen with subhalo mass.
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Figure 5.11: Redshift distribution of black hole ejections via gravitational recoils (solid lines) and rein-
corporation after a wandering phase (dashed lines). While black lines represent the predictions for the
whole BH population, different colors are for different black hole mass bins as labeled in figure. Hori-
zontal grey lines display the values of n in which we have a number of objects (N =n(z) X L1330x) equal to
10, 100 and 1000.

5.6.2 Effects on the scaling relations

As we have seen in the previous section, the population of nuclear black holes is affected by the physics
of gravitational recoil included in the model. In this section we explore how this translates into predic-
tions for the bulge-black hole z =0 relation.

The left panel of Fig.5.12 shows the bulge-black hole scaling relation for all galaxies when the SAM
is run including or not both BH recoil velocities and wandering phase. Clearly, the scatter and the me-
dian relation are different in the two runs. The model displays a trend of hosting less massive BHs at
fixed bulge mass in the run in which recoil velocities and wandering phase are taken into account. In the
other two panels the population is divided by bulge morphological type: classical bulges and ellipticals
(middle panel) and pseudobulges (right panel). While we still see some effects in the classical bulge
population, the signatures of BH recoil are more pronounced for the pseudobulge population, where the
median relation at Mpyige 2 10'°M,, changes up to ~ 2 dex and the scatter increases up to 4 dex.

These results clearly show that the inclusion of gravitational recoil physics is important in the pre-
dictions for the BH scaling relations, in particular in pseudobulge galaxies. Similar effects were found
in the hydro-simulations of Blecha et al. (2011) and the analytical model of Gerosa and Sesana (2015).
By running over 200 simulations of gaseous galaxy mergers with 60 different BH-BH merger configur-
ations Blecha et al. (2011) found out that the inclusion of gravitational recoils leaves an imprint in the
correlation between bulge velocity dispersion and the mass of the host BH. At fixed BH mass, the run
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Figure 5.12: Upper panels: Black hole mass (Mpy) - bulge mass (Mpyge) scaling relation in the local
universe (z=0). Left panel represents the relation for the entire galaxy population, the central panel is
for classical bulges and elliptical galaxies, and the right panel is for pseudobulges. Solid and dashed
lines represent, respectively, the median of the relation when the SAM is run with and without including
recoil velocities and wandering phase. Plain and dashed shaded area represent, respectively, the 20 of the
relation with and without recoil velocities. Dots display the data from Kormendy and Ho (2013). Lower
panels: Ratio, at a fixed bulge mass, between the black hole mass in the model with recoil velocities and
the black hole mass in the model without recoil velocities.

with gravitational recoils displays large bulge velocity dispersion values. This deviation is caused by
the ejection interrupting the BH growth while the galaxy continues its evolution. On the other hand, the
work of Gerosa and Sesana (2015) explored the repercussion of gravitational recoils in brightest cluster
galaxies (BCGs). They pointed out that the ejections and subsequent replenishments of BHs after galaxy
mergers increase the scatter of the BCGs black hole - bulge mass relation.

In Fig.5.13 we explore in more details the origin of the deviations of the recoiled population with
respect to the median relation. We again present results for classical bulges (left panel) and pseudobulges
separately (right panel). The median relation is divided into galaxies whose nuclear BHs never under-
went an ejection nor a wandering phase (Gy), galaxies whose bulge did not host a central BHs but after
a merger14 it was refilled by one (Grefy1) and galaxies whose BHs were reincorporated after a wandering
phase (Greincop). Regarding pseudobulges, galaxies belonging to G follow a very similar relation as
the model without recoil velocities (see Fig.5.12). A similar trend is visible for the galaxies type Grefinl
at Mpyjge < 10'°M,. However, their trend breaks at larger bulge masses. Concerning galaxies of type
Gieincops they show a much more flattened relation compared to the previous ones, regardless of bulge
mass. This is because the merger (principally smooth accretions) that filled the pseudobulge happened
at relatively low z, typically z < 1.0, with a galaxy hosting a BH that is ~ 2 dex (g ~0.01) lighter than the
average BH that would inhabit the empty bulge. As shown in the upper panel of Fig.5.13, the relative
contribution of G, Grefin and, Greincop causes the change on the pseudobulge scaling relation with respect
to the one without recoil velocities. Since galaxies G are the dominant ones at Mpyjge < 10'°M,, we do
not find any differences between the model with and without BH recoils. However, at Mpyjge > 10102M,
the trend changes since galaxies type Greincop take the main importance, causing the flattening in the
relation, seen in Fig.5.12.

Concerning classical bulges and ellipticals structures, all the three types Go, Grefin and, Greincop have
similar bulge-BH mass relation than the relation without recoil (even though Gieincop 18 systematically

“major, minor or smooth accretion.
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Figure 5.13: Upper panels: Probability, for a given bulge mass, of finding a nuclear BH which never
underwent an ejection nor a wandering phase (Gg, green line), a nuclear BH which refilled an empty
bulge after a merger (major, minor or smooth accretion, Gy, violet line) and a BH which was reincor-
porated after a wandering phase (Greincop, red line) Lower panels: Scaling relation for classical bulges
plus ellipticals (left panel) and pseudobulges (right panel) when the nuclear BH inhabiting that bulge
morphology is divided in the three previous types.

below). This is caused by the fact that classical bulges and elliptical galaxies do not spend a lot of
time without a BH: the reincorporation time of the BH is relatively low (<0.01 Gy) and since their
formation is linked with the hierarchical growth of structures, they experience frequent mergers (with
g = 0.2 —0.3) in short time-scales. As it is shown in the upper panel of Fig.5.13, galaxies Gy dominate at
any bulge masses. However, at Mpyjge > 10'9°M,, the probability P of finding a galaxy Geqy increases
up to P ~0.4. This causes the small change seen in the relation with and without recoil velocities in
Fig.5.12. We have also explored the G, Grefin and, Greincop population at z =2 for both classical bulges
(and ellipticals) and pseudobulges. In this case, at any mass and bulge type the G population dominates.
For instance, at Mpyjge ~ 10'93 My, Gy counts for more than the 65% and 80% of the population of clas-
sical bulges and pseudobulges, respectively. This causes the median value in the runs with and without
recoil velocities to be very similar, even though the population Grefin and Greincop helps in increasing the
scatter.

In a test run, we have also checked how the bulge-black hole scaling relation behaves when in the
model we do not assume any correlation between BH accretion and bulge assembly (see Eq.(5.18)). For
that we have run L-Galaxies with the chaotic scenario of King et al. (2005) which assumes an isotropic
distribution for the angular momentum of the gas clouds'>. We did not find significant differences, as the

SFollowing Sesana et al. (2014), the chaotic scenario presented in King et al. (2005) is obtained fixing F = 1/2 in Eq.(5.18).
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Figure 5.14: Bulge - black hole mass relation for classical bulges plus ellipticals (left panel) and pseudob-
ulges (right panel) when only nuclear black holes which underwent a wandering phase are selected. The
color map indicates the median value of the time spent in the wandering phase (**"%) per bin of bulge
and black hole mass. In each panel, the solid black line represents the scaling relation when no recoil
velocities and wandering phase are included, whereas colored lines represent the median relation for
nuclear BHs in a given bin of wandering phase, as labelled in figure.

strength of the recoil velocities depends primarily on the capability of the gas surrounding the BBH in
aligning the two BH spins at the moment of the merger, rather than on the spin value. BH-BH coales-
cences at z < 1.5 are mostly happening in gas poor environments, reducing the number of BH mergers
with a spin alignment, independently on the spin model used.

Finally, even though we have showed that reincorporated BHs have small impact in the bulge - black
hole mass relation, in Fig.5.14 we have explored the effect of the BH reincorporation after a wander-
ing phase in the scaling relations. In the figure it is shown the scaling relation for only classical bulges
(including ellipticals) and pseudobulges whose central black hole was reincorporated after undergoing a
wandering phase. Independently of the bulge morphology, there is a segregation by time in the wander-
ing phase (+**"): BHs which underwent longer wandering phase are systematically below the scaling
relation, as growth in the model is only allowed when BHs are centrals (see Section 5.3.5). This trend is
more clear in the pseudobulge population.

5.7 Summary and conclusions

In this chapter we have studied the mass assembly, spin evolution and environment of both nuclear and
wandering supermassive black holes. To do that, we have updated with new physical prescriptions the
version of L-Galaxies semi-analytical model (SAM) presented in Chapter 3. The new prescriptions
have been applied to the merger trees of the Millennium simulation, although galaxies have been ini-
tialized using the outputs of the higher-resolution simulation MillenniumIT.

The starting point of our BH model is the gas accretion from a hot and cold phase. While the former
is linked with the consumption of part of the hot gas atmosphere which surrounds the galaxy, the latter is
triggered by cold gas accretion right after a galaxy disk instability (DI) and/or a galaxy merger. During
both phases of gas accretion, we track the evolution of BH spin (a) using the approach presented in Dotti
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et al. (2013) and Sesana et al. (2014). We linked the number of prograde transient accretion disk (BH
spin-up) with the degree of coherent motion in the bulge. In particular, we have assumed that DIs, which
lead to the bar/pseudobulge formation in our model, are the processes that increase the coherence of
the bulge kinematics. On the other hand, mergers, which lead to the assembly of classical bulges and
ellipticals, bring disorder to the bulge dynamics. These assumptions result in a correlation between the
predicted BH spin values and the host galaxy morphology. Regardless of redshift and BH or bulge mass,
galaxies with a pseudobulge structure host nuclear BHs with larger spin values than both classical and
elliptical galaxies. In particular, at Mgy > 10°M;, pseudobulges, classical bulges and elliptical galaxies
host respectively BHs with a typical spin of a ~ 0.9, 0.7 and 0.4. At lower BH masses, as a consequence
the implemented model, all the three bulge morphology host maximum spinning BHs. The model also
follows the formation of binary black hole (BBH) systems by assuming that the lifetime of a BBH (from
the formation to the coalescence) inversely correlates with the BH merger ratio and the galaxy gas frac-
tion at the moment of the galaxy encounter. This simple assumption will be further improved in future
works. After coalescence, the remnant has a spin value fully determined by the Barausse and Rezzolla
(2009) analytic expression.

Due to conservation of linear momentum, in the instant of the BH-BH coalescence the propagation
of gravitational waves imparts a recoil velocity to the remnant black hole. If the modulus of the recoil
velocity, computed according to Lousto et al. (2012) equations, is larger than the escape velocity of the
host galaxy, the model assumes that the black hole is kicked from its host and incorporated in the DM
subhalo as a wandering black hole. Here we tag these BHs as ejected wBH. Since it is not clear which is
the amount of mass in accretion disk that can be retained or accreated by a BH after the recoil, we have
neglected the fact that the ejected BH can retain an accretion disk. The model also tracks the formation
of another type of wandering black holes, orphan wBH, which are originated after the complete disrup-
tion of their host galaxy via tidal forces. Independently of their origin, wBH orbits are tracked by using
numerical integration, taking into account the host subhalo and galaxy properties for the computation of
gravitational acceleration and dynamical friction. In particular, the integration of the wBH orbit stops
when i) the black hole is re-incorporated in the galaxy, i.e., when the BH passes through the galaxy center
with a velocity smaller than its escape velocity, ii) the recoil velocity of ejected BHs is larger than the
subhalo escape velocity or iii) the black hole position exceed 3 times the hosts subhalo virial radius and
it is still moving away from the galaxy.

Turning to the model predictions, we find a good consistency with the observed local black hole mass
function (BHMF), spin values, BH-bulge mass relation and quasar (bolometric, soft and hard X-rays) lu-
minosity functions. The model predicts a stalling in the BHMF at z~ 1, where no significant change
up to z=0 is shown. This indicates that most of the local BHs were already assembled by z~ 1. By
dividing the BHs between inactive and active we have found that the former population increases form
z~3 to z~0, with the most massive BHs becoming non-active earlier. The accretion geometry of the
active population displays also a redshift evolution. Regardless of BH mass, z ~ 3 active BHs are char-
acterized by a thin disk geometry fuelled by Eddigton-limited accretion flows. ADAF, instead, becomes
the main accretion geometry at z~ 0 for BHs with Mpy > 10°M,, powering BHs during the quiescent
phase of cold and hot gas accretion. On top of this, the luminosity functions of the model indicate that
accreting BHs are hosted in different bulge morphologies at different cosmological times. While at z>2
the high end of the luminosity function is dominated by BHs accreting in pseudobulge structures, at
lower redshifts classical bulges and elliptical galaxies are the main structures hosting the most powerful
active BHs. Since in the SAM the pseudobulge formation is detached from the merger framework (see
Chapter 3) our model points out that z>2 AGNs are mainly triggered by secular processes instead of
galaxy encounters, in agreement with recent observational and theoretical results.

One of the main novelties of the present study is a thorough exploration of the population of wan-
dering black holes (wBHs), either orphan or ejected. When looking at their mass density, we have found
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an increasing trend towards low z, reaching a maximum of 10~ Mpc=> at z~ 0, which is considerable
but still 1 —3dex smaller (depending the BH mass) than that of nuclear black holes. Regarding the
spatial distribution, ejected and orphan wBHs occupy different regions inside the subhalo. While the
former reside at <0.3R»qp, with a decreasing trend towards low z, the latter inhabit the > 0.5 Rygg re-
gions. Concerning the environments of wBHs in the local universe, the model predicts that subhalos of
Mhalo <10'3 My, rarely host a wBH with > 10° M. But if they do, the wBH is typically formed after a
gravitational recoil, i.e. of the ejected type. The picture is inverted at Mpqo >10'3 My, where it is relat-
ively more common to find a wBH of Mpy > 10% M, (typical ~ 5) principally formed after the disruption
of satellite galaxies, i.e. of the orphan type. We find the same tendency when looking at wBH statistics
against the host stellar mass.

Besides being an important channel of wandering black hole formation, we have found that gravita-
tional recoils also affect the co-evolution between the black hole and the host galaxy. In particular, they
cause a systematic depletion of nuclear BHs towards low redshift and stellar mass. While the former de-
pendence is because low-z BH-BH coalescences are characterized by poorer gas environments than the
ones at higher-z, condition which increase the modulus of the kick velocity, the latter is simply caused
by the fact that low-mass galaxies have smaller potential wells than massive ones, making it more diffi-
cult for them to retain the BH after a kick. By dividing the galaxy population according to bulge type,
we have found that at Mejar = 10'° Mg, both classical bulge and elliptical structures tend to display lar-
ger occupancy fractions than pseudobulges and bulgeless galaxies. This behavior is due to the fact that
pseudobulges are detached from the merger framework, making more difficult for them to replenish their
empty bulge after an ejection. On the other hand, at Mjjar < 1010 Mg, classical bulges are more affected
by the gravitational recoils, having more than the 40% of empty bulges. By running the SAM with and
without gravitational recoils and wandering phase we have also explored the imprints of gravitational
recoils in the =0 bulge-BH scaling relation. We have found that both the median of the relation and
its scatter are different in the two runs. There is a trend of hosting less massive BHs at fixed bulge mass
in the run in which recoil velocities and wandering phase are taken into account. A similar tendency
is found when the population is divided into classical bulges, elliptical galaxies and pseudobulges. In
particular, the latter structures are the ones which suffer a more pronounced effect, where the median
relation at Mpyge 2 10'°M, changes ~2dex and the scatter increases. Finally, we have also explored
the effect of BH reincorporation after a wandering phase in the BH-bulge relation. Regardless of bulge
morphology, the larger is the time of the BH in the wandering phase before its reincorporation, the larger
is its offset from the median BH-bulge relation.

Despite the model presented here represents a considerable step forward in modeling the evolution of
the population of black holes across cosmic time, still more effort is needed to construct a full coherent
framework that can produce new quantitative predictions that can be tested against current and future
observations. For example, including a physical model for the expected activity of wBH will lead to
useful predictions about the number of active wBHs that may be observed in the local Universe and their
more likely location with respect to their host galaxy/group/cluster. In the near future, new instrument-
ation will make it possible to constrain several aspects of the cosmic BH formation and evolution. The
Laser Interferometer Space Antenna (LISA, eLISA Consortium et al., 2013b) will constrain the nuclear
BH merger rate and their spin properties, thus also providing precious information for the theoretical
modeling of the kicked wBH population; James Webb Space Telescope (JWT, Gardner et al., 2006) and
Advanced Telescope for High-ENergy Astrophysics (ATHENA, Nandra et al., 2013) will allow to pierce
deeper in the cosmos, probing progressively further and lower mass accreting BHs. Only a concerted
interplay of theory and observations will unfold the full history of the cosmic, nuclear and wandering,
supermassive black hole population.
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MOCK LIGHTCONES FOR PHOTOMETRIC SURVEYS
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This Chapter is based on the paper: J-PLUS: Synthetic galaxy catalogues with emission lines for pho-
tometric surveys. David Izquierdo-Villalba; Raul E. Angulo,; Alvaro Orsi; Guillaume Hurier; Gonzalo
Vilella-Rojo; Silvia Bonoli; Carlos Lépez-Sanjuan; et al. Astronomy & Astrophysics, Volume 631, id. AS2,
16 pp.

