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Abstract
Massive black holes beyond the Eddington Limit

by Warren MASSONNEAU

Decades of surveying the sky have lead to the conclusion that in the center of most galaxies
lies a massive compact object of 10° to 10'° M, known as a supermassive black hole (SMBH).
Several relations connecting SMBHs and their host properties have been derived and it is
now commonly accepted that galaxies and SMBHSs co-evolve. For instance, SMBHs are able
to grow with the gas that galaxies funnel towards them and can efficiently convert parts of
this accreted gas into radiation, winds and jets. The effect that the energy injection through
these phenomena has on the galaxy is usually referred to as feedback. SMBHs that accrete
and produce radiation through their accretion discs are called active galactic nuclei, and the
most luminous among them, which can shine significantly more brightly than their host
galaxies, are called quasars. Some of these quasars are detected within 1 Gyr after the Big
Bang, and their SMBHs have masses > 10° M. This implies that these compact objects
must have grown extremely fast, or have grown from very massive seeds. This is one of the
major unsolved problems in extragalactic astrophysics, where a standard Eddington-limited
accretion scenario cannot explain the observed population of high-redshift quasars.

A number of different scenarios have been put forward to explain the presence of these
SMBHs and the one considered in this thesis invokes accretion beyond the Eddington limit.
Super-Eddington accretion has been discussed both from a theoretical point of view and an
observational perspective. This regime is characterized by very high accretion rates, which, if
able to feed the SMBHs for sufficiently long times, would allow for a faster growth compared
to “standard” assumptions. Accretion at such high rates may have consequences on the
amount of energy released in the surroundings of the compact object, thus impacting the
environment the SMBH is embedded in. This could lead to halting the growth of SMBHs
altogether, thus having the opposite effect from the one desired.

The idealised simulations presented in this thesis are meant to provide a better under-
standing of the impact that super-Eddington accretion has on BH growth. By adding a BH
to the center of an emergent galaxy embedded in an isolated dark matter halo, we have
been able to conduct a survey on the parameter dependence regarding BH growth. We have
investigated the overall impact on the gas inflows and outflows, varying the feedback effi-
ciencies and modes of injection in the super-Eddington regime. These simulations showed
that, under the assumptions explored in this thesis, super-Eddington feedback efficiently
and rapidly shuts off further super-Eddington episodes. Our findings also suggested that
with the right combination of BH spin and super-Eddington feedback strength, there may be
a window for mildly super-Eddington mass evolution. A subsequent study of BH spin evo-
lution during super-Eddington phases coupled with sub-Eddington episodes, revealed that
BHs with low spin magnitude may undergo efficient super-Eddington growth for a short
period of time, before inevitably spinning-up and ceasing critical accretion altogether.



Résumeé
Trous noirs massifs au-dela de la Limite d’Eddington

par Warren MASSONNEAU

Des décennies d’observations du ciel ont conduit a la conclusion qu’au centre de la plupart
des galaxies se trouvait un object compact massif de 10° a 10'° M, connu sous le nom de
trou noir supermassif (TNSM). Plusieurs relations associant TNSMs et propriétés de leurs
hotes ont été établies et il est désormais communément admis que les galaxies et TNSMs
évoluent ensemble. Par exemple, les TNSMs peuvent croitre a 'aide du gaz fourni par les
galaxies, et sont capables de convertir efficacement une partie de ce gaz accrété sous forme
de rayonnement, de vents et de jets. L'injection d’énergie par ces mécanismes a un certain
effet sur la galaxie, généralement appelé rétroaction. Les TNSMs qui accretent et produisent
des rayonnements par le biais de leurs disques d’accrétion sont appelés noyaux actifs de
galaxie, et les plus lumineux d’entre eux, qui peuvent briller beaucoup plus que leur galaxie
hote, sont appelés quasars. Certains de ces quasars sont détectés moins de 1Gyr apres le
Big Bang, et leurs TNSMs ont une masse > 10° M. Cela implique que ces objets compacts
ont dii croitre extrémement rapidement ou a partir de graines tres massives. Il s’agit de I'un
des principaux problémes non résolus en astrophysique, ot1 un scénario d’accrétion standard
limité par Eddington ne peut expliquer la population de quasars observée a haut redshift.

Un certain nombre de scénarios différents ont été proposés pour expliquer la présence
de ces TNSMs et celui considéré dans cette these invoque 'accrétion au-deld de la limite
d’Eddington. L'accrétion super-Eddington a été discutée a la fois d"un point de vue théorique
et observationnel. Ce régime est caractérisé par des taux d’accrétion tres élevés qui, s’ils sont
capables d’alimenter les TNSMs pendant des temps suffisamment longs, permettraient une
croissance plus rapide par rapport aux hypotheses “standard”. L'accrétion a des taux aussi
élevés peut avoir des conséquences sur la quantité d’énergie libérée dans les alentours de
l’objet compact, impactant ainsi I’environnement dans lequel le TNSM se trouve. Cela pour-
rait conduire a un arrét total de la croissance des TNSMs, ayant ainsi 'effet inverse de celui
recherché.

Les simulations idéalisées présentées dans cette thése ont pour but de fournir une meilleure
compréhension de I'impact de l'accrétion super-Eddington sur la croissance des TNs. En
ajoutant un TN au centre d'une galaxie émergente au sein d"un halo isolé de matiere noire,
nous avons pu mener une étude sur la dépendance des parameétres concernant la crois-
sance du TN. Nous avons étudié I'impact global sur les flux de gaz entrants et sortants,
en faisant varier les efficacités de rétroaction et les modes d’injection dans le régime super-
Eddington. Selon les hypotheses explorées dans cette thése, ces simulations ont montré
que la rétroaction super-Eddington empéche efficacement et rapidement d’autres épisodes
super-Eddington. Nos résultats suggerent également qu’avec la bonne combinaison de spin
du TN et de rétroaction super-Eddington, il peut y avoir une possibilité pour une croissance
légérement au-dela de la limite. Une étude ultérieure de 1’évolution du spin du TN pendant
les phases super-Eddington couplées a des épisodes sous-Eddington, a révélé que les TNs en
rotation lente peuvent obtenir une croissance super-Eddington efficace pendant une courte
durée, avant d’inévitablement accélérer leur rotation et cesser d’accréter a super-Eddington.
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Chapter 1

Introduction

The discovery around year 2000 (Fan et al. 2000) of quasars powered by supermassive black
holes with mass > 10° M., at z > 6, when the Universe was less than a billion years old,
requires understanding the rapid growth of such black holes in the early stages of the Uni-
verse. There is still no clear consensus related to their origin, and we explore in this thesis one
of the proposed scenarios to explain their assembly: breaking the Eddington limit. First and
foremost, some context needs to be established to better understand this intriguing puzzle.

