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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.



Chapter 1. Introduction 8

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



Chapter 1. Introduction 13

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



Chapter 1. Introduction 14

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 gas feeds the growing stellar structure.
Runaway collisions in a stellar cluster may also provide enough material to create a suffi-
ciently massive stellar structure, by preventing its contraction (Tagawa et al. 2020, Das et al.
2021). Other possible mechanisms able to form very massive seeds have been suggested,
such as “merger-driven direct collapse” (see Mayer & Bonoli 2019 and references therein),
where multiple massive gas-rich galaxies merge, leading to extremely rapid inflow rates
>10°Mg, yr*1 and creating (with or without a stellar structure stage) a very massive seed.

Due to the strict environmental conditions enumerated earlier (no efficient cooling mech-
anisms, strong Lyman Werner radiation, large and continuous inflow rates), the formation
of heavy seeds is predicted to be quite rare (e.g. Dijkstra et al. 2008, Agarwal et al. 2012, 2014,
Habouzit et al. 2016, Valiante et al. 2016). However, due to the difficulties to constrain the
formation mechanisms of heavy seeds, their number density is still uncertain.

Medium seeds

In the early Universe, fragmentation may occur in environments with densities of the order
of 10°amucm—3 (e.g. Clark et al. 2011, Greif et al. 2011, 2012, Smith et al. 2012), but can
also be helped with traces of dust grains (e.g. Schneider et al. 2003, Schneider et al. 2006b,
2012, Omukai et al. 2008, Dopcke et al. 2011, 2013, Klessen et al. 2012, Bovino et al. 2016).
These provide ideal conditions for the formation of very dense clusters, which have a typical
mass of ~ 10° Mg, and ~ pc radii (Volonteri 2010). A large fraction of them will collapse
on timescales shorter than the lifetime of massive stars; consequently, runaway collisions
amongst the stellar population lead to the formation of a massive BH seed of 10° to 10* M,
(e.g. Omukai et al. 2008, Devecchi & Volonteri 2009, Lupi et al. 2014, Katz et al. 2015, Yajima
& Khochfar 2016).

In the scenario where the core collapse happens on timescales longer than the lifetime of
stars, the stellar cluster will be left with stellar mass BHs that can undergo runaway growth
into a 103 to 10* M, BH, via tidal interactions (e.g. Stone et al. 2017, Sakurai et al. 2019).
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Another possibility may be that the stellar mass BHs merge as they sink via dynamical fric-
tion towards the center of the collapsing cluster, producing a seed in the similar mass range
(Giersz et al. 2015). However, gravitational recoil from merging the BH binaries could even-
tually lead to the expulsion of the merged BHs, unless the escape velocity of the stellar cluster
is sufficiently high to retain the kicked BH, potentially generating multiple merging episodes
and leading to significant mass growth (Antonini et al. 2019).

Light seeds

Finally, as introduced in Section 1.2.1, the first generation of stars (PopllIl) formed from metal-
free gas could leave remnants* of up to ~ 10> Mg, (e.g. Madau & Rees 2001, Volonteri et al.
2003, Johnson & Bromm 2007, Turk et al. 2009, Jeon et al. 2012, Smith et al. 2018). This sce-
nario provides small BH seeds in comparison to the other formation channels, meaning that
their accretion rates will be small in comparison (see Eq. 1.9). However, since they are be-
lieved to form at the end of the Dark Ages, they have more time to accrete. Such stellar
remnants are also expected to form far more frequently than more massive ones from the
“direct collapse” model for example (e.g. Sassano et al. 2022). If a small fraction of PoplII
remnants are able to maintain accretion rates close to the Eddington limit for their entire
growth until z ~ 6, they would grow by a factor ~ 10°, thus explaining some of the popula-
tion of high-redshift quasars (see Fig. 1.3).

Due to the radiation of PopllI stars, it has been suggested that they heat the minihalo
they form in and eject the ionized gas (e.g. Whalen et al. 2004, Johnson & Bromm 2007).
Furthermore, at their death, their SN explosions may also evacuate the gas, owing to the
shallow gravitational potential of the minihalo (e.g. Whalen et al. 2008, Ritter et al. 2012).
Accretion onto the stellar remnant is therefore likely not to be in a high density environment.
Even in the scenario where the PoplIl radiation or SN explosion were not able to starve
the newly formed remnant, the feedback produced by the accreting BH could be enough
to evacuate its surroundings (e.g. Alvarez et al. 2009, Jeon et al. 2012). It could also simply
wander owing to erratic motion outside of dense regions meaning that the BH growth would
remain inefficient (Smith et al. 2018). Nonetheless, rare massive (M, > 108 M) halos could
tulfill the conditions for sustained Eddington accretion (Tanaka 2014).

The z ~ 6 SMBH progenitors are characterised by different formation mechanisms which
are not mutually exclusive, and a variety of seeds that could form in the Universe (Volonteri
& Begelman 2010, Sassano et al. 2022, Spinoso et al. 2022). In the next Section, we explore the
questions related to the availability of gas to feed continuously these seeds.