ABSTRACT

In this chapter we present a synthetic galaxy lightcone specially designed for narrow-band optical pho-
tometric surveys. To reduce time-discreteness effects, unlike previous works, we directly include the
lightcone construction in the L-Galaxies semi-analytic model applied to the subhalo merger trees of the
Millennium simulation. Additionally, we add a model for the nebular emission in star-forming regions,
which is crucial for correctly predicting the narrow/medium-band photometry of galaxies. Explicitly, we
consider, individually for each galaxy, the contribution of 9 different lines: Ly« (1216A), }1,8(4861,&),
Ha (6563A), [O11] (3727A, 3729A), [OI1I] (49594, 5007A), [Nelll] (3870A), [OI] (6300A), [NII] (6548A,
6583/3;), and [SII] (6717&, 6731&). We validate our lightcone by comparing galaxy number counts, an-
gular clustering, and He', HB, [OII] and [OIII]5007 luminosity functions to a compilation of observations.
As an application of our mock lightcones, we generate catalogues tailored for J-PLUS, a large optical
galaxy survey featuring 5 broad and 7 medium band filters. We study the ability of the survey to correctly
identify, with a simple three filter method, a population of emission-line galaxies at various redshifts. We
show that the 4000A break in the spectral energy distribution of galaxies can be misidentified as line
emission. However, all significant excess (larger than 0.4 magnitudes) can be correctly and unambigu-
ously attributed to emission line galaxies. Our catalogues are publicly released to facilitate their use in
interpreting narrow-band surveys and for quantifying the impact of line emission in broad band photo-
metry.
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6.1 Introduction

Optical surveys have been important in establishing our current understanding of how galaxies form and
evolve (York et al., 2000; Gunn et al., 2006; Eisenstein et al., 2011; Driver et al., 2009; Grogin et al.,
2011; Koekemoer et al., 2011; Sanchez et al., 2012; Dawson et al., 2013; Sobral et al., 2018a). Des-
pite the progress, our picture is still incomplete and ongoing and future surveys, such as The Extended
Baryon Oscillation Spectroscopic Survey (eBOSS, Dawson et al., 2016), Dark Energy Spectroscopic In-
strument (DESI, Dark Energy Survey Collaboration et al., 2016), Euclid (Laureijs et al., 2011), Wide
Field Infrared Survey Telescope (WFIRST, Dressler et al., 2012), and eROSITA (Merloni et al., 2012),
could soon fill the gaps. To optimally exploit the data from these upcoming galaxy surveys, synthetic
galaxy catalogues are needed (e.g. Blaizot et al., 2005; Kitzbichler and White, 2007b; Guo et al., 2011;
Merson et al., 2013; Lacey et al., 2016; Merson et al., 2018). By using these mock catalogues it is pos-
sible to estimate uncertainties in deriving a given galaxy property, study selection effects, or quantify the
impact of different sources of errors. In addition, it is possible to modify various assumptions regarding
galaxy formation physics, and explore their impact on observable galaxy properties. Thus, realistic and
physically motivated mock catalogues are extremely important to interpret observational data in terms of
the underlying galaxy-formation physics.

In particular, mock galaxy catalogues are particularly important for interpreting surveys that com-
bine broad-band with narrow-band photometry (Wolf et al., 2003; Moles et al., 2008; Ilbert et al., 2009;
Pérez-Gonzalez et al., 2013; Benitez et al., 2014; Cenarro et al., 2019; Padilla et al., 2019). These surveys
attempt to inherit the power of spectroscopy in reliably estimating physical properties of galaxies, and
of photometry in measuring the light in a spatially resolved manner while avoiding the pre-selection of
targets. Thus, they deliver smaller statistical uncertainties and weaker degeneracies in estimating phys-
ical properties of galaxies compared to broad-band surveys. On the other hand, due to the complexity
of the data and its acquisition, they might contain more uncertainties related to the measurement of line
emission compared to spectroscopic surveys.

There are several requirements for realistic mock catalogues. First, a galaxy formation model is
needed that predicts all the relevant observable properties of galaxies, such as position, redshift, metalli-
city, stellar mass, or star formation rate (Croton, 2006; Somerville et al., 2008; Guo et al., 2011; Lacey
et al., 2016; Henriques et al., 2015). Second, it is important to include emission lines from star-forming
regions and quasars (Orsi et al., 2014; Molino et al., 2014; Chaves-Montero et al., 2017; Comparat et al.,
2019); although lines contribute in a relatively minor way to broad-band magnitudes, they can dominate
the total flux in narrow and medium bands (see e.g. Sobral et al., 2009, 2013; Vilella-Rojo et al., 2015;
Matthee et al., 2015; Stroe and Sobral, 2015; Stroe et al., 2017; Sobral et al., 2018b). Third, it is neces-
sary to project the light and spatial distribution of mock galaxies onto the observer’s frame of reference.
This, the so-called lightcone, is a crucial ingredient since a given narrow band can receive contributions
from multiple emission lines at different redshifts.

During recent years various galaxy lightcones using merger trees of dark matter N-body simulations
and galaxy formation models have been developed (Blaizot et al., 2005; Kitzbichler and White, 2007a;
Merson et al., 2013; Overzier et al., 2013). These mocks lightcones were designed for broad-band
surveys, such as SDSS, where the contribution of emission lines in the final galaxy photometry was neg-
lected. With the advancement of more sophisticated narrow-band photometric surveys such as Survey
for High-z Absorption Red and Dead Sources (SHARDS, Pérez-Gonzilez et al., 2013), Javalambre-
Photometric Local Universe Surveyl (J-PLUS, Cenarro et al., 2019), Javalambre Physics of the Accel-
erating Universe Astrophysical Survey (J-PAS, Benitez et al., 2014), and Physics of the Accelerating
Universe (PAU, Padilla et al., 2019) the line contributions from star-forming galaxies need to be taken
into account. To date, few works have addressed this. For instance, Merson et al. (2018) by using

'www.j-plus.es
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the CLOUDY photo-ionisation code (Ferland et al., 2013) included the Ha emission in the GALACTICUS
galaxy formation model (Benson, 2012). By constructing a 4 square degree catalogue they were able
to predict the expected number of Ha emitters as a function of redshift, a critical aspect for Euclid and
WFIRST surveys. On the other hand, Stothert et al. (2018) performed forecasts for PAU employing the
GALFORM version of Gonzalez-Perez et al. (2014) where the modelling of Har, [OII], and [OIII] lines was
included.

In this chapter we present a new procedure to generate synthetic galaxy lightcones, specially de-
signed for narrow-band surveys. We employ state-of-the-art theoretical galaxy formation models applied
to a large N-body simulation to predict the properties and clustering of galaxies. We improve these res-
ults with a model for the nebular emission from star-forming regions considering the contribution of nine
different transition lines. The properties of these lines are computed separately for each mock galaxy
based on its predicted star formation and metallicity. This is one of the first times that multiple emission
lines have been included in mock galaxy lightcones following a self-consistent physical model (Merson
et al., 2018; Stothert et al., 2018). Additionally, we embed the lightcone building procedure inside the
galaxy formation modelling, allowing us to minimise the time-discreteness effects. As an application of
our lightcone construction, we generated catalogues for the photometry of the ongoing J-PLUS photo-
metric survey (Cenarro et al., 2019) by observing thousands of square degrees of the northern sky with
a specially designed camera of 2 deg? field of view (0.55" pix~! scale) and the unique combination of
five broad-band (u,g,r,i,z) and seven medium- and narrow-band filters (see Table 3 of Cenarro et al.,
2019). We employed our mocks to test the capabilities of the survey in identify, with a simple three-filter
method (3FM), a population of emission-line galaxies at various redshifts. Specifically, all the emission
lines that fall in a narrow-band filter centred at the H, rest wavelength (J0660 filter). We showed how
the 4000A break in the galaxy spectral energy distribution can cause an apparent excess, misidentified as
line emission. However, we demonstrated that all significant excess (larger than 0.4 magnitudes) can be
unambiguously attributed to emission lines’.

This chapter is organised as follows. In section 6.2 we describe the methodology we follow to con-
struct the galaxy lightcone, predict galaxy properties, and model the strength of emission lines. In section
6.3 we present various comparisons with observations, which illustrate the accuracy of our predictions.
In section 6.4 we employ our synthetic catalogues to study the selection of emission-line galaxies (ELGs)
in J-PLUS. Finally, in section 6.5 we summarise our main findings. In this work magnitudes are given in
the AB system. A lambda cold dark matter (ACDM) cosmology with parameters Qp, =0.25, Qp =0.75,
and Hy =73 km s~! Mpc~! is adopted throughout the chapter.

6.2 Methodology

In this section we discuss the general procedure used to construct our mock galaxy lightcone. We make
use of L-Galaxies semi-analytical model in the version of Guo et al. (2011) applied on top of the
Millennium merger trees. We refer the reader to Chapter 2 for a detailed description of Millennium
simulation and for the whole baryonic physics included in the SAM.

6.2.1 Lightcone construction

In this section we outline our method for constructing a lightcone. We start by defining the location of an
observer and specifying the orientation, geometry, and angular extent of the lightcone. Then we define
how we identify the moment when a galaxy crosses the observer past lightcone.

The 500 Mpc/h side-length of the Millennium simulation is not always able to encompass the full
volume, or redshift range, of observational surveys. Thus, to cover the relevant regions we take advant-

>The mock catalogue is publicly available at https://www.j-plus.es/ancillarydata/mock_galaxy_lightcone
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Figure 6.1: For our mock galaxies with Mgejjar > 10'°M,/h, the observed colour g-r as a function of
redshift (zg). The grey scale represents the number density of galaxies (darker regions corresponds to
larger number densities).

age of its periodic boundary conditions and replicate the simulated box eight times in each coordinate
direction. This corresponds to a maximum redshift of z ~ 3, and will also allow us to incorporate high-z
ELGs as potential contamination for low-z ELGs.? Although the replicated volume underestimates the
total number of independent Fourier modes in a survey, it is adequate when different redshift slices are
considered separately and the redshift direction is chosen appropriately, as we discuss below.

For convenience, we place the observer at the origin of the first replication, and define the extent of the
lightcone as the angular size of 1000 Mpc/h at z ~ 1. This ensures that no more than two repetitions are
required to represent the cosmic structure in any redshift shell up to z~ 1. This provides a 22.5° x22.5°
(~309.4 deg?) lightcone. The orientation of the lightcone was chosen following Kitzbichler and White
(2007a) to minimise repetition of structure along the line of sight (LOS). According to their methodo-
logy, the LOS passes by the first periodic image at the point (nL, mL, nmL), where m and n are integers
with no common factor and L is the box size. We set the values of n =2 and m = 3, resulting in a viewing
direction (6, ¢) =(58.9°,56.3°). In Appendix G, we show that this LOS yields a small overlap between
box replicas.

The next step is to determine the moment when galaxies cross the observer’s past lightcone. There
are several different methods in the literature for this (e.g. Kitzbichler and White, 2007a; Merson et al.,
2013), most of which interpolate galaxy properties across the discrete dark matter simulation snapshots

3We apply our lightcone construction in the Millennium merger trees rather than in the Millennium-XXL because of the
coarser mass resolution of the latter (with a particle mass of ~ 10°Mg//k). The minimum subhalo mass of Millennium-XXL
would cause completeness effects in the magnitude range explored in this work and would impose a line luminosity threshold
that is too high for us to trust our results (e.g. 2 10*! erg/s at z ~ 0 for He line, see Orsi et al., 2014).
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Zobs

Figure 6.2: Left panel: Spatial distribution of galaxies in a thin angular slice (1 deg) inside our mock
lightcone. Each galaxy with Mgejjar > 10'9My/h is shown as a black dot. The contribution of peculiar
velocities is not included. Right panel: The same, but including the peculiar velocities in the estimation
of the redshift. The clustering is enhanced on large scales due to coherent bulk motions, whereas it is
damped on small scales due to random motions inside dark matter haloes.

or by directly storing the DM mass field as the N-body simulation evolves. Here we have decided to
follow a different approach. L-Galaxies accurately follows in time the evolution of individual galaxies
between DM snapshots with a time step resolution <5 — 19 Myr. This includes the tracking of central,
satellite, and orphan galaxies (i.e. those whose DM host has fallen below the resolution of the simula-
tion), improving along the way the links of the underlying subhalo merger tree (De Lucia and Blaizot,
2007). Here we take advantage of this and use the galaxy merger trees as an estimation of the continu-
ous path in space-time of a galaxy. Linearly interpolating between two contiguous galaxy time steps,
we search for the the lightcone crossing redshift, z,, where the comoving radial distance is equal to
the distance to the observer. The galaxy properties are then evolved down to that exact moment inside
L-Galaxies. This approach has the advantage of reducing an artificial discretisation of galaxy prop-
erties usually seen in lightcone algorithms (see e.g. Fig. 4 in Merson et al., 2013). To illustrate that
discretizaton effects in our mock galaxy photometry are small, in Fig. 6.1 we show the observed colour
g-r as a function of redshift (which is usually the most affected quantity, see Merson et al., 2013) for
galaxies with Mgejar > 10'°M,/h. No evident discontinuities are seen along the g -r axis.
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Finally, we add the contribution of peculiar velocities to the observed redshift of a galaxy as

Zobs = (1 +zg)(1 + %) -1, 6.1)

where 7, is the geometrical redshift at which the galaxy crosses the lightcone and v, is the LOS compon-
ent of its peculiar velocity, and c is the speed of light.

The spatial distribution of galaxies in our lightcone inside a 1 deg slice is presented in Fig. 6.2. We
only display galaxies more massive than 10'° My /A. No visible discreteness effects originating from a
finite number of simulation snapshots are seen.

6.2.2 Line emission modelling

In order to include the contribution of emission lines to the predicted photometry of our mock galaxies,
we follow the model described in Orsi et al. (2014). Specifically, we consider the contribution of nine
different lines: Ly (1216A), HB (4861A), Ha (6563A), [OI1] (3727A, 3729A), [OIII] (49594, 5007A),
[NellI] (3870A), [OI] (6300A), [NII] (6548A, 6583A), and [SII] (6717A, 6731A), which are those we
expect to contribute most significantly to the rest-frame optical wavelength.

In brief, the Orsi et al. (2014) model obtains the lines flux based on a Levesque et al. (2010)* model
grid of HII region. Four different parameters are needed as an input to the grid: (i) age of the stellar
cluster that provides the ionising radiation (¢.), (ii) density of the ionised gas (n.), (iii) galaxy gas-phase
metallicity (Zcoid), and (iv) ionisation parameter (q). For the first two parameters we assume constant
values: 7. =0 and n,=10cm™> (see the discussion in Orsi et al., 2014). The last two parameters are
directly set by the cold gas metallicity predicted by our galaxy formation model adopting the following
relation for the ionisation parameter,

Zcold
Zy

-y
q(Z)=qo( ) [cm/s], (6.2)

where qg, Zg, and y are free parameters set to 2.8 X 107 cm/s, 0.012, and 1.3, respectively, to match
observational measurements of Ha , [OII], and [OIII] luminosity functions (Orsi et al., 2014).

By using the predicted line fluxes, the luminosity of a given line, L(4;), is given by

F(/ljl q, Zcold)
F(Hal 9, Zcold)

where F(H,|q, Zcowa) and F(4j] q, Zcoia) are respectively the flux of Heand 4; line in a galaxy with ion-
isation parameter q and metallicity Z.,1q and Qo is the ionisation photon rate in units of s~! calculated
from the galaxy instantaneous star formation rate predicted by our SAM. Here we assume that all the
emitted photons contribute to the production of emission lines.

L(1) =1.37 x 1072Qppo lerg/s], (6.3)

We note that the model predictions for the Baldwin, Phillips & Telervich diagram (BPT diagram,
Baldwin et al., 1981)° and for the evolution of the emission-line luminosity function are in reasonable
agreement with the observations. For more information, we refer the reader to Orsi et al. (2014).

“4These authors computed the theoretical SEDs for HII regions using the Starburst99 code (Leitherer and Heckman, 1995)
in combination with the MAPPINGS-III photo-ionisation code (Dopita and Sutherland, 1995, 1996; Groves et al., 2004).
>The BPT diagram of the model can be found in Orsi et al. (2014) Figure 1, with y = 1.3.
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6.2.3 Observed magnitudes

Once we had placed galaxies in the lightcone and computed their physical properties (such as stel-
lar mass, star formation rate, and metallicity), we derived their observed photometric properties. The
observer-frame apparent magnitudes in the AB system, m4p, are defined as

[T()Afda
o
where c is the speed of light, T(2) is the filter transmission curve, A is the wavelength, f, is the flux

density per frequency interval ergs™' cm™2Hz™!, and f; is the flux density per wavelength interval in
ergs em 2 AL

mag=— 2.510g,, (f,) — 48.6= — 2.5log,, 48.6, (6.4)

We assume that our final galaxy photometry is the sum of two contributions. The first is the con-
tinuum emission from the mixture of stellar populations hosted by the galaxy (f7). The second is the

specific flux of all the recombination lines ( fjj ) generated in Hyj regions. Therefore,

Njines

l.
EN R (6.5)
j=1
Including Eq. (6.5) in Eq. (6.4), the magnitude m4p can be expressed as

J TS fida e 66
c [Tda h '

The magnitude m, , is computed by our SAM in a self-consistent way according to the galaxy evolu-
tion pathway (Chapter 2, Section 2.3.6). By using the Bruzual and Charlot (2003) synthesis models and
a Chabrier initial mass function, L-Galaxies updates the galaxy luminosity in each photometric band
every time that the galaxy experiences a star-forming event. Additionally, a model is assumed to account
for the light attenuation due to the absorption in the interstellar medium (ISM) and molecular clouds
(see De Lucia and Blaizot, 2007; Guo et al., 2011; Henriques et al., 2015). When the galaxy crosses the
lightcone, the observed magnitudes in the chosen photometric system are output according to the total
luminosity at that moment.

mag = 2.5logyo | 107040480 4

The contribution of emission lines (second term in Eq. 6.6) is taken into account in post processing.
Throughout this work we only consider the line emission produced by star formation events, ignoring the
contribution of AGNs. The line /; is added in its observed wavelength with fj’ determined by a ¢-Dirac
profile of amplitude F(4|q, Zcoig). In our case, njies are the nine lines described in Section 6.2.2. As in
the case of the galaxy continuum, all the line fluxes included here are affected by the surrounding dust.
A discussion of the impact and modelling of dust is presented in Section 6.3.2.