After a brief introduction to the historical discoveries that led to the modern view of the
nature of our Universe (Section 1.1), we introduce the formation and evolution of galaxies
(Section 1.2), as well as their residents, the massive black holes (Section 1.3). Since both
are already in place less than a billion years after the Big Bang (Section 1.4), we explore
the possibility of accretion beyond the Eddington limit to explain their rapid growth, by
reviewing observations and theory behind this principle (Section 1.5). Finally, we describe
the main questions that are investigated in this thesis.

1.1 A short history of the Universe

The Universe has fascinated humans for millennia, which led to many observational discov-
eries and a better understanding of the physics underlying the Cosmos. We now know that
our own galaxy, the Milky Way, is one amongst billions in the Universe. Looking back at how
astronomy developed this concept over time one can see how scientists and philosophers
struggled with comprehending the nature of galaxies, and as a consequence the enormity of
our Universe. In Ancient Greece, Democritus proposed, along the development of the atomic
theory of the Universe, that the bright band in the sky, i.e. the Milky Way, was composed of dis-
tant stars. This idea was eclipsed by the perspective of the Universe advanced by Aristotle,
who thought that the Milky Way was a contact point in the Earth atmosphere between ter-
restrial and celestial spheres. Almost two millennia later, Galilei (1610) demonstrated in his
Siderus Nuncius that in fact the Milky Way was a massive gathering of individual faint stars.
During the second half of the 18" century, Wright (1750) speculated that the “many cloudy
spots” in the sky were distant galaxies, leading philosopher Kant (1755) to famously name
these island Universes. During the same period of time, observations from Messier (1781)
were compiled in a catalog of more than 100 of the brightest nebulae at the time, which were
followed a century later by observations from Herschel (1864) with over 5000 objects. Even
while documenting all of these nebulae it remained unclear as to exactly what they were.
This stimulated a so called great debate between Shapley and Curtis in the early 20" century,
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as two visions of what these objects were arose. This debate was resolved by astronomer
Hubble (1925) with the discoveries of cepheids in the Andromeda galaxy and concluded
that the Milky Way was just one of many galaxies, which came to be the dominant scientific
perspective.

Back in 1913, Slipher (1913) provided the first empirical basis of an expanding Universe,
as he discovered that distant galaxies are redshifted when he measured high Doppler shifts,
thus relating redshift to recessing velocities. Based on this finding, Hubble (1929) concluded
that the Universe was expanding. This idea was also supported theoretically a few years
earlier by Friedmann (1922) and Lemaitre (1927) using the mathematical framework of the
newly formed general relativity (GR; Einstein 1916).

In the mid-20"" century, with an increasing number of radio telescopes built around the
globe, hundreds of radio sources were detected and listed in famous catalogues (e.g. 3C
catalogue Bennett 1962, Matthews & Sandage 1963). During the same period, Schmidt (1963)
discovered the first radio quasar, which had a nuclear region 100 times brighter than the
luminous galaxies identified with radio sources up until this point. The construction of these
telescopes also indirectly led to the discovery of the cosmological microwave background
(CMB; Penzias & Wilson 1965), a remnant radiation from the early stages of the Universe,
predicted by Alpher, Herman and Gamow (the “a 3" paper Alpher et al. 1948).

From this point on, tools used for astronomy were increasing in numbers, which subse-
quently resulted in a boom of breakthroughs. From the 1960s to the 1980s, theories regarding
the beginning of the Universe flourished, as the idea of an expanding Universe from a hotter
and denser initial state made sense with the nature of the CMB. Guth (1981), Starobinsky
(1982) and Linde (1982) pioneered the theory of cosmic inflation, a period of accelerated ex-
pansion. This solved several issues of cosmology, such as the isotropic distribution of matter,
the uniform radiation of the CMB as well as the flatness of the Universe. From the end of the
20t century until today, many different telescopes surveyed the Cosmos, both on Earth and
in space. Thanks to measurements of the CMB by the Planck satellite (Planck Collaboration
et al. 2020), we now know with great precision what the Universe is made out of:

On = 0.315 £ 0.007, the matter density parameter taking into account both baryonic
() = 0.048 £ 0.001) and dark (Q). = 0.265 + 0.008) matters;

Q, ~ 1077, the relativistic matter density parameter;

Qa = 0.685 £ 0.007, the dark energy density parameter;

Qg = 0.0007 £ 0.0019, the curvature of the Universe;

Using the A-Cold Dark Matter (ACDM) model as the standard modern cosmological model,
gives us a good idea of the different phases of evolution of the Universe (listed below in a
chronological order):

¢ Big Bang (t = 0s): singularity of infinite density and temperature, i.e. the beginning of
the Universe;

* Inflation (t = 1072¢ to 10733 s): brief period of accelerated expansion, generating quan-
tum fluctuations, which become the seeds for the growth of structures in the Universe;
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* Recombination (t ~ 370kyr): as the Universe is expanding, it cools down to 3000K,
where the formation of neutral hydrogen is energetically favored. Photon decoupling
also occurred during this period: once photons decoupled from matter, they constitute
what is observed today as the CMB;

¢ Dark Ages (t ~ 370 kyr to 150 Myr): during this period, the Universe continues to cool
down. Gas flows into halos of dark matter that form from overdensities, and as this gas
cools and collapses it generates light-producing structures such as stars and galaxies;

* Reionization (t = 150 Myr to 1 Gyr) & Formation and Evolution of Galaxies (t 2 150 Myr):
despite a continuous expansion of the Universe, matter continues to draw together un-
der the influence of gravity. The first generation of stars starts to form and along with
successive generations of stars born in the first galaxies, radiation able to re-ionize neu-
tral hydrogen is produced. Pockets of ionized plasma, i.e. HII regions, expand individ-
ually until they intersect and fully ionize the Universe.

1.2 Galaxy formation & evolution

Galaxies are gravitationally bound objects mainly composed of dark matter (DM), gas, dust
and stars, and act as hosts for massive central compact objects known as supermassive black
holes (see Section 1.3.1 for a definition). In the Milky Way, the bulge, a bound stellar structure
at the center of the galaxy composed of the oldest stars, is surrounded by a stellar disc which
is estimated to extend all the way up to a few tens of kpc (1 pc = 3.09 x 10'® m). Extending
all the way up to a few hundred of kpc is a DM halo which surrounds the galaxy. Not all
galaxies resemble ours, as we know of several millions with vast ranges of sizes, masses,
morphologies and luminosities. Providing physically motivated models to understand how
galaxies form and evolve, and make predictions on unknown properties of their population,
has been the goal of galaxy evolution studies.