1.4.3 Gas inflows feeding the seed

Regardless of the seeding mechanisms in play at high-redshift, we must discuss the avail-
ability of gas to sustain high accretion rates on the BH seed. To study this question, very
large-scale (> 100 Mpc) cosmological simulations are often invoked, due to the statistically
significant number of massive (> 10'2 M) halos that they can produce. Such simulations
provide necessary information related to the large scale inflows of gas, that can potentially
sustain high accretion rates all the way down to the seed.

% As long as their stellar masses are outside of the pair instability mass range, i.e. 140 — 260 M, (Fraley 1968).
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At large scales, cold filamentary streams connected to the cosmic web can survive pow-
erful outflows from AGN. For example, Di Matteo et al. (2012) and Khandai et al. (2012) have
found that the most massive BHs in their most massive halos were continuously fed via cold
filamentary infall, despite AGN feedback, and were able to reach several 10° M, at z ~ 6.
Dubois et al. (2012a) have shown that, cold flows were directly responsible for maintaining
sufficiently large amounts of gas in the bulge, allowing the BH to accrete at its maximum
rate. For instance, in the absence of feedback, gas fell nearly radially to feed the center of the
galaxy, and once filaments gained angular momentum, they contributed to the formation of
proto-galactic discs (Pichon et al. 2011), which gave rise to the formation of a gravitationally
unstable disc component surrounding the bulge of the galaxy. This caused disc instabilities
and clump migration, bringing large quantities of gas towards the bulge (Bournaud et al.
2011).

On smaller scales, the dynamics of accreting gas is influenced by gravity from the com-
pact object, at the so-called Bondi radius (Bondi 1952). Gas is captured in the gravitational
sphere of influence of the BH and is assumed to flow inwards at supersonic velocities. This
accretion rate is supposed to be in general an upper limit on the accretion rate as it assumes
free-fall of the gas from the Bondi radius, but inflows can be heavily influenced by feedback
mechanisms (see Section 1.3.2) or rotation. For instance, continuous accretion at Eddington
levels is challenging to sustain, as feedback from gas accretion onto the BH seed can severely
affect gas inflows and prevent efficient BH growth (e.g. Johnson & Bromm 2007, Alvarez et al.
2009, Milosavljevi¢ et al. 2009, Dubois et al. 2013). It is also interesting to note that even in the
absence of such mechanisms, if the gas is very cold (therefore, for a given Mpy, the Bondi
radius and accretion rates are high), gas may be susceptible to gravitational perturbations
(Hopkins & Quataert 2010).

Accretion of cold and turbulent gas, in the so-called “chaotic” (or incoherent) accretion,
provides an alternative growth mechanism for SMBHs (e.g. King et al. 2005, 2008, Zhang
& Lu 2019, Zhang et al. 2020, Zubovas & King 2021). In this scenario, the gas flows from
random directions towards the BH, keeping the BH spin magnitude low. This keeps radiative
efficiencies low, providing more efficient growth.

As discussed above, inflows of cold gas can stream all the way down to the seed. With
efficient feeding, BH seeds could grow very rapidly if the accretion rates are not capped by
the Eddington limit (e.g. Haiman 2004, Shapiro 2005, Volonteri & Rees 2005, Volonteri et al.
2015). Analytical models have shown that a PoplIl remnant seed could grow from 10° M,
to a few 10° Mg, within 1Gyr (Madau et al. 2014), thanks to reduced radiative efficiency.
Similarly, if the PoplIl remnants are embedded in very dense environments (Lupi et al. 2016)
or in dense stellar clusters (Alexander & Natarajan 2014), they can achieve brief and recurring
periods of super-critical (i.e. super-Eddington) accretion and grow into > 10* M, BHs in a
few 10° to 107 yr. Furthermore, super-Eddington accretion can contribute significantly to
the seed growth, all the way up until z ~ 6 (Pezzulli et al. 2016), and even when feedback
mechanisms associated with the critical accretion are present, super-Eddington growth of
the first SMBHs from light BH seeds can be explained if the inflowing gas has low angular
momentum (Pezzulli et al. 2017). Finally, super-Eddington accretion is not limited to PoplII
remnants, as (e.g.) Pacucci & Ferrara (2015) discussed the growth of Mpy = 10° M, seeds
growing efficiently at super-Eddington rates. A discussion related to the super-Eddington
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regime is devoted to Section 1.5.

1.4.4 The role of BH-BH mergers

As mentioned in Section 1.4.1, another growth channel for SMBHs is via BH-BH mergers.
During the process of galaxy mergers, the two SMBHs can also merge and contribute to
the growth of the remnant SMBH if their coalescence is shorter than the Hubble time (e.g.
Volonteri et al. 2003, Sesana et al. 2007, Valiante et al. 2021). During the galaxy merger,
dynamical friction (Chandrasekhar 1943) against stars, DM and gas can lead to the dragging
of the two SMBHs towards the center of the new galaxy, thus reducing their separations
from kpc-scales down to pc-scale distances and forming a binary system (e.g. Begelman et
al. 1980, Callegari et al. 2011, Capelo et al. 2015). The emission of gravitational waves only
becomes efficient when the separation is below the milliparsec-scale, leading to the eventual
coalescence. This “final parsec problem” (Milosavljevi¢ & Merritt 2003) has been studied for
decades and different processes have been suggested to happen from pc- to millipc-scales,
such as scattering with stars (e.g. Quinlan 1996, Khan et al. 2012) or interactions with another
incoming BH (see Bonetti et al. 2018 and references therein) or with a circumbinary disc (e.g.
Dotti et al. 2007, Goicovic et al. 2017).