6.3 Validation

In this section we present a set of basic tests for our mock galaxy lightcone. In Section 6.3.1 we compare
the predicted galaxy number counts against a compilation of observations in five broad bands (u, g, r,
i, z). In Section 6.3.2, we extend our comparison to the luminosity functions of Ha, HB, [OII], and
[OIlI]s007 lines. We use this comparison to calibrate a dust obscuration model. Finally, in Section 6.3.3
we show the ability of our mock to reproduce the observed clustering of g -band selected galaxies.

6.3.1 Galaxy number counts

In Fig. 6.3 we show the total number of galaxies in our lightcone mock as a function of apparent mag-
nitude. We present our predictions for the five SDSS broad-band magnitudes, and compare them to



MOCK LIGHTCONES FOR PHOTOMETRIC SURVEYS 138

3 .I T T 106 ClAmmme(:l\l.(ZODli T T '
Fv . v al. (2004)
F e “ 105'3 o
F 12 .3
F e 18 107g-
§ D §
A 1€ 10°%
N 6 {2100
E 12
15 V%
[ . 1 1 1 1 ] 1 1 1 1 1 ] 1 L 1 1 1 1 i
16 18 20 22 2 26 16 18 20 22 24 26 16 18 20 22 24 26
u g r
106§ T T T 106§ .IC;\pakelﬂ!.(Zt’)M) T T T E
em“ ((22%0;;) -g T—‘ 105% ° Yau il v_;
o1y _ éo 104i _ Not corrected
““ - --- Corrected
{2100
1= i ]
120
1 L~ 1 1 1 1 1 L~ 1 1 1 1 ]
16 18 20 22 2 26 16 18 20 22 2 26
i z

Figure 6.3: Abundance of galaxies as a function of observed magnitude for the different SDSS bands.
Symbols show a compilation of observational results from the different datasets, with the measurements
from SDSS highlighted as large coloured circles (Yasuda et al., 2001). Shown in each panel are the
predictions from our mock galaxy lightcone before and after a correction to apparent magnitudes (solid
and dashed lines, respectively) designed to improve the agreement with observations (see Section 6.3.1).
The drop in the Yasuda et al. (2001) data in the i and z SDSS bands at faint magnitudes is caused by
selection effects. The sample used in that work was selected in » with a magnitude range of 12 <r <21.

various observational estimates as indicated by the legend (Koo, 1986; Guhathakurta et al., 1990; Jones
et al., 1991; Hogg et al., 1997; Arnouts et al., 2001; Yasuda et al., 2001; Metcalfe et al., 2001; Huang
et al., 2001; McCracken et al., 2003; Radovich et al., 2004; Kashikawa et al., 2004; Capak et al., 2004;
Eliche-Moral et al., 2005; Capak et al., 2007; Hoversten et al., 2009; Rovilos et al., 2009; Grazian et al.,
2009; Lépez-Sanjuan et al., 2019). We note that different observations usually employ slightly different
filter transmission curves; however, this introduces only a very minor correction, which we ignore.

Our theoretical predictions and the observations are in good agreement, especially for the r, i, and z
SDSS bands. This represents an important validation of our methodology. Even so, we find a slight sys-
tematic disagreement across bands, transiting from well-matched number counts on long wavelengths to
an underestimation at short ones (x and g ). At such wavelengths the magnitudes are sensitive to the rather
crude dust modelling implemented in the SAM. Since our main goal is to create mock galaxy catalogues
that are as realistic as possible, we have applied an ad hoc correction to our apparent magnitudes,

A
mag — map + a(—o - 1), 6.7)
AaB

where 145 is the effective wavelength of the filter under consideration, and @ and A are free parameters
that we set respectively to —0.47 and 6254 A (the central wavelength of the » SDSS filter) by requiring an
improved agreement with the number counts shown in Fig. 6.3. We apply Eq. (6.7) to all the photometric
bands we consider, including narrow and intermediate bands not used in the calibration. Our updated
predictions, displayed as dashed lines in Fig. 6.3, are in better agreement with the data for blue bands,
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which increases the overall level of realism of our lightcone.
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Figure 6.4: Luminosity function of emission lines. Each panel displays the results for a different emis-
sion line (from top to bottom and from left to right): Ha, [OII], HB, and [OIll]sgp7. Shown in each
panel are the various observational estimates (cf. Section 6.3.2 and Appendix H ) at different redshifts,
colour-coded as shown in each legend. Dashed and solid lines display the results from our mock galaxy
catalogue before and after applying an empirical model for dust attenuated, respectively. This dust model
has been calibrated to improve the agreement between the observations and our predictions.

6.3.2 Emission-line luminosity functions and line dust attenuation

A distinctive feature of our mock lightcone is the inclusion of emission lines. Our model estimates
line luminosities based on the intrinsic amount of photons produced during an event of instantaneous
star formation. However, star-forming galaxies are expected to also contain a large amount of dust,
which can significantly attenuate the luminosity of these emission lines. In the following we detail our
dust-attenuation model, which is calibrated by making use of the well-constrained Ha, HB, [OIl], and
[OII]sp7 luminosity functions (LFs) provided by previous works®. We note that given the much more
complex physics involved in Lya-photon radiative transfer in star-forming galaxies (Gurung-Lépez et al.,
2019; Gurung-Lopez et al., 2019; Weinberger et al., 2019), we do not use Ly line luminosities functions

%The comparison between observed and predicted LFs includes the small corrections due to the diverse cosmologies as-
sumed by the different works. We checked that the variations in the LF amplitude due to this effect are minimum (< 2%).
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Figure 6.5: Redshift dependence of the dust attenuation coefficient, C?/, applied to the nebular emission
in our mock galaxies. Symbols represent the mean value estimated by requiring agreement between the
predicted and observed luminosity function for either Ha , HB, [OIl], or [OIll]sgp7 (violet, blue, green,
and red, respectively). The best fit relation is shown by the solid black line.

for our calibrations.

In Fig. 6.4, we present a comparison of our LF predictions against different observed (not dust correc-
ted) luminosity functions for Ha, HS, [OII], and [OIll]sgg7 (Gilbank et al., 2010; Gunawardhana et al.,
2013; Sobral et al., 2013; Comparat et al., 2016). For clarity, we only show four different redshifts and
defer the comparison with other redshifts to Appendix H. Our dust-free predictions are, at all redshifts,
above the observed ones. This suggest dust attenuation is required to match the observations.

Given the difficulty in properly simulating dust formation and destruction (e.g. Fontanot and Somerville,
2011), here we resort to a simple empirical dust modelling. The goal is to consistently reproduce the ob-
served luminosity functions across redshifts for different lines. Following De Lucia et al. (2004), for
each galaxy we compute a mean absorption coeflicient as

1= e—msec())

Ay=-25 loglo( —

(6.8)
where 6 is the inclination angle of the galaxy with respect to the LOS (randomly chosen) and 7, is the
optical depth associated with stellar birth clouds. Here, we assume that 7, has the following dependence
on the cold gas metallicity of the host galaxy,

Av A(D)

71 =C(2) ZcoldA_B Ay (6.9)

where the values of Ag/Av and A(1)/Ay are computed based on the extinction curves of Cardelli et al.
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Figure 6.6: Two-point angular correlation function of g -selected galaxies (20 < g < 22.8) in the redshift
range 0.6 <z<1.0. Purple symbols displays the measurements of Favole et al. (2016) whereas solid
black line shows the predictions of this work. We display 8 X w(6) to enhance the dynamic range shown.
The clustering has been rescaled from the WMAP cosmology to the PLANCK one following Springel
et al. (2018).

(1989) and C(z) is a free parameter, which we refer to as the dust attenuation coefficient, that controls
the amplitude and redshift dependence of our dust attenuation model.

To constrain the value of C(z), we compute the dust-attenuated luminosity function for a wide set
of values for C (namely [0, 1000]). We then find the value of C that minimises the root mean squared
differences with the observed luminosity function. We apply this procedure separately for each line and
redshift. The best-fit values for C (C?f) as a function of redshift for the He , [OII], [OIII]5007, and Hp
lines is shown in Fig. 6.5, which shows that the corrections for HS and [OIll]sgp; are systematically
larger than those for Ha and [OII]. We connect this evidence to the slight overestimation of the galaxy
intrinsic HB and [OIlI]5007 luminosity (see Orsi et al., 2014). Because the refinement of HB and [OI11]50¢7
modelling is beyond the scope of our work, we absorb these overestimations in our dust correction at the
price of using large C coefficients for these lines.

We find that all three of the lines considered and the whole redshift range display a consistent beha-
viour, with a smaller attenuation coefficient required at high redshift. Our results are well described by
C(z) = awe P, with @ = 161.46 + 30.3 and 8= 0.46 + 0.23. This relation is shown as a solid black line in
Fig. 6.5. We employ it to model dust attenuation for every line we include in our mock, with the excep-
tion of Ha. The resulting dust-attenuated line luminosity functions in our mock lightcone are displayed
in Fig. 6.4. As intended, we find a better agreement with the observational measurements, which sup-
ports the validity of our mocks for analysing and predicting emission lines in the Universe. Nevertheless,
given the simplicity of our dust correction, the final results have their limitations. For instance, while
the [OII] line is slightly over-corrected at low-z, HS is under-corrected at high-z. In future work we will
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address a more sophisticated dust attenuation.

6.3.3 Clustering of high redshift g -band selected sources

An important validation of our mock lightcone is the spatial distribution of ELGs. In this subsection we
compare our results to the measurements of Favole et al. (2016) who computed the two-point angular
correlation function of g -band and redshift-selected galaxies in SDSS (a selection designed to be a proxy
for [OII] emitter selection).

We construct a mock galaxy sample by applying the same selection criteria as in Favole et al. (2016).
Specifically, we impose 20 < g <22.8 and 0.6 <z < 1.0. This results in a sample of ~2x10° galaxies,
with a median star formation rate of 1.70 Mg/yr. We compute the angular correlation function, w(6),
using the Corfunc package (Sinha, 2016) with the Landy-Szalay estimator (Landy and Szalay, 1993),

_ DD(8) — 2DR(0) + RR(0)
- RR(6) ’
where DD(6) is the number of galaxy-galaxy pairs within separation 8, RR(0) is the expected number of

such pairs in a random sample generated with the same selection function of our mock data, and RD(6)
the data-random pairs.

w(6)

(6.10)

In Fig. 6.6 we present the comparison. The clustering has been rescaled from the WMAP cosmology
of the Millennium to the PLANCK cosmology following Springel et al. (2018). Our predictions display
a remarkable agreement with the observations, being statistically consistent within the measurement
uncertainties. Additionally, there is a good agreement in the physical properties of the underlying sample:
our mock sample has a median host halo mass of MEI?F =1.249x10'>M,, with a 27% satellite fraction.
These figures are to be compared with a typical host halo mass of (1.25 + 0.45)x10'?M,, and a satellite
fraction of ~ 22.5%, as estimated by Favole et al. (2016). We note that this level of agreement compares
favourably with respect to what it is found in other SAMs (e.g. Gonzalez-Perez et al., 2018).

6.4 J-PLUS mock galaxy catalogues

In this section, we employ our procedure to build lightcones to mimic the J-PLUS survey. We explore its
ability to characterise ELGs in the Universe.

J-PLUS (Cenarro et al., 2019) is an ongoing photometric survey carried out from the Observatorio
Astrofisico de Javalambre (OAJ) in Spain. The J-PLUS collaboration plans to observe thousands of
square degrees of the northern sky, of which ~ 1022 deg? have already been completed and publicly re-
leased’ (Cenarro et al., 2019). The survey uses a specially designed camera with a 2 deg? field of view
and 0.55" pix~! scale. The unique feature of J-PLUS is its combination of five broad-band and seven
medium-band filters (see Table 3 of Cenarro et al., 2019). We show in Fig. 6.7 the J-PLUS filter trans-
mission curves and the observed wavelengths of nine different lines inside the J-PLUS spectral range as
a function of redshift. In this way we can visualise the redshifts at which different emission lines could
be selected by various narrow bands. We highlight in red the J0660 filter ( 138A wide and centred at
6600A), which is expected to capture the Ha emission of star-forming regions in the nearby universe
(z<0.017), HB and [OIII] at z ~ 0.3, and [OII] at z~ 0.7, but also the 4000 A break at z~ 0.65.

Using the J-PLUS set of transmission curves shown in Fig. 6.7, and the procedure presented in Sec-
tions 6.2.3 and 6.3.2, we computed synthetic magnitudes for each galaxy in our mock lightcone. In order

Twww.j-plus.es/datareleases/data_release_drl
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Figure 6.7: Right y-axis: Transmission curves of the J-PLUS system obtained by convolving the meas-
ured transmission curves for each filter with the quantum efficiency of the CCD and the atmosphere
absorption lines. Left y-axis: Wavelength at which the nine different lines included in the model fall as
a function of redshift. The dashed line represents the same, but for the 4000 break.

to be consistent with the survey, we kept galaxies with an apparent magnitude r < 21.3, i.e. the 5o detec-
tion threshold of galaxies expected in J-PLUS.

The synthetic J-PLUS photo-spectra for four typical ELGs in our mock is shown in Fig. 6.8. For
each object, we present its photometry including the contribution of emission lines and excluding it. In
the first panel of Fig. 6.8 we display a local galaxy (zops ~ 0) with a stellar mass of 3.24 x 10'My/h and
an instantaneous star formation rate (SFR'™Y) of 1.64 My/ yr. We can see how the measured fluxes in the
J-PLUS filters are significantly affected by the line emission. Specifically, Ha , [OII], and [OIII] increase
the flux in the filters J0660, JO378, and JO515, respectively. Emission lines also affect significantly the
broad-band fluxes, as is the case for » which is affected by Her, and for g by [OIII] (doublet). Thus, the
line fluxes have to be taken into account even for broad-band-only analyses. This, for instance, will be
important for deep photometric surveys such as LSST.

In the second panel of Fig. 6.8, we show a galaxy at z ~0.31, with stellar mass of 1.57 x 10'° My/h
and a SFR™!'=3.2 My/yr. As in the previous example, the emission lines of this galaxy contribute sig-
nificantly to the flux measured. However, in this particular case the main line contributing to the J0660
filter is [OIII], and [OII] for the J0O515 filter. The Ha emission is outside the narrow bands, falling in
the z-band filter. In the third panel of Fig. 6.8, we show a similar galaxy. In this case the redshift is
Zobs ~ 0.36 and the line that falls in the J0660 is HB. Finally, in the last panel of Fig. 6.8 we present a
high star formation rate galaxy (SFR™! ~ 22 Mo/ yr) at Zops ~ 0.78. The main emission lines that can be
observed for this galaxy are [OII] in the narrow-band J0660 filter and the sum of [OIII] and HB in the
J0861 narrow band and z broad band.

The above examples serve as an illustration of the ability of J-PLUS to detect ELGs, but they also
show two potential limitations: (i) disentangling the contribution of continuum and emission line to
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Figure 6.8: Predicted flux in the 12 J-PLUS filters for four mock galaxies in our lightcone. From left to
right: u, J0378, J0395, J0410, J0430, g, JO515, r, J0660, i, JO861, and zfilters. The shaded areas
indicate the location and extent of the JO515 and J0660 filters. Empty and filled circles represent the
galaxy photometry without and with line contributions, respectively. The first and second panels are
examples of Ha and [OIII] emitters at z~ 0 and z ~ 0.3, respectively. The third and fourth panels show
other examples, but for HB and [OII] emitters at z~ 0.3 and z ~ 0.78, respectively.

the narrow bands, and (ii) distinguishing the fluxes of different emission lines generated by galaxies at
different redshift.

6.4.1 Validation of J-PLUS mocks

In this section we further validate our mock by showing the agreement with the currently available data
of the survey (Cenarro et al., 2019).

Firstly, the number counts of the 12 J-PLUS bands are presented in Fig. 6.9. Galaxies in the J-PLUS
Data Release 1 (DR1) have been selected by imposing the morphological star—galaxy classification para-
meter of Lopez-Sanjuan et al. (2019) to be less than 0.5. The match between mocks and observations is
remarkable. We note that the agreement in the bluest narrow bands starts to fail at magnitude > 19.5. This
is principally because our SAM variant underestimates the population of blue counts (see Section 6.3).
In the same plot, we added the number counts after removing the line contribution in the galaxy photo-
metry. We do not see significant differences for the global population of galaxies. This is expected since
only a small fraction of galaxies would display emission lines falling within one of the J-PLUS narrow
bands.