1.2.1 The emergence of the first stars & galaxies

The small density fluctuations appearing at the end of the period of inflation, act as the
seeds of gravitational collapse. These perturbations grow with time, as the small over-dense
regions which collapse first, naturally increase the gravitational contrast between them and
under-dense regions. Imprints of these perturbations nowadays form a complex DM struc-
ture known as the cosmic web, which is composed of dense clusters connected by filaments
and otherwise near-empty void regions. These filaments feed the formation and growth of
bound and virialised structures, the DM halos (White & Rees 1978). As both baryonic and
dark matters are coupled via gravity, gas follows DM into the halos, creating gaseous ha-
los. This mass assembly process takes a long time. As there are no metals (i.e. any other
element besides H and He) in the early Universe, effective cooling processes only occur for
molecular and atomic hydrogen if the virial temperature is below or above 10* K respectively
(e.g. Abel 1995, Haiman et al. 2000). In the knots of the cosmic web, the density of ordinary
and dark matter continues to increase and certain regions start to fragment as they exceed
the local Jeans (1928) length A} « T1/20=1/2, Further cooling and fragmentation leads to the
formation of dense molecular clouds, the birthplace of stars.
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Population III (hereafter Poplll) stars are the first generation of stars to form. They are
necessarily metal-free (Kashlinsky & Rees 1983, McDowell 1986) and are expected to form
in 10° to 10°M; DM “minihalos” (Haiman et al. 1996, Tegmark et al. 1997). Their initial
mass function (IMF; Salpeter 1955, Kroupa 2001, Chabrier 2003) has not been measured be-
cause these metal-poor stars have only existed in the earliest times, further than modern
observations have managed to achieve. It is believed that the IMF of Poplll stars is top-
heavy, with the production of a large number of unusually massive stars (with mass ranges
of 10 < Mpopm /Me S 10%) in comparison to later generations (e.g. Schwarzschild & Spitzer
1953, Schneider et al. 2002, 2006a, Sokasian et al. 2004, Marks et al. 2012). Inefficient cooling at
this time along with high gas temperatures preventing fragmentation to smaller masses, are
expected to lead to these massive stars. Observations of high-redshift galaxies have strug-
gled to detect strong signatures of Poplll stars, as they have a short lifespan due to being
massive stars, and are therefore limited to existing at very high redshifts (see Bromm 2013
for a review); although some models predict that clumps of metal-free gas may lead to the
formation of Poplll stars even at z ~ 3 (Liu & Bromm 2020).

Early metal-enrichment from winds and supernovae (SNe) explosions at the death of
PopllI stars can have negative and positive impact on the fate of interstellar medium (ISM).
It can be negative, as both the radiative heating from UV photons and shock waves from
the SN may eject significant amounts of gas from the minihalo, which may not have a deep
enough potential well to retain the gas, thus limiting the available material to form stars.
On the other hand, early metal-enrichment leads to more efficient cooling via metal line
transitions (e.g. Choi & Nagamine 2009, Smith et al. 2009), enhancing the star formation rate.
These newly formed stars will undergo similar processes at their death, thus creating a cycle
that regulates the lifetime and the evolution of galaxies. As gas continues to fragment and
form the next generations of stars, the basic processes of galaxy evolution are in place.

1.2.2 Galaxy evolution

From dwarf galaxies with stellar masses as low as M, ~ 10°Mg, to massive ones with
M, > 102 My, galaxies are varied systems with a wide range of morphologies and lumi-
nosities. The main shapes of a galaxy (known as galaxy types) have been labelled in the early
1930s, with a famous classification diagram known as the “Hubble tuning fork” (Hubble
1926). Based on this classification, galaxies are divided in three main categories: spirals (or
disc galaxies), lenticulars and ellipticals (or bulge galaxies), as well as irregular and peculiar
galaxies. A majority of galaxies found in the local Universe at redshift z < 0.03 are spirals
(~ 72per cent, Hammer et al. 2005). At the same redshift, the fraction of lenticulars and
ellipticals is ~ 18 per cent while ~ 10 per cent of galaxies have peculiar morphologies. How-
ever, the Universe was (and is) in constant evolution. The Hubble sequence evolves with
redshift, with more than 50 per cent of the total galaxies found at 0.4 < z < 0.8 being pecu-
liar (Delgado-Serrano et al. 2010). Explaining the origin of the diverse population of galaxies
all coming from simple initial conditions remains challenging.

Observations of galaxies led to the discovery of scaling relationships, correlating their
global properties. For example, disc galaxies, which are rotation dominated, follow the
Tully-Fisher relation (Tully & Fisher 1977) linking the galaxy luminosity with its maximum
rotational velocity; whilst bulge ones are dispersion dominated and follow the Faber-Jackson
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relation (Faber & Jackson 1976) linking the galaxy luminosity with the velocity dispersion ¢
of the stars in its bulge. Other studies show that there is a strong trend between the star for-
mation activity of galaxies and their colours, such that “bluer” galaxies are predominantly
star forming, while “redder” ones are more quiescent, with their old stellar population (e.g.
Kauffmann et al. 2003, Blanton & Moustakas 2009).

Galaxies have also been found to have different formation histories: as in disc galaxies,
metal rich young stars are found near the edge of the galactic disc and the central “pseudo-
bulge” is filled with older stars (e.g. Bell & de Jong 2000, MacArthur et al. 2004, Sdnchez-
Blazquez et al. 2014); whereas bulge galaxies tend to have a more homogeneous stellar pop-
ulation. Various theories attempt to explain these differences. For instance, disc galaxies are
thought to experience strong SN feedback early on, heating and ejecting gas at high-redshift
(e.g. Weil et al. 1998). Some studies predict that this ejected gas would flow in the halo, cool
down and later be slowly re-accreted by the disc, where it would feed continuous star for-
mation (e.g. Fall 1979, Oppenheimer & Davé 2008, Brook et al. 2012, 2014, Ubler et al. 2014,
Christensen et al. 2016).

On the other hand, for bulge galaxies, their stellar population are thought to grow early
on in deep potential wells. The stellar feedback is comparably weak and may lead to the
formation of massive and compact systems (e.g. Khochfar & Silk 2006, Naab et al. 2007,
Galametz et al. 2009, Feldmann et al. 2010, Rodriguez-Gomez et al. 2016). It is proposed
that despite the deceleration of star formation after the cosmic peak at z ~ 2, they are able to
increase their stellar mass thanks to mergers of smaller galaxies, resulting in dispersion dom-
inated galaxies (e.g. Toomre 1977, Barnes 1988, Hernquist 1992, Naab et al. 1999, Hopkins et
al. 2010, Oser et al. 2010, Ceverino et al. 2015).