Finally, in Fig. 6.10 we present the predicted and observed Ha luminosity function in the local
universe (z < 0.017) seen by the J-PLUS survey. The observational results can be found in Vilella-Rojo
etal. (in prep.). Again, predictions and observations agree with each other. The fact that our LF is not as



MOCK LIGHTCONES FOR PHOTOMETRIC SURVEYS 145

- 10* T T T T T 1 T T T T T T3 104
‘bo ; . J-?LUS: Data releas.e DBI ;
N‘é 10% 7 T verk Mk wihot g 410’
I [ ]
2100 4107
i 1, A1
é 10 — — 10
% 1 la b1 e v o e o 1 ] 100
1516 17 18 19 20 2115 16 17 18 19 20 2115 16 17 18 19 20 21
. U J0378 J0395 B
%D 3 - 3
q i 1
2100 4107
i 1, A1
é 10 — — 10
% 10L& 0 1 T N TN TR NN N A TR N NN N B B 100
1516 17 18 19 20 2115 16 17 18 19 20 2115 16 17 18 19 20 21
A J0410 J0430 g 4
HT 10 T T T T T 1 T T T T 1T T T T T T3 10
0 i B Lopez-Sanjuan et al. (201, E
£ 10°L 10°
q i
%ﬂ 100 - 102
i 1
é 10 3 10
% [ T T IR VIS T S S M I T N S IO | 100
15 16 17 18 19 20 2115 16 17 18 19 20 2115 16 17 18 19 20 21
A JO515 T J0660 B
H‘m 10 i
5 10°}
3 i
€100 L
= :
g2 10 L
3
% T R T N B I N TR N N | T N T N B 100

1 | | |
15 16 17 18 19 20 2115 16 17 18 19 20 2115 16 17 18 19 20 21
1 JO861 z

Figure 6.9: Galaxy number counts in each of the 12 J-PLUS filters. Solid and dashed lines respectively
show the mock predictions with and without including the line emission in the galaxy photometry. Sym-
bols show their counterpart in actual J-PLUS observations. The data are from the DR1 of J-PLUS after
masking for saturated objects and applying quality cuts to separate tiles. In the panel of the rband are
included the number counts presented in Lopez-Sanjuan et al. (2019) computed by using the early data
release of J-PLUS.

smooth as the observed one is due to the limitation imposed by the cosmic variance at such low-z. This
is the result of the narrow angular aperture that characterises our lightcone.

6.4.2 Selecting emission-line galaxies

We now use the 3FM method developed by Vilella-Rojo et al. (2015) to estimate the emission-line flux
from a linear combination of broad- and narrow-band filters. In short, this method infers the continuum
of galaxy in a narrow band (J0660) by linearly interpolating the continuum using two adjacent broad-
band filters (rand i). We note that this method takes into account the emission line contribution in the
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Figure 6.10: Intrinsic He luminosity function of the local universe (z <0.017). Red symbols indicate the
observational results presented in Vilella-Rojo et al. (2019, in prep.) using J-PLUS. The solid black line
displays the predictions from our J-PLUS mock catalogue.

broad band when performing the interpolation. Using synthetic photometry computed from SDSS spec-
tra, Vilella-Rojo et al. (2015) demonstrated that for z ~ 0 galaxies the method is nearly unbiased (< 9%)
in extracting Ha emission.

In the following we explore higher redshifts (z > 0.017, implying no Ha emission in the J0660 filter)
and we asses the performance of the 3FM method to extract line emission of high redshift galaxies. To
this end, we applied the 3FM method to every galaxy in our J-PLUS mock using the J0660 narrow band
as a line tracer and the r and i broad-band filters to estimate the galaxy continuum, miggg(?“. We built the
magnitude excess, Am, as follows:

Am= mﬁggg’g“ — MJjo660- (6 1 1)
Here m’%%®0 is the observed magnitude in the JO660. We selected objects with an excess of flux such that

Am > 0. This is close to imposing an equivalent width (EW)? cut on the galaxy line emission’.

We present the redshift distribution of selected galaxies in Fig. 6.11. From left to right, the red
peaks in the distribution correspond to Ha, [OI], [OIII] (4959&, 5007&), Hg, [Nell], and the [OII]
doublet at redshift 0.01, 0.05, 0.33, 0.36, 0.7, and 0.78, respectively. When using a minimum detection
of Am > 0.2, we see that most of the objects selected correspond to galaxies at z €[0.3,0.7] that do not
necessarily present a significant line emission. This implies that a sample selected using this threshold
is contaminated by a significant fraction of spurious detections. As we see in Section 6.4.3, these spuri-

8The equivalent width is defined as the ratio of the total line flux, F(4j|q, Zc1a), to the continuum density flux, f7, at the line
position.
By assuming a §-Dirac line profile we can establish the relation Am = 2.5log,, [1 + (/l"'“ TS )/ f AT d/l) EW],

Line Line

where /l‘L"l’; . is the observed line wavelength, T(1) is the narrow-band filter transmission curve, and EW is the line equival-

ent width.



MOCK LIGHTCONES FOR PHOTOMETRIC SURVEYS 147

T T T T T T T T

105 L - True cont. io;ﬂ];m; o 1\‘1 ‘ 1
104 E’ Estimated cont. l T l[ el EOH] _2
10° ff** A :
£ m>0.2| 3
wf o

1
1

PN IR

T

e
[OHI]5007

e ey
l l[oflg]égsg l[Nem] 0y ,

N
[ 3
i . E
. F \ E
: MV v/ -
| NiA E
i i ! | 3
o | i E
VLN ISR R PR (S U IR ra—a—— 0 A P | I I
= L L

| L L B P L L |
[OHI]5007

ll[of?]ég” | fou

N,../dQdz [deg?]

103 e

100 oy

4
10 ﬁ
1R ; M
0.1 b R A |ﬂ N N
7 . .

00 01 02 03 04 05 06 0.
z

obs

Figure 6.11: Redshift distribution of galaxies selected to have a positive excess in the J0660 filter as-
sociated to line emission. The top, middle, and bottom panels display the results employing different
magnitude thresholds, Am > 0.2, Am > 0.4, and Am > 0.4, plus the 30 significance level with respect to
the J-PLUS typical uncertainties. The blue histograms show galaxies selected using the 3FM of Vilella-
Rojo et al. (2015), whereas the red dashed histograms show galaxies selected using the true magnitude
excess associated with a line emission.

ous detections are produced by the non-linear behaviour of the continuum for the concerned range of
wavelength, which corresponds to the 4000A break crossing the J-PLUS set of filters r, J0660, and i in
the range 0.3 <z7<0.8.

When we apply a higher threshold, Am > 0.4, the spurious selection is significantly reduced and the
detections correspond to galaxies with emission lines, covering the correct range of redshift. For this Am
threshold, 74.7% of the selected emitters are [OIII], 13.1% HB, 10.4% HB + [omn1]'’, 0.9% Ha, 0.2%
[Nell], and 0.7% [OII]. We note that with the 3FM method we are not able to detect the [OI] emitters due
to the weak emission of this line. In addition, independently of the Am cut, the [Nell] and [OII] emitters
have a low completeness; in other words, the true distribution (dashed red line) is above the recovered
distribution (solid blue line).

Finally, to mimic a more realistic scenario, in the bottom panel of Fig. 6.11 we also account for
the photometric uncertainties of the J-PLUS survey. For this, we applied an extra cut such that the
magnitude excess in the narrow-band filter is above a significance of 30 with respect to the J-PLUS
typical uncertainties. To estimate the J-PLUS data uncertainty level, we used the median uncertainty
reported in the J-PLUS DR1 as a function of » magnitude. As we can see, the 3o significance cut leaves
the distribution almost unchanged when we compare it with the distribution that does not have such cut

10The HB and [OIII] overlap inside JO660 in the redshift range 0.34 < z<0.36.



MOCK LIGHTCONES FOR PHOTOMETRIC SURVEYS 148

0-4 I LI I LI I LI I T I LI I LI I LI I LI I LI I LI
i [OI] [OII] )

0.3~ ,P_If [Ney] ]

0.2 __ [Ol'l]z‘wsg _

. .

LO) Ii‘” [Omls007 i
0 01F - .
S s 00
~— 0.1} .

—0.2} —— True emitters -
- All galaxies 1
_0.3 I Ll I Ll I Ll I Ll I Ll I Ll I Ll I Ll I Ll I Ll
00 01 02 03 04 05 06 07 08 09 1.0
Zobs
True

Figure 6.12: Comparison between the true, Faa and inferred, ijM, values for the continuum density
flux. The orange line represents the comparison for all the galaxies (with and without emission lines) in
the mock. The blue line are the same, but only for galaxies displaying emission line features in the filter
J0660. In both cases, the shaded areas enclose the 25th and 75th percentiles.

(middle panel). The high-z emitters are the most affected by this extra cut as they are faint sources with
typically larger photometric uncertainties.

6.4.3 Understanding the population of interlopers

To understand the origin of the inferlopers and the under-recovered population of [Nell] and [OII] in
Fig. 6.12, we compare the true, f1™°, and inferred, f;™, values for the continuum density flux. From
Fig. 6.12 we confirm the findings of Vilella-Rojo et al. (2015), in that the 3FM provides a nearly unbiased
estimate of the continuum at z ~ 0. However, we find significant biases at higher redshifts, most notably

at z~ 0.4 and 0.6 where the continuum is overestimated by ~ 20%.

Moreover, there is an underestimation of the continuum at z ~ 0.8 of about 20% ''. A similar beha-
viour can be found for the true emission-line galaxies (blue line in the figure). To investigate the origin
of these trends, we applied the 3FM to magnitudes that exclude the contribution of emission lines. We
found that the trends are preserved, indicating that the biases are caused by features in the spectral en-
ergy distribution (SED) continuum of galaxies. We expect any non-linear feature in a galaxy spectrum
to produce biases in the continuum estimation. In particular, the 4000A break crossing our set of filters
r, J0660 and i between 0.40 < z<50.8 is responsible for the systematic overestimation of the continuum
at z~ 0.6 and the underestimation at z~0.8. The typical curvature of our mock galaxy photo-spectra
moves from positive to negative. A correction of this continuum subtraction bias could be applied by
combining photo-z information with a flux correction based on the orange curve of Fig. 6.12. However,
this procedure goes beyond the scope of this chapter.

""'We computed this bias as a function of different r apparent magnitudes [18,19], [19,20], and [20,21], and found almost
identical results.
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Figure 6.13: Purity in a catalogue of mock J-PLUS galaxies selected to have emission lines, as a function
of the threshold used for detection Am®™,

The purity of ELGs as a function of magnitude excess cut is presented in Fig. 6.13. The curve dis-
plays a decreasing trend between 0.1 < Am®" < 0.2, a consequence of the fact that these Am cuts remove
low equivalent width ELGs, yet still keep the majority of interlopers. As soon as Am“ > 0.2 we start to
avoid interlopers, recovering the increasing trend. As shown, the 4000 A break is not capable of gener-
ating a fake magnitude excess above Am®"'~0.36, where we obtain a purity of 100%.

Finally, in Fig. 6.14 we present the typical equivalent width as a function of Am cuts for the different
emission lines that contribute in the J0O660 filter i.e. Ha at 0 < z < 0.02, [OlIll]5097 at 0.3 <z<0.35, HB at
0.33 <z<0.39 and [OII] at 0.74 < 7 < 0.81. We find that while Am < 0.2 imposes Ha , HB, and [OI1I]50¢7
EW cuts of ~10A, it implies a much more strict cut for [OIl] with an EW ~ 50 A. When we increase
Am®", we can see that a more severe EW requirement is imposed for all the lines. In particular, Am > 0.4
implies EW > 70 A.

All this points towards the good capability of J-PLUS to study ELGs in the universe. The forthcoming
J-PAS survey (Benitez et al., 2014) will increase the capabilities of detecting line-emission galaxies due
to the higher number of narrow bands (56) and the higher depth, with respect to J-PLUS. The methods
we developed here can be easily generalised to the J-PAS case, and can thus provide a efficient tool for
testing the survey’s data capabilities.

6.5 Summary and conclusions

In this chapter we have presented a new procedure to generate synthetic galaxy lightcones specifically
designed for narrow-band photometric surveys. Different from previous lightcone construction methods,
we embedded its assembly inside the galaxy formation modelling so that each galaxy is evolved up to
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Figure 6.14: Relation between Am®"* and the equivalent width of the line (EW). From upper left to lower
right: Haat 0<z<0.017, [OII] at 0.3 <z<0.35, HGat 0.33 <z<0.39, and [OII] at 0.74 <z <0.81.
The solid lines represent the median EW for the (emitters) sample with Am > Am®"; the shaded areas
represent the 1o~ value of the distribution.

the exact moment it crosses the past lightcone of a given observer. This produces accurate results across
cosmic time, while minimising time-discreteness effects. Specifically, we used L-Galaxies (Guo et al.,
2011) implemented on top of the dark matter merger trees of the Millennium N-body simulation (Sprin-
gel, 2005). Since the Millennium box size is not able to cover the whole survey volume, we replicated
the box eight times in each spatial direction, corresponding to a maximum redshift z ~ 3, large enough to
include high-z ELGs. With the purpose of minimising the repetition of large-scale structures, we placed
the observer in the origin of the first replication with a LOS orientation of (6, ¢) =(58.9°,56.3°). The
angular extent of the lightcone was chosen to be 22.5° X 22.5°, i.e. no more than two repetitions of the
simulation box would be required to represent the cosmic structure up to z ~ 1.0.

As a particular feature of our mock, we included the effect of nine different emission lines in the final
galaxy photometry. In particular, Ly,(1216A), HB (4861A), Ha (6563A), [OI] (37274, 3729A), [Nelll]
(3870A), [OI11] (49594, 5007A), [OI] (6300A), [NII] (6548A, 6583A), and [SII] (6717A, 6731A). This
is one of the first times that multiple emission lines have been included in mock galaxy cones (Merson
etal., 2018; Stothert et al., 2018). The properties of these lines were computed using the Orsi et al. (2014)
model for nebular emission from star-forming regions. Based on MAPPINGS-III photo-ionisation code
the model predicts different line luminosities according to the galaxy gas metallicity, instantaneous star
formation rate, and ionisation parameter. For the two former quantities we used the predictions of our
mock SAM galaxies.

We presented various tests to validate our lightcone construction. Galaxy photometry has been tested
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with the galaxy number counts in the u, g, r, i, z broad bands. In the case of galaxy spatial distribution
we compared the clustering of g selected galaxies with the work of Favole et al. (2016). In both cases
the agreement is good. By comparing our mock line-luminosity functions to observational works we
calibrated our dust attenuation. It was based on a dependence with the galaxy redshift and metallicity.
In particular, we compared our results with to the well-constrained Ha, HB, [OII], and [OIll]5097 lu-
minosity functions to develop a global line attenuation for all the lines included in our mock. Despite its
limitations, this simple method produces final luminosity functions in good agreement with observations,
even with respect to the observed redshift evolution.

As an application of our lightcone, we have generated catalogues tailored to the photometry of the on-
going J-PLUS survey (Cenarro et al., 2019). With these mocks we have studied the ability of the survey
to correctly identify emission-line galaxies at various redshifts. In particular, among all the intermediate-
and narrow-band filter available to detect lines, we have focused in the J0660 which is able to capture
the Ha emission of star-forming regions in the nearby universe (z < 0.017) and other lines at higher red-
shifts (z>0.3) such as HB, [OIII], and [OII]. To assert the detection of the emission lines in J-PLUS,
we used the three-filters method developed by Vilella-Rojo et al. (2015). Our mocks proved that the
extraction of emission lines is strongly dependent on the continuum shape. In particular, we showed
that the 4000A break in the spectral energy distribution of galaxies can be misidentified as line emis-
sion, selecting a population of fake emission-line galaxies at 0.3 <z<0.6. However, we showed that
all significant excess in the narrow band (larger than 0.4 magnitudes) can be correctly and unambigu-
ously attributed to emission-line galaxies. The mock catalogue is publicly available at https://www.j-
plus.es/ancillarydata/mock_galaxy_lightcone.

In summary, in this work we have presented a new approach used to mimic photometric narrow-band
survey observations. We have shown that the synergy between galaxy formation models, dark matter
N-body simulations, and photo-ionisation codes is an adequate combination for the creation of realistic
mocks for the next generation of narrow-band photometric surveys. In addition, we anticipate that our
work will be an important tool for correctly interpreting narrow-band surveys and for quantifying the
impact of line emission in broad-band photometry. As a future application the procedure presented here
would be extended to the J-PAS survey Benitez et al. (2014) whose unique feature of 56 narrow-band
filters would require mock galaxy catalogues to exploit its data capabilities.


https://www.j-plus.es/ancillarydata/mock_galaxy_lightcone
https://www.j-plus.es/ancillarydata/mock_galaxy_lightcone

CHAPTER /

SUMMARY AND CONCLUSIONS

“A mds ver, mis valientes hobbits. Mi labor ha concluido. “Farewell, my brave Hobbits. My work is now
Aqui, al fin, a la orilla del mar, llega finished. Here at last, on the shores of the
el adios a nuestra compaiiia. No diré no lloréis sea... comes the end of our Fellowship. I will
pues no todas las lagrimas son amargas” not say do not weep, for not all tears are an evil.”
El sefior de los anillos: El Retorno del Rey. The Lord of the Rings: The Return of the King.