Galaxies are not evolving in isolation: during their lifetime, they experience a variety of
interactions. They are shaped by mergers, minor or major (e.g. Bournaud et al. 2005, Ferreras
et al. 2009, Lotz et al. 2010, McLure et al. 2013), wet or dry (e.g. Lin et al. 2008, Khochfar
& Silk 2009), via tidal stripping and harassment during close encounters (e.g. Gunn & Gott
1972, McCarthy et al. 2008). They group in clusters, colossal structures which are the largest
gravitationally bound structures in the Universe, and the environment in which they evolve
can further impact the morphology and other properties of galaxies (e.g. Hirschmann et al.
2014b).

As galaxy studies have been expanded over the last decades, measurements of the stel-
lar mass function (e.g. Bell et al. 2003, Pérez-Gonzalez et al. 2008, Ilbert et al. 2010, Muzzin
et al. 2013) have been used as key observables of a population of galaxies. The stellar mass
function (SMF) describes the number density of galaxies as a function of their stellar masses.
Separating the SMF between quiescent and star-forming galaxies, observations have shown
that galaxies of different types have distinct SMFs and the most massive galaxies are gener-
ally the quiescent ones (e.g. Bernardi et al. 2010, Ilbert et al. 2013, Tomczak et al. 2014, David-
zon et al. 2017, McLeod et al. 2021). It is also shown that their abundance rises with time,
compared to star-forming galaxies which are thus thought to be progenitors of the quiescent
ones (e.g. van Dokkum & Franx 2001, Kaviraj et al. 2009).

However, regardless of the redshift, the characteristic SMF found from observations (see
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FIGURE 1.1: Stellar mass function at different redshifts in the NewHorizon simulation (coloured mark-
ers and thick purple line) from Dubois et al. (2021) accompanied by additional mass functions from
literature (thin coloured lines).
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the thin coloured lines in Fig. 1.1) is not well reproduced using the ACDM model if one as-
sumes a constant mass ratio between galaxies and DM halos: theory predicts far more galax-
ies on both the low- and high-mass ends. In other words, models studying galaxy evolution
find that both DM halos and galaxies retain too many baryons, producing too many stars.
This is known as the “overcooling” problem (White & Rees 1978). Efficient mechanisms able
to expel gas, such as powerful galactic-scale outflows of gas from galaxies are needed to ex-
plain the discrepancy. Stars and supermassive black holes are the two sources thought to
be able to produce these large-scale outflows, or galactic winds. Galactic winds are a ubig-
uitous feature for both morphological types and at any range of redshift (e.g. Veilleux et al.
2005, Heckman & Thompson 2017, Zhang 2018).

At the low-mass end of the SMF (M, < 1010 M), SN outflows are expected to be able
to push the excess baryons out of the galaxies and prevent star formation (e.g. Dekel & Silk
1986, Benson et al. 2003, Hirschmann et al. 2013, 2016, Hopkins et al. 2014). However, when
examining the most massive galaxies (M. 2> 10'2My), this quenching process are not be
only described by the stellar feedback, as the SN winds may not be strong enough to eject
the baryons. SNe are not able to eject gas at large scales due to the much stronger gravita-
tional potential that these galaxies possess, meaning that their velocity is less than the escape
velocity of the massive galaxies (e.g. Springel et al. 2005, Dubois & Teyssier 2008). Only pow-
erful outflows launched by supermassive black holes (which are found in massive galaxies,
see Section 1.3.1) are thought to be strong enough to decrease the ability of the most massive
galaxies to form stars (e.g. Silk & Rees 1998, King 2003, Rafferty et al. 2006, Fabian 2012).
“Active galactic nuclei” (AGN) regulating star formation in their host galaxies have been ex-
plored and reproduced! in state-of-the-art cosmological simulations (e.¢. Dubois et al. 2014a,
Hirschmann et al. 2014a, Vogelsberger et al. 2014, Schaye et al. 2015, Pillepich et al. 2018,
Davé et al. 2019; also see “NH” in Fig. 1.1 from Dubois et al. 2021). These AGN outflows and
their modeling are further described in Sections 1.3.2 and 2.3.7 respectively.

As we have seen, galaxies are not evolving in isolation and even without such interac-
tions, their evolution is also believed to be driven by internal processes such as feedback
from stars and supermassive black holes (e.g. Ciotti et al. 1991, Ciotti & Ostriker 1997, 2001,
2007, Springel et al. 2005, Bower et al. 2006, Croton et al. 2006), as well as magnetic fields
(e.g. Jansson & Farrar 2012, Beck 2015) and cosmic rays (e.g. Breitschwerdt et al. 1991, Bykov
et al. 2018, Dashyan & Dubois 2020). This brief overview of the current knowledge related
to galaxy evolution is used to provide context for the work on supermassive black holes,
before delving deeper into our current field of supermassive black holes and their origin.
The reader is referred to thorough reviews on the subject, such as Benson (2010), Buta (2013),
Conselice (2014), Somerville & Davé (2015), and Naab & Ostriker (2017).

1.3 Supermassive black holes through cosmic times

Black holes come in different mass categories, which are divided in three sub-groups: stellar
mass black holes with Mgy < 10° M., intermediate mass black holes with 103 Mg < My <
10° Mg, and supermassive ones with Mgy > 10° My, the latter being the object of study

~

of this thesis. These supermassive black holes are believed to be present in most galaxies,

I There are still some discrepancies between observations and simulations in the low- and high-mass galaxies.
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including our own. They have been found to be key components to galaxies. However,
discoveries of luminous high-redshift quasars at the beginning of this millenium (Fan et al.
2000, 2001, 2003, 2006) showed that these supermassive black holes were already in place at
the end of the reionization era.

1.3.1 Supermassive black holes in local galaxies

It took more than half a century to prove observationally the existence of black holes (BHs),
predicted theoretically by GR (Schwarzschild 1916)>. They have been reported in a variety
of contexts and over a large range of masses. The first stellar mass BH was detected in
Cygnus X-1 (Bolton 1972, Webster & Murdin 1972), a rapidly variable X-ray source, which
confirmed theoretical work from decades prior. Supermassive BHs (SMBHs) in galaxies have
been hinted to since the early 1940s by Seyfert (1943), with the observations of spiral galaxies
with unusually bright point-like nuclei, which were confirmed 50 years later (Miyoshi et
al. 1995). Furthermore, radio sources such as M87 and Cygnus A, have giant radio lobes
with bright optical narrow jets, which suggested that the radio emission is due to relativistic
particles, ejected from the central regions of the galaxies, where the SMBH is located.