In this thesis, we have tackled three different topics: the assembly of galactic bulges, the growth of
supermassive black holes and the development of mocks for the new generation of multi-narrow band
photometric surveys. We have addressed all these subjects by using the L-Galaxies ' semi-analytical
model (SAM). This SAM is one of the state-of-the-art model whose capability to predict the correct
stellar mass function at different redshifts, passive galaxy fraction, galaxy two-point correlation function
or star formation rate density (among many other observables) has been proved in the last 15 years (De
Lucia et al., 2004; De Lucia and Blaizot, 2007; Croton, 2006; Guo et al., 2011; Henriques et al., 2015).
L-Galaxies has the main advantage of being able to be run on top of the dark matter (DM) merger
trees of the Millennium suite of simulations whose different DM mass resolution and box size offer to
L-Galaxies the possibility of exploring different physical processes undergone by galaxies over a wide
range of scales and environments.

In the following sections, we summarize the applied methodology and the main conclusions obtained
in each of the topics addressed in this thesis.

The assembly of pseudobulge structures

The first part of this thesis, which spans from Chapter 3 to Chapter 4, tackles the cosmological build-up of
galactic bulges with a special focus on the pseudobulge population. Taking advantage that L-Galaxies can
be run on top the merger trees of both the Millennium and the Millennium IT N-body simulations, we
have been able to study the formation of pseudobulge structures and the properties of their hosts across a
wide range of stellar masses (10% — 10" M,). Assuming that pseudobulges can only form and grow via
secular evolution, we have modified the treatment of galaxy disk instabilities (DI) in L-Galaxies, dis-
tinguishing between two kinds of events: DI secular-induced and DI merger-induced. Although both DI
types emerge from stellar disks massive-enough to experience a bar mode instability, the processes lead-
ing the disks mass growth are completely different. On one hand, DIs merger-induced are produced by
galaxy interactions as a consequence of the fast increase of stellar disk mass after the collisional starburst
or smooth satellite galaxy accretion. On the other hand, DIs secular induced result from the continuous
and secular mass growth of the disk with respect to time. This latter DIs are the events which we assume
to lead to long-lasting bar structures and the formation/growth of pseudobulges, while merger-induced

Thttp://galformod.mpa-garching. mpg.de/public/LGalaxies/
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instabilities contribute, together with mergers, to the growth of classical bulges. The main findings can
be summarized in:

— Merger-induced instabilities are less numerous than both DI secular evolution and galaxy mergers
at all cosmic epochs, pointing out that merger-induced instabilities are a subdominant process in
the bulge growth.

— Secular-induced DIs are the most abundant events concerning bulge assembly at any redshift and
stellar mass. However, these processes contribute in a very different way depending on the galaxy
stellar mass content. While in galaxies with Mgeejjar = 10° - 10'9M,, these events are able to sub-
stantially contribute to the growth of the bulge, in galaxies with Miiar = 103 — 10° M, DIs can
only lead to a small (sub-percent) transfer of mass from the disk to the pseudobulge.

— Predominant pseudobulge structures at high-z are principally present in galaxies in the range
10%> < Mggettar < 10'° M, with a small shift towards larger stellar masses at low-z.

— Pseudobulges at z =0 inhabit Milky Way type galaxies which lie on the main star forming se-
quence. For more massive galaxies we do not find predominant pseudobulge structures given that
they are systematically destroyed by minor and major mergers.

Despite the promising results reached in Chapter 3, we have explored if the disk instability prescrip-
tion included in L-Galaxies (Efstathiou et al., 1982) is able to capture the whole physics involved in
the bar and pseudobulge formation. For such, profuse in Chapter 4 we have studied the performance of
the Efstathiou et al. (1982) analytical prescription for bar formation when it is applied on a sample of bar
and unbarred galaxy extracted from the TNG100 cosmological hydrodynamical simulation. Despite find-
ing a correlation between the analytical criteria predictions and the actual bar assembly (non-assembly)
shown in the TNG100 for the barred (unbarred) galaxies, we have detected cases where the Efstathiou
et al. (1982) criterion of bar formation fails, either claiming disk stability for barred galaxies or disk in-
stability for unbarred disks. To better understand the false (un-)stable disks in the Efstathiou et al. (1982)
criterion, we have compared the barred and unbarred galaxies in the disk (un-)stable region. The main
results are:

— The main differences between barred and unbarred galaxies in the stable region of Efstathiou et al.
(1982) criterion are present in the maximum circular velocity of the subhalo and in the stellar-to-
subhalo ratio within the disk scale length, being these quantities larger for the barred sample.

— Barred and unbarred galaxies in the unstable region of Efstathiou et al. (1982) criterion differ in the
maximum circular velocity of the subhalo and in the stellar disk spin, being larger for the barred
sample.

— Regarding the differences between bar and unbarred galaxies in the (un-)stable region of Efstathiou
et al. (1982) we have proposed an extra criterion based on the subhalo circular velocity, stellar disk
spin and stellar-to-halo ratio to be applied on top of the Efstathiou et al. (1982) one. We have
shown that the combination of the old and new criteria improves the detectability of bar structures
and reduces both the contamination of fake barred galaxies and the number of undetected bar
formation events.

Supermassive black holes: Nuclear and wandering

The second part of the thesis is addressed in Chapter 5 which studies the mass assembly, spin evolution
and environment of both nuclear and wandering supermassive black holes. To do that, we have updated
with new physical prescriptions the version of L-Galaxies presented in Chapter 3. The new prescrip-
tions have been applied to the merger trees of the Millennium simulation, although galaxies have been
initialized using the outputs of the higher-resolution simulation MillenniumII. The starting point of
our BH model has been the gas accretion from the galaxy hot gas atmosphere and the cold gas disk
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after galaxy mergers or disk instabilities (DIs). During this phase of gas consumption, the evolution of
BH spin (a) is tracked by using the approach presented in Dotti et al. (2013) and Sesana et al. (2014)
which links the number of prograde transient accretion disk (BH spin-up) with the degree of coherent
motion in the bulge. In short, we have assumed that DIs increase the coherence of the bulge kinematics
while mergers bring disorder to the bulge dynamics. The BH model presented in this thesis leads to the
following predictions concerning the BH assembly:

— Most of the BHs in the current universe were already assembled by z ~ 1 becoming non-active at
7<3.

— The luminosity functions of the model show interesting results regarding the host galaxy of the
accreting BHs. At z>2 the high end of the luminosity function is dominated by BHs accreting
in pseudobulge structures, while at lower redshifts classical bulges and elliptical galaxies are the
main structures hosting the most powerful active BHs.

— Regarding the spin predictions, black holes with Mgy > 10° M, hosted in pseudobulges, classical
bulges and elliptical galaxies display respectively spin values of a ~0.9, 0.7 and 0.4, regardless
of redshift. At lower BH masses, as a consequence the implemented model, all the three bulge
morphologies host maximum spinning BHs.

One of the main novelties of this thesis is the exploration of the formation and evolution of the
wandering black hole population, i.e the population of BH outside of galaxies in bound orbits within
the dark matter subhalos. If in the instant of the BH-BH coalescence, the recoil velocity experienced
by the remnant black hole is larger than the escape velocity of the host galaxy, the model developed in
this thesis assumes that the black hole is kicked from its host and incorporated in the DM subhalo as
a wandering black hole. We tag these BHs as ejected wBHs. The model also tracks the formation of
another type of wandering black holes, orphan wBHs, which are originated after the complete disruption
of their host galaxy via tidal forces. Regardless of their origin, the orbits of wBHs are tracked by using
the Runge-Kutta numerical integration, taking into account the host subhalo and galaxy properties for the
computation of gravitational acceleration and dynamical friction. The main outcomes of the wandering
black hole population are:

— When looking at the number density of wandering BHs, the model predicts an increasing trend
towards low-z but being 1 — 3 dex smaller (depending on the BH mass) than that of black holes
hosted at the center of galaxies.

— Regarding the spatial distribution, ejected wBHs reside at < 0.3R509, where Roq is the virial radius
of the host sunhalo. On contrary, orphan wBHs inhabit the > 0.5 Rpgg regions.

— Concerning the environments of wBHs in the local universe, the model predicts that subhalos of
Mhalo < 1013 Mg, rarely host a wBH with > 10® M. But if they do, the wBH is typically formed
after a gravitational recoil. The picture changes at Mpa, > 10'3 My, where it is more common
to find a handful of wBH of Mgy > 10° M, principally formed after the disruption of satellite
galaxies. The same trend is found when looking at wBH statistics against the host stellar mass.

— Gravitational recoils affect the co-evolution between the black hole and the host galaxy. In partic-
ular, they cause a systematic depletion of nuclear BHs towards low redshift and stellar mass, being
galaxies with a pseudobulge structure the most affected.

— By running the SAM with and without gravitational recoils and wandering phase we have explored
the imprints of gravitational recoils in the z = 0 bulge-BH scaling relation. We have found that both
the median of the relation and its scatter are different in the two runs with the trend of hosting less
massive BHs at fixed bulge mass in the run in which recoil velocities and wandering phase are
taken into account. The same tendency is found when the population is divided into classical
bulges, elliptical galaxies and pseudobulges, being the latter structures the ones which suffer a
more pronounced effect.
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Mocks for multi-narrow band surveys

The final block of this thesis, presented in Chapter 6, is a technical work whose aim consists in presenting
a new procedure to generate synthetic galaxy lightcones specifically designed for narrow-band photo-
metric surveys. Different from previous lightcone construction methods, we have included its assembly
inside the L-Galaxies code to reduce time-discreteness effects observed in other lightcones (Merson
et al., 2013). Regarding the underlying DM merger trees, we have used the Millennium simulation
but the procedure can be applied to Millennium IT as well. Since the Millennium box size is not
large enough to cover the whole volume of current surveys, we have taken advantage of its periodicity
replicating the box eight times in each spatial direction, reaching a lightcone depth up to z ~3. With
the purpose of minimising the repetition of large-scale structures, we have placed the observer in the
origin of the first replication with a line-of-sight direction selected according to Kitzbichler and White
(2007a). Since our goal has been producing mocks for multi-narrow band surveys, whose main advant-
age is the capability of detecting emission lines produced by star forming galaxies, we have included
in the final galaxy photometry of L-Galaxies the effect of nine different emission lines. In partic-
ular, Ly,(1216A), HB (4861A), Ha (6563A), [OII] (3727A, 3729A), [Nelll] (3870A), [OIII] (4959A,
5007A), [OI] (6300A), [NII] (6548A, 6583A), and [SII] (6717A, 6731A). The properties of these lines
were computed using the Orsi et al. (2014) model for nebular emission from star-forming regions. Based
on MAPPINGS-IIT photo-ionisation code the model predicts different line luminosities according to the
galaxy gas metallicity, instantaneous star formation rate, and ionisation parameter. Given that star form-
ing galaxies are expected to be gas-rich systems, it has been necessary to attenuate line luminosities by
dust effects before including them in the galaxy photometry. By comparing our mock line-luminosity
functions to observational works (see e.g Gunawardhana et al., 2013; Sobral et al., 2013; Comparat et al.,
2016) we have calibrated our line dust attenuation which displays a dependence with the galaxy redshift
and metallicity. Specifically, we compared our results with the well known Ha , HB , [OII], and [OIlI]sgg7
luminosity functions to develop a global line attenuation for all the lines included in our mock. Despite
its limitations, this simple method has been able to produce final luminosity functions which are in good
agreement with observations, even with respect to the observed redshift evolution. Finally, to validate our
mock we have presented various tests. While galaxy photometry has been tested with the galaxy number
counts in the u, g, r, i, z broad bands, galaxy spatial distribution has been checked by comparing the
clustering of g selected galaxies with the work of Favole et al. (2016). In both cases the agreement is
good.

As an application of our lightcone, we have generated catalogues specifically designed to mock
the ongoing J-PLUS survey (Cenarro et al., 2019). With these mocks, we have studied the ability of
the survey to correctly identify emission-line galaxies at various redshifts. In particular, among all the
intermediate- and narrow-band filter available to detect lines, we have focused in the J0660 which is able
to capture the Ha emission of star-forming regions in the nearby universe (z <0.017) and other lines at
higher redshifts (z>0.3) such as H8, [OIII], and [OII]. To assert the detection of the emission lines in
J-PLUS, we used the three-filters method developed by Vilella-Rojo et al. (2015). Our mocks proved that
the extraction of emission lines is strongly dependent on the continuum shape. In particular, we showed
that the 4000A break in the spectral energy distribution of galaxies can be misidentified as line emis-
sion, selecting a population of fake emission-line galaxies at 0.3 < z < 0.6. However, we showed that all
significant excess in the narrow band (larger than 0.4 magnitudes) can be correctly and unambiguously
attributed to emission-line galaxies.

As a general conclusion, in this thesis we have shown that semi-analytical models are a powerful tool
to explore many aspects about galaxy formation and evolution being also capable to generate sophistic-
ated mocks for the next generation of galaxy surveys. Nevertheless, SAMs need to refine even further
the physical prescriptions they include to give answers to the new challenges that future surveys will
provide. Although in this thesis we have done one a big step on this direction, addressing the mechanism
about pseudobulge formation and including a refined model for the black hole growth and spin evolution,
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more refinements can be performed. Such refinements can be done by extracting physical information
from observations or take advantage of the results of hydrodynamical simulations.



CHAPTER 8

FUTURE WORK
“Nunca pensé en este final. ;Final? No, el viaje no “I didn’t think it would end this way. End?
concluye aqui. La muerte es solo otro sendero, que No, the journey doesn’t end here. Death is
recorreremos todos. El velo gris de este mundo se just another path, one that we all must take.
levanta y todo se convierte en plateado cristal. Es The grey rain-curtain of this world rolls back,
entonces, cuando se ve... ;Qué, Gandalf? and all turns to silver glass. And then you see it.
;Qué se ve? La blanca orilla. Y mas alld, la What, Gandalf? See what? White shores, and beyond,
inmensa campifia verde, tendida ante un fugaz a far green country under a swift sunrise. Well...
amanecer. Bueno, eso no estd mal. No, no desde luego.” that’s isn’t so bad. No.. no, it isn't.”
El sefior de los anillos: El Retorno del Rey. The Lord of the Rings: The Return of the King.

In this chapter we briefly discuss future projects that could expand the work done in this thesis:

i) New channels of bulge growth: As extensively discussed in this thesis, elliptical and classical bulge
structures are thought to be formed during violent relaxation processes following both major and minor
galaxy mergers. On the contrary, pseudobulges are related to the secular evolution of bar structures.
Despite these processes seem to depict a complete picture of the formation of different bulge types, the
semi-analytical model allows testing alternative scenarios proposed in the literature. For instance, as
future work, we intend to include the clump-origin bulge scenario presented in Noguchi (1998) for the
formation of classical bulges at high-z. Indeed, such a model could be complemented with the high-z
bulge assembly presented in Dubois et al. (2012b) where filamentary streams of gas flow towards the
centre of the subhalo and produce low angular momentum bulges. An interesting analysis would be to
check if these processes can compete with minor mergers in the formation of classical bulges at high-
z. Finally, we also plan to include galaxy flybys as processes triggering strong gas inflows towards the
nuclear parts of the galaxy leading to the formation of a diffuse bulge component (Mihos and Hernquist,
1994).

i1) The usage of TNG100 hydrodynamical simulations to explore the classical bulge formation: In
Chapter 3 we have shown that the z=0 classical bulge population in L-Galaxiesdisplays values of
bulge-to-total ratios too small when compared with observations. To understand such discrepancy we
plan to compare the formation and evolution of classical bulges in L-Galaxies (when applied on top
of theTNG100-Dark merger trees) with the one of the TNG100 hydrodynamical simulation. Such com-
parison will test whether the assumptions of L-Galaxies for the formation and evolution of classical
bulges are compatible with the outcomes of the TNG100 simulation. For instance, with TNG100 we could
check if the whole mass of the satellite galaxy during minor mergers is actually transferred to the nuclear
parts of the central galaxy (as assumed by L-Galaxies) when both baryonic and large scale effects are
taken into account.

ii1) Improving the merger time scale of binary black holes: During the last years, the study of how
binary black holes (BBH) form, evolve and coalesce inside galaxies has been an important topic in the
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astrophysical field (see LISA experiment Amaro-Seoane et al., 2017b). For that reason, in Chapter 5 we
included in L-Galaxiesthe BBH formation by employing a simple assumption for tackling their life-
time. Despite the results showed an interesting trend of increasing the BBH lifetime when we decrease
on redshift, we could not draw solid conclusions since the recipe used is an oversimplification which does
not capture the whole complexity of the BH coalescence. Hence further improvements are needed. In the
future, we plan to explore this topic in more detail using the results of state-of-the-art hydrodynamical
simulations. The goal is formulating a rather simple recipe able to capture the dependencies of the binary
black hole lifetime on the black hole merger ratio, galaxy gas content or galaxy bulge mass.

iv) Linking the life of the binary black hole with the bulge morphology: As discussed in the intro-
duction, many works have used the differential equations presented in Sesana and Khan (2015) to track
the separation of a binary black hole (BBH) system during its hardening and gravitational wave inspiral
phases. Interestingly, these equations show a dependence on the number of stars inside the BBH orbit,
which in turns, correlates with the properties of the host galaxy bulge. The recent work Biava et al.
(2019) explored analytically the outcomes of the Sesana and Khan (2015) equations on the lifetime of
> 10° My, BBHs when several bulge Sérsic profiles of the host galaxy are assumed. The results showed
that different stellar profiles lead to very distinct trends with lifetimes ranging between few Gyr to more
than 10 Gyr. In the future, we plan to perform a similar analysis but using the galaxy population and
the cosmological context provided by L-Galaxies. According to the galaxy bulge type and its bulge-
to-total value, different Sérsic profiles will be assumed during the numerical integration of Sesana and
Khan (2015) equations. The results will give interesting predictions about the bulge type hosting more
binary black holes at different cosmological times.

v) Generate mocks for the J-PAS survey: In this thesis we have presented a methodology to generate
mocks for any multi-narrow band survey. As an application, we generated catalogues tailored for J-PLUS
survey, consisting of a combination of 5 broad-band and 7 medium-band filters. By comparing predicted
and measured broad and narrow band number counts and the Ha luminosity function, we proved their
successful performance. We plan to push further our methodology and generate simulated catalogues
for the spectro-photometric J-PAS survey' whose filter system includes 56 narrow-bands. These mocks
would help the J-PAS collaboration to test their procedures to detect high-z emission line galaxies and
could be used as a training sample in machine learning codes.

vi) Including in the mock construction emission lines coming from AGNs: As we described in
Chapter 5, we included in L-Galaxies different physical prescriptions to build a model able to tackle the
black hole growth and spin evolution across cosmic time. The idea is adding this model inside the mock
construction presented in Chapter 6 to have a reliable population of active black holes whose bolomet-
ric luminosity can be associated with quasar and AGN SEDs at different cosmological times. The final
photometry of a galaxy hosting an accreting BH will be computed by selecting, at a given bolometric
luminosity, a random quasar/AGN SED from a library and convolve it with the filter system of the survey
that we want to simulate.