Similarly to stellar mass BHs found in X-ray binaries, SMBHs are surrounded by an accre-
tion disc that forms due to the infalling material that slowly spirals onto the compact object
(see Abramowicz & Fragile 2013 for a review). Dense and fast moving clouds (> 10° kms~1!)
are found close to the accretion disc and form the broad-line region (BLR). On scales similar
to those of the accretion disc and BLR, dusty material, sometimes referred to as a dusty torus,
can lead to significant obscuration if observed at certain angles (Antonucci 1993, Urry 2003,
Tadhunter 2008, Beckmann & Shrader 2012). On larger scales (of the order of hundreds of pc
to kpc), gas clouds of lower density and significantly smaller orbital speeds (~ 10>kms™!)
compared to the BLR provide the ground for emission of narrow forbidden and permitted
lines. These clouds are generically referred to as the narrow-line region (NLR).

Whilst the first discoveries of SMBHs were through AGN, several techniques of observa-
tion have been since developed. Since BHs in isolation do not emit light, their detection must
rely on their interaction with matter, gas is the case of AGN, but also interaction with other
objects or by lensing radiation from intervening light sources (Paczynski 1986). Regarding
SMBH, a selection of techniques have been developed over the past decades. They include
the proper-motion measurements from the gravitational influence on the orbits of stars near
the SMBH (Eckart & Genzel 1997, Ghez et al. 2005, GRAVITY Collaboration et al. 2018, 2020),
micro-lensing (e.g. Irwin et al. 1989, Richards et al. 2004, Chartas et al. 2009, Sluse et al. 2011,
2012), emission from infalling material and from the accretion disc (e.g. Reynolds & Nowak
2003, Reynolds 2021, Hu et al. 2008, Agis-Gonzélez et al. 2014), and the pinnacle of detection
being the direct image of the shadow of a SMBH (Event Horizon Telescope Collaboration
et al. 2019, 2022).

There has also been impressive progress in measuring Mgy, in quiescent and active galax-
ies. If the motion of stars orbiting near the SMBH can be accurately measured, it is possible
to measure the mass of the central SMBH. The most evident mass measurement with this
technique is Sgr A*, the SMBH of our galaxy, which has been estimated this way to have

2We note that if the mass of a compact object (such as a white dwarf) is greater than the Chandrasekhar limit
(Chandrasekhar 1931), it will become a BH.
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Mgy ~ 4 x 10° Mg, (e.g. Ghez et al. 2003, Schodel et al. 2003). As it is not feasible to resolve
single stars, a similar method involving stellar dynamics is used for other galaxies than the
Milky Way. Direct stellar dynamical measurements (e.g. van der Marel 1994, Gebhardt et al.
2003, Davies et al. 2006, Onken et al. 2007, Gebhardt et al. 2011) use the spectrum of the nu-
cleus, from which the gravitational potential of the galaxy can be modelled and the SMBH
mass estimated, as the presence or absence of the SMBH affects motion of stars. Stellar dy-
namical measurement usually target galaxies with quiescent SMBHs, to prevent luminosity
contamination from AGNs (which would render such measurements difficult).

Gas orbiting the compact object can also be used to estimate the SMBH mass. For exam-
ple, molecular hydrogen emission lines have been used to study gas dynamics and adding
constraints on the SMBH mass (e.g. Davies et al. 2004a,b, Hicks & Malkan 2008, Scharwéchter
et al. 2013, den Brok et al. 2015). This method is mainly used for low-luminosity AGNs, as
radiation forces close to the central SMBH may be affecting the dynamics of the line emitting
gas (see D’Onofrio et al. 2021 and references therein).

Water masers can also be used as a tracer for the central potential (e.g. Miyoshi et al. 1995,
Rodriguez et al. 2006, Kuo et al. 2011). They correspond to dense molecular clouds in which
gas is excited by the X-rays from the actual accretion disc of the central SMBH. The excited
molecules then radiate maser radiation at radio frequencies, which can be studied using
radio interferometry with excellent spatial resolution. Unfortunately, water masers require
very favorable inclination, making them very difficult to detect.

If a galaxy hosts a very bright AGN, the stellar kinematics in the central region may be
very difficult to observe and the techniques described above cannot be used. SMBHs masses
in bright sources can be estimated via their BLR, although uncertainties of the mass estimate
are larger than via direct dynamical measurements. BLRs are used to estimate the mass of
SMBHs in AGN under the assumption that the gas is in rotation and that the motion of the
emitting clouds is dominated by the gravitational field of the central object:

VZ Rpir  fW?Rpir

= = (1.1)

The width of the broad line W is used as an indicator of the virial velocity Vii,, with the
introduction of a virial coefficient f (or geometrical factor). One of the most commonly used
methods which provides an estimate of the typical size of the BLR RpyR is reverbation map-
ping (e.g. Blandford & McKee 1982, Peterson 1993, Peterson et al. 2004). By mapping the
lagged response from broad emission line to continuum variations, one can in principle re-
construct the kinematics and structure of the BLR, and thus estimate RgR.

Another method referred to as an extension of the reverbation mapping technique is the
single-epoch virial mass estimator. It uses one of the findings of reverbation mapping mea-
surements, which is a tight correlation between the BLR size and the continuum luminosity,
dubbed the BLR size-luminosity relationship (e.g. Kaspi et al. 2000, Bentz et al. 2009). Using
this relation, one can estimate the size of the BLR from the measured quasar luminosity, and
by combining it with the line width W, one can estimate the SMBH mass (e.g. Vestergaard
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FIGURE 1.2: Relation between Mgy and M, of local host galaxies (Reines & Volonteri 2015). Coloured
points show the observational data and scaling relations are shown with the lines.

2002, Vestergaard & Osmer 2009, Shen 2013):

Mg L W
log M® =a1+ bl log W —+ 1 log Fs_l (12)

with ay, by and ¢; coefficients calibrated against reverbation mapped AGNs.

Finally, the latest method which led to the measurement of two SMBHs masses is the
direct observation of the shadow of the compact object (Event Horizon Telescope Collabora-
tion et al. 2019, 2022). With this novel technique, the diameter of the emission ring and the
distance of the compact object are required to measure the SMBH mass. This procedure uses
very demanding radio interferometric methods, meaning that its use is likely limited to the
closest SMBHs.