Thttp://www.j-pas.org/
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RESUMEN Y CONCLUSIONES

“Bilbo me conté un dia que las grandes historias “Bilbo once told me his part in this tale would end. That
nunca terminan, que cada uno de nosotros debe coger  each of us must come and go in the telling. Bilbo’s story
el relevo de la narracion. Su papel en este relato was now over. There would be no more journeys for
habia concluido, no habria mds viajes para Bilbo... him... save one. Tell me again, lad, where are we going?
excepto uno. Dimelo otra vez amigo, ja dénde vamos? To the harbor, Uncle. The elves have accorded you a
A los puertos, Bilbo, los elfos te han otorgado un special honotr. A place on the last ship to leave
honor especial, una plaza en el iiltimo barco que Middle-Earth. [...] Oh! Well, here is a sight I have never
zarpa de la Tierra Media. [...] Vaya, he aqui un seen before... I think I'm quite ready for another
horizonte nuevo para mi... Creo que estoy preparado adventure.”
para otra aventura.”

El sefior de los anillos: El Retorno del Rey. The Lord of the Rings: The Return of the King.

En esta tesis se han abordado tres temas diferentes: la evolucion de bulbos galécticos, el crecimiento
de agujeros negros supermasivos y el desarrollo de catdlogos simulados para la nueva generacién de
cartografiados de banda estrecha. Hemos tratado todos estos temas utilizando el modelo semianalitico
L-Galaxies?”. Este modelo es uno de los més avanzados de la literatura cuya capacidad para predecir
correctamente la funciéon de masa estelar, la fraccién de galaxias pasivas o la densidad de formacién
estelar a diferentes tiempos cosmolégicos ha sido demostrada durante los tltimos afios (De Lucia and
Blaizot, 2007; Guo et al., 2011; Henriques et al., 2015). L-Galaxies tiene la principal ventaja de poder
ejecutarse sobre en los arboles de fusiones de materia oscura extraidos de las simulaciones Millennium
cuyas diferencias en resolucién en masa y tamafios de caja ofrecen la posibilidad de explorar diferentes
procesos fisicos experimentados por las galaxias en una amplia variedad de escalas y entornos.

En los siguientes apartados resumimos, para cada uno de los temas tratados en esta tesis, la metodo-
logia aplicada y las principales conclusiones.

La formacion y crecimiento de pseudobulbos

La primera parte de esta tesis se aborda en el Capitulo 3 y 4. En ella se estudia la formacién y evolucién
cosmoldgica de bulbos galacticos, con especial énfasis en la poblacion de pseudobulbos. Aprovechando
que L-Galaxies puede ser ejecutado en los drboles de fusiones de Millennium y Millennium IT,
hemos estudiado en un rango muy amplio de masas estelares (108 = 101M,,) tanto la formacién de
pseudobulbos como las propiedades de las galaxias en las que residen. Suponiendo que los pseudob-
ulbos solo pueden formarse y crecer a través de procesos seculares, hemos modificado el tratamiento
que L-Galaxiesrealiza en las inestabilidades de disco, distinguiendo entre dos tipos de eventos: in-
estabilidad inducida secularmente e inducida por fusion. A pesar de que ambos eventos emergen como
consecuencia de discos estelares lo suficientemente masivos como para experimentar una inestabilidad
de barra, los procesos que condujeron a su formacién son completamente diferentes. Por un lado, las in-

http://galformod.mpa-garching.mpg.de/public/LGalaxies/
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estabilidades inducidas por fusion son producidas por fusiones de galaxias a causa de un ripido aumento
de la masa del disco después de una intensa formacidn estelar o del accrecimiento de la galaxia satélite.
Por otro lado, inestabilidades inducidas secularmente se producen en discos cuyo crecimiento en masa
ha sido completamente producido por eventos internos y seculares de formacion estelar. Este tltimo tipo
de inestabilidades son las que consideraremos como las responsables de la formacién de barras duraderas
que provocan el crecimiento de pseudobulbos. Por otra parte, las inestabilidades inducidas por fusion
contribuyen, junto con las fusiones de galaxias, al crecimiento de los bulbos cldsicos. Los principales
hallazgos pueden resumirse en:

A cualquier tiempo cosmoldgico, las inestabilidades inducidas por fusion son menos numerosas
que las inducidas secularmente. De hecho, estas primeras son procesos subdominantes en el creci-
miento de bulbos clasicos.

- Independientemente del tiempo cosmoldgico, las inestabilidades de disco inducidas secularmente
son los eventos mas abundantes que conciernen a la formacién y evolucién de bulbos galécticos.
Sin embargo, estas inestabilidades contribuyen de manera muy diferente dependiendo de la masa
estelar de la galaxia. Mientras que en galaxias de 10° — 10'° M, estos eventos contribuyen sustan-
cialmente al crecimiento de los bulbos, en galaxias de 10% — 10° M, tienen un efecto marginal.

- A tiempos cosmoldgicos altos, los pseudobulbos estan presentes principalmente en galaxias con
masa estelar de 10%° — 10'O M,

- Los pseudobulbos en el universo local residen en galaxias andlogas a la Via Lictea y con una
intensa formacion estelar. Sin embargo, en galaxias mds masivas apenas podemos encontrar este
tipo de estructuras dado que son destruidas sistemdticamente por fusiones de galaxias.

A pesar de que los resultados presentados anteriormente son prometedores, hemos explorado la ca-
pacidad del criterio de inestabilidades de disco incluido en L-Galaxies (extraido del articulo Efstathiou
et al., 1982) para capturar toda la fisica involucrada en la formacién de barras y pseudobulbos. Con ese
fin, hemos estudiado el comportamiento de esta receta cuando es aplicada en una muestra de galaxia
con y sin barra extraida de la simulacién hidrodindmica TNG100 (Nelson et al., 2018). Los resultados
muestran que a pesar de haber una correlacién entre las predicciones del criterio de L-Galaxiesy el en-
samblaje barras, hay casos en los que el criterio falla ya sea afirmando estabilidad/inestabilidad del disco
para galaxias barradas/no barradas. Para comprender mejor estos casos, hemos comparado las galaxias
con y sin barra en la regién estable/inestable del criterio de Efstathiou et al. (1982). Los resultados
encontrados son los siguientes:

- Las principales diferencias entre galaxias barradas y no barradas en la region estable del criterio de
Efstathiou et al. (1982) estdn presentes en la méxima velocidad circular del subhalo y el cociente
masa estelar-masa de subhalo dentro del disco. Estas cantidades son mayores para la muestra con
barra.

- Las galaxias barradas y no barradas en la region inestable del criterio Efstathiou et al. (1982)
difieren en la velocidad circular mdxima del subhalo y en el espin del disco estelar, siendo mas
grande para la muestra barrada.

- De acuerdo con las diferencias entre galaxias con barra y sin barra en la region estable e inestable
del criterio de Efstathiou et al. (1982), hemos propuesto una condicién adicional basada en la
velocidad circular del subhalo, el espin del disco estelar y el ratio masa estelar-masa del subhalo.
Hemos demostrado que la combinacién del criterio de L-Galaxies con la nueva condicién que
proponemos mejora la detectabilidad de las estructuras de barras y reduce la contaminacién de
falsas galaxias barradas.
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Agujeros negros supermasivos: nucleares y errantes

La segunda parte de la tesis es abordada integramente en el Capitulo 5 donde se estudia para agujeros
negros nucleares y errantes su ensamblaje en masa, evoluciéon de espin y entorno. Para ello, hemos
actualizado con nuevas recetas fisicas la versién de L-Galaxies presentada en el Capitulo 3. Estas se han
aplicado cuando L-Galaxies es ejecutado en los drboles de fusiones de materia oscura de Millennium.
Hemos asumido que los agujeros negros crecen en masa mediante el consumo de gas procedente de la
atmosfera de gas caliente que rodea la galaxia y del disco galéctico de gas frio tras fusiones de galaxias
y/o inestabilidades de disco. Durante esta fase de consumo de gas, se ha seguido la evolucion del espin
utilizando el enfoque presentado en los articulos de Dotti et al. (2013) y Sesana et al. (2014) que vinculan
el nimero de discos de acrecién transitorios progrados (que aumentan el espin del agujero negro) con el
grado de rotacién del bulbo. A grandes rasgos, hemos asumido que las inestabilidades de disco aumentan
la coherencia cinematica del bulbo, mientras que las fusiones la disminuyen. El modelo presentado en
esta tesis muestra las siguientes predicciones en la evolucién cosmolédgica de los agujeros negros:

- Gran parte de los agujeros negros en el universo local adquirieron la mayoria de su masa a tiempos
cosmoldgicos altos.

- Las funciones de luminosidad del modelo muestran resultados interesantes respecto al tipo de
galaxias que albergan agujeros negros en crecimiento (es decir, activos). A tiempos cosmoldgicos
altos el extremo débil de la funcién de luminosidad estd dominado por agujeros negros consum-
iendo gas en pseudobulbos. No obstante, a tiempos cosmoldgicos més bajos, las bulbos cldsicos y
galaxias elipticas son las estructuras principales que albergan las agujeros negros activos.

- En cuanto a las predicciones de espin, agujeros negros con masa > 10° Mg, alojados en pseudob-
ulbos, bulbos clésicos y galaxias elipticas tienen un valor de espin de ~0.9, ~0.7 y ~0.4, in-
dependientemente del tiempo cosmoldgico. A masas mds bajas, como consecuencia del modelo
implementado, los tres tipos de bulbos albergan agujeros negros con el maximo valor de espin
(~0.998).

Una de las principales novedades de esta tesis ha sido explorar la formacién y evolucion de agujeros
negros errantes, es decir, una poblacidén de agujeros negros que se encuentran fuera de las galaxias, en
Orbitas ligadas dentro de los subhalos de materia oscura. Si en el instante de la fusién de dos agujeros
negros, el resultante experimenta una velocidad de retroceso mayor que la velocidad de escape de la
galaxia que lo alberga, asumimos que es expulsado de su galaxia e incorporado en el subhalo de materia
oscura como un agujero negro errante. Nos referiremos a estos tipos de agujeros negros como eyectados.
El modelo también tiene en cuenta la formacién de otro tipo de agujeros negros errantes, los huérfanos
que son generados después de la completa destruccién de su galaxia a causa de fuerzas de marea. In-
dependientemente de su origen, las 6rbitas de los agujeros negros errantes son calculadas utilizando la
integracion numérica de Runge-Kutta, teniendo en cuenta las propiedades de la galaxia y subhalo que los
albergan para el cdlculo de la aceleracion gravitacional y la friccion dindmica. Los principales resultados
de la poblacion de agujeros negros errantes son:

- El ndmero de agujeros negros errantes aumenta a bajo tiempo cosmolégico. De hecho, el nimero
de este tipo de agujeros negros es de 1-3dex menor (dependiendo de la masa) que el de los
agujeros negros alojados en el centro de las galaxias.

- Respecto a la distribucién espacial, los agujeros negros eyectados se encuentran a < 0.3Rygg, donde
Ryo0 es el radio virial del subhalo que los alberga. Por el contrario, los huérfanos residen a
> 0.5 Ryqo.

- El modelo predice que los subhalos de masa < 10'3 M, rara vez albergan un agujero negro errante
de masa > 10° M. Sin embargo, en caso de tener, el agujero negro errante es del tipo eyectado.
Todo esto cambia a masas de subhalo > 10> M, donde es mas comiin encontrar un agujero negro
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errante (tipicamente ~ 5) de masas > 10° Mg, y tipo huérfano. Se encuentra la misma tendencia
cuando este andlisis es realizado con masas estelares.

- La expulsién de agujeros negros afecta la co-evolucion entre los agujeros negros y las galaxias.
Especificamente, provocan una disminucién sistemética del nimero de agujeros negros albergados
en galaxias a tiempos cosmolégicos bajos. Las galaxias con pseudobulbos son las que més sufren
de esta disminucidn.

- Al ejecutar L-Galaxies con y sin retrocesos gravitacionales y fase errante, hemos explorado las
efectos que estos procesos dejan en la relacion masa del bulbo-masa del agujero en el universo
local. Hemos encontrado que tanto la mediana de la relacién como su dispersion son diferentes
cuando se incluyen o no se incluyen los efectos de eyeccién. La tendencia es albergar agujeros
negros menos masivos, a una masa de bulbo fija, en el modelo que incluye los efectos de retroceso.
Esta tendencia se encuentra en cualquier tipo de bulbo, sin embargo los pseudobulbos son los que
mas sufren de este efecto.

Catalogos simulados para cartografiados de bandas estrechas

El bloque final de esta tesis, presentado en el Capitulo 6, es un trabajo técnico cuyo objetivo consiste
en presentar un nuevo procedimiento para generar simulaciones de conos de luz especificamente disefia-
das para cartografiados fotométricos de banda estrecha. A diferencia de otros métodos, hemos incluido
su construccién dentro de L-Galaxiescon el objetivo de reducir los efectos de discrecién temporal
observados en otros trabajos (Merson et al., 2013). Con respecto a los drboles de fusiones de materia
oscura, hemos utilizado los de la simulaciéon Millennium aunque también pueden ser utilizados los de
Millennium II. Para conseguir volimenes similares a los alcanzados por los cartografiados actuales,
hemos aprovechado la periodicidad de la simulacién Millennium replicdndola ocho veces en cada dir-
eccion espacial. Para minimizar la repeticion de estructuras, hemos colocado al observador del cono
de luz en el origen de la primera réplica con una orientacion seleccionada de acuerdo con Kitzbichler
and White (2007a). Dado que nuestro objetivo ha sido producir catidlogos para cartografiados de banda
estrecha cuya principal ventaja es detectar lineas de emisién producidas por galaxias con formacién
estelar, hemos incluido en la fotometria de las galaxias de L-Galaxiesel efecto de nueve lineas de
emisién diferentes. Especificamente, Ly, (1216A), H3(4861A), Ha (6563A), [OII] (3727A, 3729A),
[NellI] (3870A), [OIII] (4959A, 5007A), [OI] (6300A), [NII] (6548A, 6583A) y [SII] (6717A, 6731A).
Las propiedades de estas lineas se han calculado utilizando el modelo de Orsi et al. (2014) el cual,
basandose en el cédigo de fotoionizacion MAPPINGS-III, predice diferentes luminosidades de linea de
acuerdo con la metalicidad del gas de la galaxia, la tasa instantdnea de formacidn estelar y el pardmetro
de ionizacién. Puesto que las galaxias con formacidn estelar estdn llenas de gas, ha sido necesario atenuar
la luminosidad de las lineas antes de incluirlas en la fotometria de las galaxias. Al comparar las funciones
de luminosidad simuladas con trabajos observacionales (ver, por ejemplo, Gunawardhana et al., 2013;
Sobral et al., 2013; Comparat et al., 2016), hemos calibrado nuestra atenuacién aplicando una depend-
encia con el tiempo cosmoldgico y la metalicidad de la galaxia. Concretamente, la calibracién se ha
realizado mediante el uso de las funciones de luminosidad de Ha', HB, [OII] y [OIll]sgp7. A pesar de sus
limitaciones, nuestra atenuacién ha sido capaz de producir funciones de luminosidad en concordancia
con las observaciones. Finalmente, para validar nuestros catdlogos simulados, hemos realizado varias
pruebas, todas ellas satisfactorias.