Once a relatively large sample of SMBH masses has been assembled, it became possible to
examine their relation to the host galaxies, and this led to the discovery of correlations with
properties of the host galaxies. Kormendy & Richstone (1995) and Magorrian et al. (1998)
were amongst the first to notice that SMBHs masses correlate with the luminosity of the
bulge component of the stellar distribution. The existence of the Mpy — Mpyge relationship
has been confirmed thanks to further detections of SMBHs. However, it is difficult to rely
on decomposing the luminosities of bulge and disc components at high redshift, owing to
lack of spatial resolution and sensitivity. Investigating the relationship between Mgy and the
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total stellar mass M., Reines & Volonteri (2015) compiled a large sample of nearby (z ~ 0)
SMBHs in Fig. 1.2, showing a correlation between stellar and SMBH masses. An even tighter
relationship connects the SMBH mass and the velocity dispersion Mgy — ¢. These scaling
relations, as a whole, suggest a link between SMBH accretion and the star formation history
of the host galaxy (e.g. Gebhardt et al. 2000, Tremaine et al. 2002, Marconi & Hunt 2003,
Haiman 2004, McConnell & Ma 2013). Further support for this link came from the discovery
that the cosmic density of the SMBH accretion and of the star formation follow a similar trend
over cosmic time (Marconi et al. 2004, Merloni 2004, Shankar et al. 2009). Finally, discoveries
in recent years were able to link SMBH masses with the total number of globular clusters in
galaxies, showing that the most compact objects at galaxy centers correlate with one of the
outermost galaxy components (Burkert & Tremaine 2010, Harris & Harris 2011, Kormendy
& Ho 2013).

These observations strongly suggest that the growth of a SMBH is tightly correlated to
that of its host galaxy. While the growth of SMBHs might not be entirely understood, they
can have significant impact on the formation and evolution of their host, by means of several
feedback mechanisms, which is discussed in the next Section.

1.3.2 AGN feedback mechanisms

When gas is accreted onto a BH, a fraction of rest-mass accreted energy is released back to
the host galaxy. This process can impact the inflow of material and is expected to impact
both star formation and SMBH accretion. AGN feedback can be negative, when it heats and
pushes some gas out of the galaxy, thus reducing the existing gas supply and prevent star
formation (e.g. Silk & Rees 1998, Crenshaw et al. 2003, Nesvadba et al. 2007, Alexander et al.
2010, Morganti et al. 2013). It is also negative when it can reach the circum-galactic medium,
by suppressing the cooling flows, thus quenching star formation (e.g. Peterson et al. 2003,
Briiggen et al. 2005, Dunn et al. 2005, McNamara & Nulsen 2007). Conversely AGN feedback
may be positive, as it can trigger star formation, by compression of molecular clouds in
the galactic disc (e.g. Begelman & Cioffi 1989, Rees 1989, Silk 2005, 2013, Santini et al. 2012,
Gaibler et al. 2012, Bieri et al. 2015, 2016) or directly in the outflowing gas (Ishibashi & Fabian
2012). Negative and positive feedback are not necessarily contradictory as AGN activity may
both quench and induce star formation in different parts of the host galaxy and on different
timescales (e.g. De Young 1989, Imanishi et al. 2011, Silk 2013, Zinn et al. 2013, Zubovas et al.
2013, Carniani et al. 2016). Two major modes of AGN feedback, which vary by the nature
of the outflows they produce, have been identified (e.g. Cole et al. 2000, Benson et al. 2003,
Begelman 2004, Bower et al. 2006, Ciotti & Ostriker 2007, Fabian 2012, King & Pounds 2015).

The first is the radiative mode, known as “quasar” mode. This mode operates when the
SMBH accretes at a significant fraction (2 1per cent) of the Eddington rate (e.g. Heckman
& Best 2014, see Section 1.4.1 for a definition) and is believed to proceed via geometrically
thin and optically thick accretion disc (Shakura & Sunyaev 1973, see Section 1.5.2 for more
details). This form of feedback may have been the most effective when galaxies were most
gas rich, i.e. at high redshift. Radiation-based feedback can be generated by the extreme
luminosities than can be produced by the accretion disc. One scenario (e.g. Silk & Rees 1998,
Haehnelt et al. 1998) suggested that the radiation would drive a wind which would deposit
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energy into the SMBH surroundings, thus heating the gas. Besides radiative heating, mo-
mentum driven mechanisms have also been proposed to push cold gas out of the galaxy
(King 2003). For example, radiation pressure acting on electrons and on dust via scattering
processes (e.g. Murray et al. 2005, Fabian 2012, Bieri et al. 2017). An alternative possibility
may be that the AGN could power winds which would cover a wide range of velocities, thus
being able to drive out significant gas mass (e.g. Tremonti et al. 2007, Moe et al. 2009, Feruglio
et al. 2010, Fiore et al. 2017). Semi-analytical (e.g. Bower et al. 2006, Croton et al. 2006, 2016,
Somerville et al. 2008) and numerical simulations (e.g. Di Matteo et al. 2008, Booth & Schaye
2009, Ostriker et al. 2010, Dubois et al. 2012b, Hirschmann et al. 2012, Brennan et al. 2018,
Choi et al. 2018) have also found relative success in implementing this mechanism and re-
producing observations of the global galaxy population.

The second mode is the kinetic mode, known as “radio” mode or maintenance mode.
This mode proceeds in the core of massive galaxy halos, with typical signatures being the
inflated cavities found at the cores of clusters (e.g. Fabian et al. 2006, Forman et al. 2007,
Olivares et al. 2019). This mode is believed to be powered by jets and is therefore often as-
sociated to lower Eddington rates in comparison to the radiative mode, in analogy with the
states of X-ray binaries (Merloni et al. 2003, Falcke et al. 2004). These powerful outflows
emerge with relativistic velocities out of their galactic nuclei and exist on a wide range of
scales from < 1AU to 2 1Mpc, as they may travel outside the galaxy whilst staying col-
limated and terminate in strong, hot spot shocks (e.g. Marscher et al. 2008, Asada & Naka-
mura 2012, Doeleman et al. 2012, Ackermann et al. 2015). Jet production has been linked to
extraction of the rotational energy from a spinning BH (Blandford & Znajek 1977), and/or if
the accretion disc is strongly magnetised and removes magnetically the angular momentum
from the disc (Blandford & Payne 1982). A further ingredient is believed to be the presence
of a geometrically thick discs, and this provides the link to the Eddington ratio mentioned
above. At accretion rates of the order of a few per cent of the Eddington rate, accretion
discs are believed to transition from a thin disc (at high accretion rates) to a thick disc (at
low accretion rates). Whilst numerical simulations modeling these jets have been able to re-
produce the inflated cavities (e.g. Omma et al. 2004, Heinz et al. 2006, Cattaneo & Teyssier
2007, Dubois et al. 2010, Guo & Mathews 2010, Gaspari et al. 2011, Beckmann et al. 2019),
the physics behind the creation of these jets is still an area of ongoing research, and efforts
towards understanding their formation and how they remain collimated are developed (e.g.
Tchekhovskoy et al. 2011, McKinney et al. 2012, King & Pounds 2015, Potter & Cotter 2015,
Liska et al. 2018, Chatterjee et al. 2019, Lucchini et al. 2021; also see Blandford et al. 2019 for
a review on jets).