Como aplicacién, hemos generado catdlogos especificamente disefiados para el cartografiado J-PLUS
(Cenarro et al., 2019). Con la ayuda de éstos hemos estudiado la capacidad de J-PLUS para identificar
las galaxias con linea de emisién a varios tiempos cosmolégicos. En particular, entre todos los filtros
de banda intermedia y estrecha, nos hemos centrado en el J0660 que es capaz de capturar la emisién
Ha en el universo cercano y otras lineas a tiempos cosmoldégicos mayores como HS, [OIII] y [OII]. Util-
izando el método de tres filtros (Vilella-Rojo et al., 2015) hemos demostrado que la extraccién de lineas
de emision depende en gran medida de la forma del continuo de la galaxia, en particular, de lo que se
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conoce como el salto de 4000A. Este puede identificarse erréneamente como una emisién, haciendo
que seleccionemos una poblacion falsa de linea de emision. Sin embargo, probamos que todo exceso
significativo en la banda estrecha (mayor a 0.4 magnitudes) puede atribuirse correcta e inequivocamente
a las galaxias con lineas de emision.

Como conclusidn general, en esta tesis hemos demostrado que los modelos semianaliticos son una
poderosa herramienta para explorar muchos aspectos sobre la formacién y evolucién de galaxias ademas
de ser capaces de generar sofisticados catdlogos para la préxima generacién de cartografiados de galaxias.
Sin embargo, para dar respuestas a los nuevos desafios que brindaran los cartografiados futuros, los semi-
analiticos necesitan refinar atin mds las prescripciones fisicas que incluyen. Aunque en esta tesis hemos
dado un gran paso en esta direccion, abordando el mecanismo sobre la formacién de pseudobulbos e in-
cluyendo un modelo para el crecimiento de agujeros negros, se pueden realizar més refinamientos. Estos
pueden llevarse a cabo extrayendo informacion fisica de las observaciones o aprovechando los resultados
de las simulaciones hidrodindmicas.
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APPENDIX A

THE MOTION OF A SPINLESS TEST BODY AROUND A BLACK HOLE:
INNERMOST STABLE CIRCULAR ORBIT

In this appendix we describe the motion of a test particle around a black hole to derive the position,
energy and angular momentum of the innermost stable circular orbit 1SCO)', i.e the smallest circular
orbit which a particle can establish around a black hole before being accreted into it. All the information
presented in this section can be found in Jefremov et al. (2015). In case the reader is interested, the same
paper performs similar computations but for a spinning test particle.

* Schwarzschild black hole: The radial motion of a particle in General relativity under the Schwar-
zschild metric (see Eq. (1.12), in units of ¢ =G =1) can be expressed as:

ar\’ 2M 12
(d_T) _E _(1_7)(1+ﬁ) (A1)

where E is the total energy per unit particle rest mass at the infinity, L is the angular momentum per unit
of particle rest mass parallel to the symmetry axis and 7 the proper time, being the relation between dr

and dt: 5
dt E
= = —_ A2
(d‘r) 1-2M/r (A-2)
Transforming Eq. (A.1) to:
dr\2
(d_:) = - U3 (A3)

we can express the effective potential (E.P) experienced by the particle as:

: M L2
Usch = \/(1 - 7)(1 + 72) (A.4)

To establish a circular motion around the BH, the test particle must satisfy two different conditions:

1) The radial motion must to be zero:
dr
—=0 A5
dr (A-5)
which yields to:

E=U3" (A.6)

'The ISCO orbit is particularly interesting in the accretion disk theory given that it is assumed that the accretion disk is
truncated at that distance.
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11) The radial acceleration must to be zero:

d*r
which implies:
JUSH2
d;ff =0, USh >0 (A.8)
-

Solving the system of equations created by Eq.(A.6) and Eq.(A.8) we find that both radius, r, and energy,
E, for a circular motion can be expressed as:

L 12M?
r= M 1+ 4/1- P (A.9)
1 2M

To find the ISCO position it is needed to determine the last value of L at which the effective potential still
has extremum. This corresponds to finding the inflection point of the effective potential:

27 1Sch2
a-u off
dr?

(A.11)

From Eq. (A.6) it is eviden that the maximum and minimum of Ugéh happens at L =2 V3M. Therefore:

8
nsco=6M , Lisco=2V3M , Eisco= 5 (A.12)
* Kerr black hole: In the Kerr metric we can perform a similar analysis as before. According to

Eq. (1.13) and in units of ¢ =G =1 the motion of a particle can be written as:

2 2012 2 2
d 2M E--1)-L 2M(L — aE
N g (M _CE-H-L 2M(L-aE) (A.13)
dr r r2 r3
with the relation between dt and dr:
dt _ 2Ma_ E(, , 2Md®
%——rA L+K(I" +a + ; (A14)

where E is the total energy per unit particle rest mass at the infinity and L corresponds to the angular
momentum per particle rest mass parallel to the symmetry axis. Usually, to make a more compact
expression, Eq. (A.13) is rewritten as:

ar\* 1,
(E = = (@ 28 +) (A15)

where 5
a= (r2 + az) - Ad?
B= [a (r2 + az) - Aa] =2MraL (A.16)
Y= a’L? - A (r2 + Lz)

As we did with the Schwarzschild metric, to stablish a circular motion the orbit of the particle has to
satisfy both the velocity and acceleration conditions presented in Eq. (A.5) and Eq. (A.7). This yields to:

(0E* = 2BE +v) =0

|

(A.17)

T u-
RN

(B> —2BE +y)| =0
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Figure A.1: Left panel: Position of the innermost stable circular orbit, risco, as a function of the spin
parameter, a, for a co- and counter- rotating orbit (solid and dashed lines, respectively). Middle panel:
The same as the left panel but for the angular momentum of the innermost stable circular orbit, Lisco.
Right panel: The same as the left panel but for the energy of the innermost stable circular orbit, Eisco.

By solving Eq.(A.17), the energy, E, and angular momentum, L, of an orbit given by a radius » can be

expressed as:
P2 —2Mr!'/? £ aM'/?

Iz (P32 =3Mrl/2 + ZaMl/z)l/2
+ M2 (r2 F2aM'2p12 4 az)
M (P32 - 3Mr1/2 + 2aM1/2)1/2

where the upper sign refers to direct orbits (i.e co-rotating orientation between particle angular mo-
mentum L and BH spin a) and lower sign refers to retrograde orbits (i.e counter-rotating orientation
between particle angular momentum L and BH spin a).

(A.18)

(A.19)

Finally, to find the ISCO radius it is needed to add to Eq. (A.5) and Eq. (A.7) the extra condition of:

dz[l(aEz—zﬁE+q0 =0 (A.20)

ar? | r#

By solving the system created by Eq. (A.5), Eq. (A.7) and Eq. (A.20) we obtain the expression:
12— 6Mr —3a> ¥ 8aM'/?r!/? (A.21)

The solution of this equation is presented in Bardeen et al. (1972):

rsco=M[3+ 2% JB-Z)3+Z +22) ]| (A.22)

where the upper (lower) sign refers to co-rotating (coutner-rotating) orbits and Z; and Z, are two func-
tions that depend on a:

Zi=1+(1-) [0 +0' P + (1 -a)/]

(A.23)
172
2= (3@ +2)"
To guide the reader, in the extreme case in which a = M:
i) For a co-rotating orbit:
2 1
rnisco=M , Lisco=—, Eisco=—2 (A.24)
V3 V3
ii) For a counter-rotating orbit:
22 5
rnsco=9M , Lisco= — —= , Eisco=—+ (A.25)
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Fig. A.1 presents the position, angular momentum and energy of the innermost stable circular orbit as a
function of the spin parameter for a co- and counter- rotating orbit. Note that for the case of a =0, the
parameters of the ISCO correspond to the Schwarzschild metric.



APPENDIX B

LFEEDING CONSTRAINTS ON SUPERMASSIVE BLACK HOLE: THE
EDDINGTON LIMIT

Let assume that a particle in the infinity is settled in the accretion disk around a BH. The particle kinetic

energy, Ex, can be expressed as: MG
_mMpy

r

Ex (B.1)

where m is the mass of the particle, Mpy is the BH mass, G is the gravitational constant and r is the
distance between the particle and the BH. The change of kinetic energy corresponds to a luminosity, L,
given by te expression:
L=f dEg _ dm MpuG
dt dt r
where f is the fraction of kinetic energy which is converted to luminosity. Note that Mgy is assumed to
be constant given that the BH is so massive that the change of mass given by the mass accreted can be just
neglected. From Eq. (B.2) we could conclude that the luminosity of the accretion disk would increase
as long as dm/dt increases. However, this is not the case since the radiation emitted by the accretion
process would cause a pressure force in the incoming particle which could delay or even stop dm/dt.

(B.2)

To characterize which is the maximum luminosity emitted by a BH during an accretion event, it is
necessary to understand the balance of forces involved in the accretion. For simplicity, it is going to be
considered a spherical model in which the central BH is surrounded by gas with density p(r), the accreting
material is ionized hydrogen (protons of mass, m,) and the emitted radiation can be characterized by a
luminosity L. The pressure force experienced by a particle can be defined as:

Fraa= — 0rPraa(rne(r)? (B.3)

where ot is the Thomson scattering cross-section, n.(r) is the density of electrons at a radius r from the
black hole, the negative sign corresponds to an outward force and P4 is the radiation pressure at a radius
r expressed as:

Praa(r) = dnrle (B.4)
In order to the gas not being blown away and being accreted by the BH it is needed that:
2 - GMgup(r)
|Fragl < |Fgrav| = i—;m (B.5)

Therefore, the maximum luminosity (usually called Eddington luminosity, Lg4q) is reached when both
pressure and gravity forces balance:
|Fradl = |Fgrav| (B.6)
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corresponding to:

4rGcMpymy, 16 MaH
Lpgg=———=1.3x 107 [ ——— B.7
Edd o 108 M, erg/s B.7)



appenDiXx C

IMPROVEMENTS IN THE BULGE SIZE

In this appendix we present the main changes in the bulge size computation during mergers. After this,
we compare at different redshifts the predicted galaxy effective radius of early and late type galaxies with
some recent observational works.

As we have described in Section 2.3.3, L-Galaxies assumes energy conservation to compute the
final bulge size of the remnant galaxy after a major/minor interaction. Even though this procedure leads
to a reasonable agreement between SAM and observations (see Figure 5 of Guo et al., 2011) it has been
shown that SAMs generate too large bulge sizes at low stellar masses if the dissipation of energy during
gas rich mergers is not taken into account (Naab et al., 2006; Shankar et al., 2013; Zoldan et al., 2018).
As part of this thesis we address this issue, modifying the procedure presented in Section 2.3.3 assuming
that the initial energy of Eq. 2.32 can be rewritten as (see also Shankar et al., 2013):

i=2
Eini = C Z Ez) + Eorbital + Edissipation (C.D
i=1
where EB is the gravitational self-binding energy of the galaxy i, Eqmiw 1S the orbital energy at merger
(see Section 2.3.3 for more details) and Egjssipation 1S the term that takes into account the energy looses
due to gas dissipation. As in Section 2.3.3, the first term of Eq. C.1 is expressed as

2GM2
CZE’ =

where C is a structural parameter set to 0.5, and Mpi and Rpi the mass and the half mass radius of the
1=1,2 progenitor involved in the bulge formation. In the standard approach of L-Galaxies, during
major merger the values of Mp, and Mp, are the sum of stars and cold gas converted into stars during
the burst of SF (see Eq 2.27) of the two merging galaxies. Rp, and Rp, correspond to their respective
half mass radii. However, Covington et al. (2008) showed that during this type of galaxy mergers the
central part of the dark matter subhalo is expected to behave with similar stellar dynamic, increasing the
effective mass involved in the bulge formation. In this thesis we have taken into account these results,
changing Mp; by Mp, + @ Mpa1o( < Rp,) (see Shankar et al., 2013; Lagos et al., 2018). Following Lagos
et al. (2018) we set @ =2. The value of Mp,o(r < R) is computed assuming a Navarro-Frenk-White pro-
file (Navarro et al., 1996) with a concentration parameter computed using the fit presented in Dutton and
Maccio (2014) for the Planck cosmology. Finally, minor mergers are treated as in Section 2.3.3.

(C2)

Regarding the orbital energy at merger:
G Mp, Mp,

) C3
Rpl + sz ( )

Eorbital :f orb
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Figure C.1: Effective radius of early and late type galaxies in the Millennium (solid lines) and
Millennium II (dashed lines). Blue lines corresponds to late-type galaxies (disk-fo-total ratio
D/T > 0.8) and red ones with early-type (bulge-to-total ratio B/T >0.7). Shaded areas corresponds to
1o dispersion. We compare the predictions with the data available from Shen et al. (2003); van der Wel
et al. (2014) and Lange et al. (2015).

where f,1, is a coeflicient which quantify the interaction energy deposited in the bulge. We have followed
the works of Covington et al. (2011), Porter et al. (2014) and Tonini et al. (2016) setting fop, =0. As
pointed out by Covington et al. (2011) the effects of the orbital energy in the bulge computation are
minimum and the values of f,, are biased towards major mergers of disk-dominated galaxies. Finally,
the value of Egjssipation has been expressed as (Covington et al., 2011):

i=2
Edissipation = Crad f gas (Z Eb) (C4

i=1

where Cp,q is an efficiency parameter set to 2.75 (Covington et al., 2011) and fy,s the total merger gas

fraction, defined as: ) )

Tist Ml

Y (C.5)
i=1

i
cold + Mstellar)

fgas =

where M¢oig and Mgeear are, respectively, the cold gas and total stellar content of the galaxy. The sub-
script i refers to the central (i = 1) and satellite (i = 2) galaxies involved in the interaction. Since during
minor mergers the gas does not reach the bulge region, we assume no dissipation losses, i.e Egissipation = 0
(see more details in Shankar et al., 2013). On the other hand, during major mergers we do allow dissip-
ation effects as a consequence of the violent interaction.

In Fig C.1 we present the redshift evolution of galaxy sizes for MS and MSII (solid and dashed lines,
respectively). The 3D galaxy effective radius (Rz?f) has been computed as the mass weighted average

of the bulge (Rpyige) and stellar disc (1.68Ri’) half-mass radii. To compare with data, we have converted
the 3D into 2D projected half-mass radii (R, s7) by using the conversion factor 0.68 presented in Shankar
et al. (2013). Blue and red lines represents respectively the population of late-type (disk-to-total ratio
D/T > 0.8) and early-type (B/T > 0.7) galaxies. We have presented the predictions at 6 different redshift
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z=0,0.25,0.75,1.25,1.75 and 2.25, comparing them with the data available in Shen et al. (2003); van
der Wel et al. (2014) and Lange et al. (2015). As shown, low massive galaxies in both early and late
type population follow the observational trend. Nevertheless, for the most massive galaxies we predict
slightly smaller radius. Probably, this is the consequence of the fact that we under-predict (overpredict)
the elliptical (spiral) population in the most massive stellar mass bins (see Fig 3.3). In spite of that,
the improvements included in the model allow us to reproduce the redshift evolution of the stellar-size
relation with a remarkable agreement with the observations.



APPENDIX D

LTHE MORPHOLOGY FOR MILLENNIUM AND MILLENNIUM II: A
MATTER OF MAJOR, MINOR MERGERS AND SMOOTH ACCRETION

In this appendix we explore the convergence of the z=0 galaxy morphology at intermediate and low
stellar masses between Millennium and Millennium II. By studying the mergers characteristics we
find out that the responsible of the morphological disagreement between MS and MSII is a combination
of major mergers and extreme minor mergers lead by small dwarf galaxies Mgeliar < 10°Mp).

In order to investigate the z = 0 morphology discrepancy between Millennium simulations, we started
to explore the major mergers predictions. In Fig D.1 upper panel it is presented the redshift evolution
of MS and MSII major mergers number density nyy, at various mg‘ values. Each panel correspond

to different central galaxy stellar mass at the moment of the merger, Msctzﬁgfl(z). While galaxies with

MEental(7) > 10° M, display similar ny, values in MS and MSII at any m{ threshold', the nym pre-

dictions for galaxies with Mggﬁgfl(z) <10°M,, diverge. At small thresholds (mg1 < 0.2) the deviation
between MSII and MS is almost one order of magnitude regardless of redshift. Increasing the mg‘ value
(mﬁ1 > 0.2) the difference is reduced to a factor 3. Such disagreement can be easily understood by the
fact that MSII is able to resolve smaller subhalos around central galaxies. Hence, small galaxies hos-
ted in the friend-of-friend central subhalo experience more frequently mergers with satellites galaxies of
comparable baryonic mass. As can be seen in Fig D.4 first row the change of mg‘ has also an impact
in the z=0 galaxy morphology. The high N-body resolution of MSII combined with low values of mg’
(set to 0.1 in the standard model) favors an increase of the elliptical galaxies at small stellar masses and
overestimate the spiral population at Mgjjar ~ 108-99M,. Our analysis suggest that an improvement in
the convergence of MS and MSII galaxy morphology and in the MSII disk-dominated galaxy popula-
tion is achieved by imposing large mg‘ values. From hereafter we decide to use mg‘ = 0.2 (closer to
other thresholds imposed in others SAMs, see Somerville et al. (2001); Hatton et al. (2003); Lacey et al.

(2016); Lagos et al. (2018)), based on the nyy, number densities presented in Fig D.1.