The AGN feedback occuring at very high Eddington rates (above the Eddington limit)
will be discussed in detail in Section 1.5.2. Finally, there are additional plausible mechanisms
through which AGN can deposit energy in their surroundings, like magnetohydrodynamical
(MHD) winds and cosmic rays (e.g. Ehlert et al. 2018, Beckmann et al. 2022b).

1.3.3 High-redshift quasars

Bright high-redshift quasars (z 2 6; less than a billion years after the Big Bang) are difficult
to find, as they are rare which requires the need to survey large fractions of the sky. The
Sloan Digital Sky Survey (SDSS) was the first survey that allowed to graze the z 2 6 quasar
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population (Fan et al. 2000). In the last two decades, the search of luminous quasars con-
tinued, with the Canada-France High-Redshift Quasar Survey (CFHQS; Willott et al. 2007,
2009, 2010), the Panoramic Survey Telescope And Rapid Response System (Pan-STARRS;
Bafiados et al. 2016, Chambers et al. 2016, Tang et al. 2017), and the Dark Energy camera
Legacy Survey (DELS; Reed et al. 2017, Wang et al. 2018, 2019, Yang et al. 2019).

Due to sensitivity limits, the z 2 6 quasars observed are all very luminous, shining close
to the Eddington limit. They are likely only representative of a small portion of all quasars
that can be found in the high-redshift Universe. To have a better understanding of the for-
mation and evolution of these quasars and their SMBH, it is crucial to find less luminous
quasars at z 2 6, which would be equivalent low-redshift “ordinary” quasars. Surveys such
as the Subaru High-z Exploration of Low-Luminosity Quasars (SHELLQ; Kashikawa et al.
2015, Matsuoka et al. 2016, 2018, 2019a,b) have been able to detect over 70 quasars in the past
few years, starting to populate the lower-end of the quasar luminosity function.

Many of the highest redshift quasars have also been discovered combining multiple sur-
veys, with the United Kingdom Infrared Telescope (UKIRT) and Deep Sky Surveys (UKIDSS;
Lawrence et al. 2007, Mortlock et al. 2011), the VISTA Kilo-degree Infrared Galaxy (VIKING)
Survey (Edge et al. 2013, Venemans et al. 2013) and the VLT Survey Telescope - ATLAS (VST-
ATLAS; Carnall et al. 2015, Chehade et al. 2018) to name a few. There is now close to 300
quasars detected at z > 6 (Bosman 2022) and with the launch of the James Webb Space Tele-
scope (JWST) in 2021, already probing ultra-high-redshift galaxies (z 2 9) within the epoch
of Reionization (Adams et al. 2022, Atek et al. 2022), as well as the advent of Euclid and the
Nancy Grace Roman Space Telescope surveying the infrared, more quasars at z > 7 will be
discovered in the near future.

One of the most remarkable features of these high-redshift quasars is the massive SMBHs
that they host. The most massive SMBH found at z > 6isa ~ 1.2 x 101 My, BH at z = 6.30
(Wu et al. 2015). This monster is not alone, as the most distant quasar from which a SMBH
mass could be estimated is J0313-1806 and is found at z = 7.62 (~ 700 Myr after the Big
Bang) and hosts a SMBH of (1.6 & 0.4) x 10° M, (Wang et al. 2021). Out of all the SMBHs
discovered in the low-luminosity end (from the SHELLQ survey), the SMBHs have an esti-
mated mass Mpy = 107 My, (see Fig. 2 from Inayoshi et al. 2020). These masses are already
similar to the SMBHs found in the local Universe, after 13 Gyr of growth (see Section 1.3.1
and Fig. 1.2).

Since the first stars (Poplll) are believed to be formed at z ~ 30 (Baraffe et al. 2001)
when the Universe was ~ 100 Myr old, it leaves less than 900 Myr for a SMBH to form and
have grown from a stellar mass BH (the progenitor is commonly referred to as “seed”). The
formation and rapid growth of these compact objects at such an early stage of the Universe
are one of the most important puzzles faced by modern astrophysics. In the next Sections,
we will investigate theoretical expectations on the assembly of SMBHs within 1 Gyr after the
Big Bang and how some of them may have grown very efficiently up to > 10° Mc.

1.4 A timescale problem with its solutions

Explaining the very short amount of time for small BHs to become supermassive, is one of
the many challenges astrophysicists face nowadays. This question was already in place after
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the discovery of quasars at 4 < z < 5 (Turner 1991), but the realization that SMBHs were
already very massive at z 2 6 made it significantly more intriguing (Haiman & Loeb 2001).
How can BHs grow of several orders of magnitude within 1 Gyr? In this Section, we discuss
the assembly of massive BHs with the different scenarios proposed to explain their growth.

1.4.1 BH growth via gas accretion

An important growth channel for SMBHs is via accretion of gas (besides merger events, see
Section 1.4.4 for discussion). We have discussed in Section 1.3.1 that material falling into the
deep gravitational potential well of BHs results in a fraction of the gravitational binding en-
ergy radiated away. The efficiency of matter-to-radiation conversion of BHs, for radiatively
efficient sources (thin discs) is related to the BH spin and varies from about 4 to almost 40
per cent, depending if the accretion disc is in co/counter rotation with the BH (Novikov &
Thorne 1973, Shapiro & Teukolsky 1983)°. This is more than an order of magnitude larger
than the maximum efficiency of nuclear fusion reaction. A typical value used in the litera-
ture is 10 per cent, which corresponds to an average spin value of 0.7. Therefore, for some
infalling gas, the bolometric luminosity of the BH can be expressed as:

L= erA‘/Iaccc2 s (13)

with e, the radiative efficiency, M, the accretion rate and c the speed of light. The mass that
is not radiated away is what actually contributes to the BH growth:

MBH = (1 - er)Macc . (14)