Nevertheless, as can be seen in Fig D.4 first row the difference in nyy, is not the unique cause of the
MS and MSII morphology deviation. It is needed to explore the effect of the other type of galaxy mergers,
i.e minor mergers. In Fig D.1 lower panel we present, as we did with before, the number density of minor
mergers nmm as a function of redshift split in different central galaxy stellar mass. As we can see, the fig-
ure shows something expected: L-Galaxies run on top of MSII mergers trees predicts higher npy,y, than
run on the MS ones (see black lines). In particular the differences increases when we decrease the central
stellar mass: from 1 dex at masses MCal(z) > 101'M,, up to 2 dex at masses MCentral 7y L 108-M,,. To

stellar stellar
explore the characteristics of the merging satellite galaxies, in Fig D.2 it is presented at different redshifts

'The small disagreement is just due to MSII box size: massive galaxies are rare in a ~ 100 [Mpc/h] box side, especially at
high-z.
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Figure D.1: Upper row: Number density of major mergers nyp,. Different colors corresponds to different
major/minor merger threshold (mgl). Solid and dashed lines represent respectively the predictions for
MS and MSII merger trees. Each panel corresponds to different stellar masses of central galaxies at the
moment of the merger. Upper row: Number density of minor mergers nyy,. Each panel corresponds
to different stellar masses of central galaxies at the moment of the merger. Here we have established
mgl =0.2. Different colors corresponds to different fyinging thresholds. Solid and dashed lines represent
respectively the predictions for MS and MSII merger trees.

(z < 3) their typical stellar mass. MS predicts a median merging satellite mass ~ 10’M,, with a small
redshift evolution. Besides, more massive galaxies experience minor merger with slightly more massive
galaxies. On contrary, MSII predicts smaller merging satellites ~ 10°Mg, (dwarf galaxies) with not red-
shift evolution and dependence with the central galaxy stellar mass. In particular, we have found that
these small mergers are the ones that lead the morphological change in galaxies with Mgear < 10%° Mo,
Such extreme interactions enlarge the bulges of the small central galaxies by incorporating the whole
stellar mass of the satellites while their stellar disks are unable to increase in mass as the cold-gas con-
tent is no large enough to overpass the critical mass imposed by the SAM to trigger an important episode
of star formation (Mgrit =2.4x10°M,, see Eq.S14 of Henriques et al. 2015). Besides, merger induced
bursts are not efficient either in this task. According to the merger ratios and the SAM efficiency paramet-
ers, less than the 0.2% of the total cold gas component is transformed in stars, i.e < IOSMO of new stars
is added in the disk. Hence, the combination of the high number density of small interactions, the inef-
ficient star formation and the simple minor merger recipe of L-Galaxies produces the unrealistic bust
in the bulge-to-total ratio in the low mass population of MSII, as can be seen in Fig D.4. All this points
to the needed to update the minor mergers prescription implemented in L-Galaxies, as this appears to
be not fully valid for treating interactions with extreme mass-ratios, particularly common in the MSII
merger trees. We thus introduced a new set of prescriptions to include smooth accretion as an additional

ZNote that a more accurate description of star formation might come by linking this process with the molecular gas com-
ponent instead of the total cold gas (see Lagos et al., 2011), as also discussed in Henriques et al. (2015).



The morphology for Millennium and Millennium II: A matter of major, minor mergers and smooth
accretion 232

B LI B B | LI B B | LI B B | !3 LI B B | LI B B | LI B B | LI B B | ]

11— 10°< MG () /M <10 $ 100 < MG (2) /M <104

L ¢ 10° < MG (2)/ M, <100 —— 10" < ME™ (2) /M, <102

—~ B 7]

@ 9 I~ I

s | I s

= 8K | 19} Jo -

] 191 d | B

- [ I (L 1l ]
Q

S & - .

g :

= OF =

5 _f :

IR " SR o el o1 2:3 : =

_‘O 5 - %3 X TR .

4 F —— Millennium  _]

B ------ Millennium II ]

3 _I Ll Ll I Ll Ll I Ll Ll I Ll Ll I Ll Ll I Ll Ll I Ll Ll ]

00 05 10 15 20 25 30 35
Z

Figure D.2: Median stellar mass of the merging satellite galaxy (Mg?gnar). We have established a value

of major/minor merger separation of mg“ = 0.2. Bars represents the 20~ value and colors different stellar

mass bins of central galaxies at the moment of the merger (Mggl‘l‘;‘r‘l(z)).

channel for galaxy interactions (see e.g. Abadi et al., 2003; Pefarrubia et al., 2006; Sales et al., 2007;
Kazantzidis et al., 2008).

As we said, probably the crude minor merger recipe implemented in L-Galaxiesis not completely
valid in MSII. Its merger trees allow us to resolve the mergers of dwarf galaxies whose merger inter-
action may not be completely address with the L-Galaxies standard recipe. In order to improve this
scenario, we are going to allow another different minor interaction: smooth accretion (Abadi et al., 2003;
Pefiarrubia et al., 2006; Sales et al., 2007; Kazantzidis et al., 2008). While in minor merges we fol-
low the standard procedure presented L-Galaxies assuming that the whole stellar mass of the satellite
galaxy is able to keep bound during the merger episode and reaches the central galaxy bulge, smooth
accretions are characterized by a deposit of the whole satellite stellar mass onto the central galaxy stellar
disk. This scenario takes place when the stellar system (bulge and disk) of the satellite galaxy does not
have the enough energy to keep it together and it is progressively diluted in the central galaxy stellar disk
without the possibility of reaching the central galaxy center. We want to emphasize that smooth accre-
tion concept introduced here is not related with the already implemented tidal stripping events before the
merger. Smooth accretion goes beyond it and takes into account the redistribution of the satellite stellar
mass that would happen during its interaction with the central galaxy disk throughout the galaxy-galaxy
collision.

In order to establish in which systems the minor mergers or smooth accretions take place, we are
going to study the ratio of the two merging galaxies binding energies, fyinding. For the binding energy

definition we only consider the interacting systems: for the satellite binding energy, E*l® we only
inding
consider its stellar mass while for the central one, EC®""2 we use the total mass in the disk (gas + stars).

binding’
Therefore: Satelli 5
atellite Central
f' o Ebinding _ MSat,StellaI Rdisk (D 1)
binding = [ Central - M2 RSat )

binding Cent,disk ~ " Stellar
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Figure D.3: Plane fyinding — MCentral £41 VS (top) and MSII (bottom) at different redshifts. The color

stellar
codes the stellar mass of the merging satellite galaxy.

where Rgiletllar is the mass-weighted average of the half-mass radii of the satellite bulge and the disc com-
ponents and Rgii‘l?ral the same but using the cold and stellar disk of the central galaxy. Large values of
Joinding Means that the two interacting systems have similar binding energy so the satellite galaxy might
survive the interaction inside of the central disk and reach the centre of its massive companion. On the
contrary, low values of fyinding imply the the central galaxy can easily unbound the satellite stellar system
inside its disk. In Fig D.3 we present the plane fyinding — Mggﬁ‘;ﬂ at different redshifts for MS and MSII.
The color encodes the satellite stellar mass. The figure shows that fhinging is span in a wide range of
values with a clear stellar mass trend and independence with redshift. On one hand, large fyinding are
concentrated in the more massive galaxies (>10'Mg) as a natural consequence of the fact that they can
experience minor interactions with massive galaxies harder to unbound. On the other hand, small central
galaxies (< 1010M@) display smaller fiinding values during their minor interactions. This ones happen
with satellites of low stellar mass compared with the central galaxy stellar and gas disk mass (as we will

see in the stellar merger ratio of Fig D.5).

In Fig D.1 lower panel it is presented the evolution of n,,, when we impose different fhinging values
to set apart minor mergers from smooth accretion. Different colors correspond to different thresholds
in fhinding. As we can see, smalls thresholds (fhinding > 10~19) have almost a null effect in MS but with
dramatic consequences for MSII as they are able to reduce ~ 2 dex the value of MSII ny,. Among all
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Figure D.4: Evolution of morphology with different combinations of f and major/minor merger

mdmg
threshold mth Each row and column correspond to a fix value of fbm ding and m . Here we have presented

the values fif ;o =107'%,107,107* and m =0.1,0.2,0.3

the possibles values of fyinging We find a reasonable ny,y, convergence at foinding < 108 — 10°. Naturally,
different fyinding cuts have also a different repercussion in in the z=0 galaxy morphology. In order to
study this, in Fig D.4 second column we present the morphology at different fiinding thresholds, fixing

=0.2. Other columns display the same but varying m too. As we can see, despite fbm ding <10710
Values have an improvement in the low mass galaxies it is not enough to make MS and MSII converge.
When we impose fbm ding > 1072, the improvement in MSII is remarkable. Notice that different fhinding
thresholds have a minimum effect in MS. We have found that the best threshold is fbln ding = 10783
in binding energy ratios to differentiate between smooth accretion (foinding < fbin ding) and minor merger
(foinding > fg‘n ding). Notice, that even though this procedure is a way to make converge the two simulations
and make the MSII follow the observational data, one could try to implement others prescriptions like
an smooth transition between major-minor merger like Hatton et al. (2003) and Somerville et al. (2008)
do or try to implement the fact that during major mergers part of the galactic disc could survive (see
Hopkins et al. (2009b) and Hopkins et al. (2009¢)). Nevertheless, given that our approx works and is the
simplest thing we do not implement any of the previous cases but in futures works this topic should be
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address and take into account.
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Figure D.5: Upper panels: Typical bayonic merger ratios, mg, for mergers with mg < mﬁ‘ (mﬁ1 =0.2)
in the MS (left) and MSII (right) simulation. The episodes have been divided between minor mergers
(solid lines) and smooth accretion (dotted dashed lines). Each panel corresponds to a different bin of
central galaxy stellar mass at the moment of the merger, M{""? (7). The shaded area represents the 1o

Stellar
value. Lower panels: The same but for the stellar merger ratios.

Finally, we have explore for minor mergers and smooth accretion the typical baryonic and stellar
merger ratio, mg and mlsg‘*’“m respectively. Fig D.5 presents the results as a function of redshift and
central galaxy stellar mass at the moment of the merger, M(S:ferlll‘;il(z). Regarding the baryonic merger
ratio, we can see that both MS and MSII display the increasing trend of mg value towards lower stellar
masses. Interestingly, independently of redshift and central galaxy stellar mass both MS and MSII show
that smooth accretion display smaller merger ratios than minor merger, fact that is more evident in the
MSII than in the MS (consequence of resolution effects). Concerning mﬁtellﬂ, we see a similar behavior
to the mg one. However, in this case the difference between minor mergers and smooth accretion is more
extreme. While minor mergers mIS{tellar values are between 0.1 - 0.01, smooth accretion ones display

values of 1073 = 1077.



APPENDIX E

LEJ ECTIONS VIA GRAVITATIONAL RECOIL AND THREE BODY
SCATTERING

As we have discussed in Section 5.3.4 nuclear BHs can be expelled from the galaxy nuclear region
trough both gravitational recoils and recoils after 3-body scattering. While the former is led by the
final BH-BH coalescence, the latter is the consequence of a complex interaction between a binary BH
system and an intruder BH which causes the ejection of the less massive BH. In this appendix, we show
that the ejections after a gravitational recoil are more common that the ejections via 3-body scattering.
Thus, the population of ejected wBHs is fully dominated by gravitational recoiled BHs. To prove so, in
Figure E.1 we present the evolution of the number density () of ejections trough gravitational ejection
and 3-body scattering. As shown, at Mp,o > 10" Mg ejections after gravitational recoils dominate the
ejected population, being 1 —2 dex more frequent at any redshift. As we can see, the ejection after 3-
body scattering is dominated by low mass BHs (Mg < 10® M) at any redshift and subhalo mass. On
the other hand, the ejection of BHs of Mgy > 108 M, after a 3-body scattering is relatively rare, with less
than 300 events at z <2. These events happens mainly in My, > 10'3 Mg, which are the ones hosting
the galaxies with the most massive BHs in the SAM.
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Figure E.1: Number density () of nuclear black holes that are ejected from the nuclear part of the galaxy.
Each panel represents a bin of subhalo mass (Mpa,). While solid lines display the ejections caused by
gravitational recoils, dashed ones display the same but for BHs that were ejected via 3-body scattering.
Colors represents different bins of BH mass. With shaded areas it is highlighted the value of n in which
we have less than 100 (faint grey) and 10 (dark grey) events.



APPENDIX F

X-RAY LUMINOSITY FUNCTIONS

The redshift evolution of X-ray luminosity functions is presented in Fig.F.1 and Fig.F.2. Soft (0.5 —2keV)
and hard (2 — 10keV) X-ray luminosity have been computed by using the bolometric corrections derived
in Marconi et al. (2004):

logio (Lux/Liol) = — 1.54 — 0.24L — 0.012£2 + 0.0015.L3 (E.1)
logio (Lsx/Lbol) = — 1.64 — 0.22L£ — 0.012.£% + 0.0015L° (E2)

where £ =1log1o(Lboi/Lo) — 12, Lyx is the hard X-ray luminosity and Lgx soft X-ray luminosity. Pre-
dictions are compared to the observational works of Ueda et al. (2014) Aird et al. (2015) and Buchner
et al. (2015). Given the uncertainty in modelling the fraction of obscured AGNs, we prefer to compare
the simulations to Aird et al. (2015) observed soft X-ray luminosity functions for which the obscured
fraction has already been taken into account. The fraction of obscured objects in the hard X-ray band
is thought to be relatively small, so for this work we consider that there is no obscuration at hard X-ray
wavelengths. As we can see, good agreement between observations and model is reached. In the same
figures we have divided the population between elliptical, classical bulges and pseudobulges. As we
found with the bolometric luminosity, at z > 2 the luminosity functions are dominated by BHs accreting
in pseudobulges structures. On contrary, at z < 1 classical bulges and elliptical galaxies are the structures
that preferentially host AGNs and quasars.
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Figure F.1: X-ray luminosity functions at z~0.1,0.5, 1.0, 2.0, 3.0, 4.0. In solid black line we present the
predicted hard X-ray (2-10 keV) luminosity functions. Red dashed-dotted line, green dashed line, and
blue dotted line represents the luminosity functions for galaxies hosting, respectively, elliptical, classical
bulge,and pseudobulge bulge structure. Each luminosity functions is compared with the compilation
of Buchner et al. (2015); Aird et al. (2015); Ueda et al. (2014) (circle, square and, diamond points,

respectively).
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Figure F.2: X-ray luminosity functions at 7~ 0.1,0.5, 1.0, 2.0, 3.0, 4.0. In solid black line we present the
predicted soft X-ray (0.5-2 keV) luminosity functions. Each luminosity functions is compared with the
compilation of Buchner et al. (2015); Aird et al. (2015); Ueda et al. (2014) (circle, square and, diamond
points, respectively).



appendix G

MINIMUM STRUCTURE REPETITION IN THE LIGHTCONE
CONSTRUCTION

In this appendix we show that the chosen orientation of the lightcone yields a small overlap between box
replicas. In Fig. G.1 we present, for different z-axis slabs, the original (X,y) coordinates (i.e. without
replication) for galaxies in the redshift range 0.75 < 7 < 0.77. Each colour represents a different box rep-
lication. As we can see, the overlap between the same structures belonging to different replications boxes
is minimum. The bigger the redshift range, the larger the overlapping will be.
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Figure G.1: Example of the minimum repetition between Millennium box replications. For four differ-
ent z-axis thicknesses the plane x-y is shown for galaxies in the redshift bin 0.75 <z<0.77. To check

the structure repetition the modulus 500 Mpc/h (box size) of the x and y position was used. Each colour
represents a different box replication. A minimum overlap is present.
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APPENDIX H

COMPARISON BETWEEN OBSERVED AND PREDICTED

LUMINOSITY FUNCTION

In this appendix we extend Section 6.3.2 presenting all the Ha, HB, [OII], and [OIl]sgg7 luminosity
functions (LF) predicted by our mocks at different redshifts. In Fig. H.1, Fig. H.2, Fig. H.3, Fig. H.4
are presented the LF of the Ha, HB, [OIll]s097, and [OII] lines, respectively. In all of them black dots
represent the observational data, while the solid orange lines and grey dashed lines the predictions of our
mock LFs with and without dust attenuation.
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Figure H.1: Luminosity function of Ha line at seven different redshifts. Shown are the comparisons with
the Gallego et al. (1995),Fujita et al. (2003), Gunawardhana et al. (2013), Sobral et al. (2013) and Stroe

and Sobral (2015) observational data.
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Figure H.2: Luminosity function of HS line at five different redshifts. Shown is the comparison with
the recent observational work of Comparat et al. (2016). The black dots represent the observational data,
while the solid orange line and grey dashed line the predictions of our mocks LF with and without dust
attenuation.
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Figure H.3: Luminosity function of [OIll]sgp;7 line at seven different redshifts. Shown are the compar-
isons with the recent observational work of Comparat et al. (2016),Ly et al. (2007), Drake et al. (2013),
Khostovan et al. (2015) and Hayashi et al. (2018). The black dots represent the observational data,
while the solid orange line and grey dashed line the predictions of our mocks LF with and without dust
attenuation.
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Figure H.4: Luminosity function of [OII] line at 18 different redshifts. Shown are the comparisons with
the observational works of Ly et al. (2007),Takahashi et al. (2007),Gilbank et al. (2010),Drake et al.
(2013),Ciardullo et al. (2013), Comparat et al. (2016)and Hayashi et al. (2018). The black dots represent
the observational data, while the solid orange line and grey dashed line the predictions of our mocks LF

with and without dust attenuation.
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