An approximation for an upper limit of M, onto a BH comes from a simple spherical model.
We assume that we have a massive object of mass Mgy, surrounded by a gas shell of radius
r. The BH accretes some gas from this shell, and a portion of it will be radiated away, as
expressed in Eq. 1.3, thus impacting the inflowing material. There is a luminosity limit, the
Eddington luminosity Lgqq4, at which the (outwards directed) radiation pressure balances the
(inwards directed) force of gravity. Above this limit, a wind is formed and matter is pushed
away from the BH; while at the limit, the gas is held in a hydrostatic equilibrium. Within the
spherical geometry, one can write the force of gravity as:

GMBHm
Fgrav = Tp ’ (15)

where G is the gravitational constant and 1, the proton mass. Similarly, the radiative pres-
sure force can be expressed as:

(TTL
Frad - 47T7’2C ’ (16)

3The gravitational accretion efficiency can be more than one order of magnitude larger than p-p nuclear effi-
ciency, with for example the nuclear fusion reaction inside the Sun at ~0.7 per cent, i.e. two orders of magnitude
lower than the typical radiative efficiency of a BH.
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with o1 the Thomson cross-section. The equilibrium of the forces Fgray = Frag gives L = Lgqq
(Eddington 1921) which is defined as:

47TGmPCMBH

Mgy
— ~ 47 -1
Lgqq = ~ 1.3 x 10 (109 M@> ergs -, (1.7)

that can in turn be written in terms of maximum accretion rate assuming spherical symmetry
MEdd,

oT

(1.8)

This corresponds to the maximum accretion rate onto the BH under the assumptions that
most of the gas in the ISM is ionised hydrogen and that radiation is emitted isotropically.
The value of the radiative efficiency may vary (see Section 1.5.2), but for the rest of this
discussion we set €, = 0.1. Therefore, while the general expression follows Eq. 1.8, we shall
define for the rest of this thesis, unless otherwise noted:

Lgqq

Meaa = G-

(1.9)
We define the ratio of the bolometric luminosity-to-Eddington, known as the Eddington frac-

tion fgqq, as:
L
Edd
Whilst the luminosity is an outcome of accretion, we use this parameter to determine how
efficiently a BH is accreting.
Under the assumption that SMBHs are assembled by the accretion of gas, combining
Egs. 1.7 to 1.10 in Eq. 1.4, one finds:

. 1—¢€ Mgn
Mgy = fEdd , (1.11)
€r tEdd

with tggq = Mpuc?/Lgqq = 0.45Gyr, the Eddington timescale. After integrating, one ob-
tains:

t
Mg (t) = Mpu(t = 0) exp (TEdd> , (112)

€

Trdd = tEdd (1 _r€r> fE_(fd , (1.13)

with the seed mass Mgy (t = 0) and the e-folding timescale Tgq4. With the fiducial value of
€r = 0.1, there are only two variables that can be used to determine the mass of a BH at a
given time: the seed mass Mpy(t = 0) and the Eddington fraction fg4q. As shown in Fig. 1.3,
to explain the massive SMBHs at z 2 6, one requires stellar mass BHs accreting constantly
at the Eddington limit at very high redshifts, or very massive BHs accreting at relatively low
per cent of the Eddington limit. We also note that decreasing the radiative efficiency has been
hailed as a possible option (King & Pringle 2006).
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FIGURE 1.3: Theoretical growth of z 2 6 SMBHs. Coloured markers show a sample of SMBHs ob-

served at z 2 6. Dark lines show theoretical growth of two SMBHs (orange circle and green triangle),

at a fixed e, = 0.1 and constant growth (fgqq = 0.1 in dashed and fgqq = 1 in solid). Shaded areas
represent the different theoretical seed formation channels detailed in Section 1.4.2.

1.4.2 SMBH seeds at high-redshifts

Over the years, several formation channels have been suggested for the progenitors of SMBHs
and three stand out as the most popular ones: Poplll remnants, dense stellar clusters and
direct collapse. The formation processes require different initial conditions, leading to a dif-
ferent seed mass distribution ranging typically from 10 to 10° M.

Heavy seeds

We start with the most massive case, the “direct collapse” model. The formation of “massive”
seeds gives them a decent head start to reach > 10° M,. This scenario is popular as it predicts
the formation of 10* to 10° M, BH seeds (e.g. Rees 1984, Bromm & Loeb 2003, Shang et al.
2010, Johnson et al. 2011, Agarwal et al. 2012, 2016a,b, 2017, Latif et al. 2013, 2014, 2016b, Latif
et al. 2018, 2020, Whalen et al. 2020), thus easing the constraints on seed masses required to
explain the z ~ 6 SMBHs population. The term “direct collapse” can be misleading because
forming such BHs still requires an intermediate stage of a stellar structure (supermassive,
see e.g. Shibata & Shapiro 2002, Inayoshi et al. 2014, Inayoshi & Haiman 2014; or “quasistar”,
see e.g. Begelman et al. 2006, Begelman 2010, Volonteri & Begelman 2010).

Gas needs to collapse in a single massive object, uninterrupted by fragmentation, mean-
ing that gas needs to be dust and metal poor (e.g. Regan et al. 2020), so that cooling pro-
cesses do not occur. Moreover, a key requirement for the formation of such BH seeds is the
very high accretion rates exceeding 0.01 M, yr !, in order to sustain the stellar structure (e.g.
Omukai & Palla 2003). Such accretion rates are expected to negate the ionizing radiation
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from the star itself, leading to its collapse in a BH via the general relativistic instability (e.g.
Sakurai et al. 2016a). Such conditions are suggested to be found in atomic cooling halos (e.g.
Oh & Haiman 2002, Bromm & Loeb 2003), structures more massive than minihalos (107 to
10® M) with virial temperatures > 10* K.

In order to prevent the gas from cooling and inhibit star formation, a strong Lyman
Werner flux of photons that photo-dissociates molecular hydrogen is needed (e.g. Omukai
2001). Knowing the threshold above which photo-dissociation becomes effective allows one
to estimate of the number of atomic cooling halos that massive seeds can form (e.g. Dijkstra
etal. 2008, Agarwal et al. 2012), although several authors discuss that this threshold may not
be unique (e.g. Agarwal & Khochfar 2015, Agarwal et al. 2016b). Other models also suggest
that these atomic cooling halos can be exposed to the high Lyman Werner radiation from
newly (S several Myr) formed stars a nearby subhalo: the so-called “synchronized pair of
halos” scenario (see Visbal et al. 2014 and references therein).

Having an atomic cooling halo is not always needed, as recent work from Latif et al.
(2022) shows that turbulent cold flows prevent star formation until a certain mass threshold
is reached, forming a massive stellar structure without the need of atomic cooling. Chon &
Omukai (2020) have also shown that a heavy seed can still form in halos slightly enriched,
where fragmentation has started, as the metal poor ga