Growth via mergers has been expected to play a major role in the formation of SMBHs
at high-redshift (e.g. Petri et al. 2012, Valiante et al. 2016, Dayal et al. 2019). BH-BH mergers,
by themselves, cannot explain the formation of z 2 6 SMBHs, as high accretion rates are
still required, almost independently of the initial seed mass (e.g. Sesana et al. 2007, Tanaka
& Haiman 2009). This is partially due to the gravitational recoil that the merged BH seeds
are assumed to experience, due to the emission of gravitational waves. The remnant BH
has a typical recoil velocity of a few 100kms~! depending on the spin and mass configu-
ration before merging occurs (Campanelli et al. 2007, Herrmann et al. 2007), which can be
high compared to the escape velocity of the halo at very high-redshift. This could lead to
the ejection of the BH from its halo, therefore unable to accrete at high rates, thus slowing its
growth (Haiman 2004). Whilst this is a pessimistic scenario for merger-driven BH growth,
Volonteri & Rees (2006) have suggested that, if the BH grows more massive before experienc-
ing its first merger, then the kick velocity from the recoil will be significantly lower (down
to a few kms™!), leading to the possibility of explaining the z ~ 6 SMBHs. In addition,
recent work from Pfister et al. (2019) show that if the mass of the BH in the satellite galaxy
is Mpy < 10* My, they are unlikely to contribute to the merging population, as the sinking
process via dynamical friction to the center of the main galaxy would take too long.

Overall, a merger-driven growth at high-redshift is feasible but does not solve by itself
the timescale issues discussed in Section 1.4.1. Gas accretion is still required to explain the
population of high-redshift SMBHs. A combination of different seeding channels and growth
mechanisms may be in play in the high-redshift Universe. As one pathway may be more
prevalent than an other, depending on the local environment conditions, we explore in the
next Section the possibility of accreting more than the Eddington limit.
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1.5 The super-Eddington regime

There are several theoretical models that have been developed to form SMBHs starting from
various seed sizes. We have seen that if BHs accreted continuously at the maximum accretion
rate set by the Eddington limit, a massive seed is required at very early times to explain
the most massive SMBHs detected. However, this calculation not only assumes that the
Eddington limit sets a hard limit to the maximum a BH can accrete in a given time, but also
supposes that the luminosity of the compact object grows proportionally to the accretion rate.
This latter point is a reasonable assumption if the BH accretion rate is well below the limit, as
the effects of radiative forces on the accreting material are relatively small or can be ignored
(this shall be covered in Section 1.5.2). One can view the Eddington limit as an estimate to
when radiative pressure forces (along with other effects) start to affect the accretion flow. In
this Section, we detail some observations of sources that seem to break the Eddington limit
and discuss the characteristics of this regime.

1.5.1 Observational evidence of super-Eddington sources

Concerning AGNs, SMBHs accreting above the Eddington limit are found at all redshifts (see
Fig. 3 of Yang et al. 2021° which compares fgqq for both low- and high-redshift quasars). As
pointed out by Pognan et al. (2020), who generated super-Eddington accretion disc spectral
energy distributions mimicking the photon-trapping effects (see Section 1.5.2 for a defini-
tion), there may be a hidden population of super-Eddington accreting AGNs that have been
missed by optical quasar surveys such as SDSS. A subclass of AGNs that are candidates to
host these SMBHs are narrow-line Seyfert-1 galaxies (e.g. Boroson & Green 1992, Mineshige
et al. 2000, Wang & Netzer 2003, Collin & Kawaguchi 2004, Du et al. 2014, 2018, Jin et al. 2017,
Yao et al. 2021). These galaxies are characterised by their “narrow” broad lines (in their BLR).
On average, they have very strong Fell emission and weak [OIII] lines (see Komossa 2008 for
a review). Furthermore, it was found that they all have steep soft X-ray excess (Boller et al.
1996), which corresponds to the emission super-Eddington accretion discs are predicted to
have in some models (Kawaguchi 2003, Collin & Kawaguchi 2004).

Other sources have been observed and estimated to be accreting at rates above the limit.
For instance, transient systems such as tidal disruption events (TDEs) exceed the Eddington
luminosity over short timescales (a few days to years) (e.g. Hills 1975, Burrows et al. 2011,
Cenko et al. 2012, Guillochon & Ramirez-Ruiz 2015, Lin et al. 2017, 2022, Angus et al. 2022).
TDEs happen when a star is subject to tidal forces after it passes sufficiently close to a BH that
tidal forces are stronger than the self-gravity of the star, disrupting its envelope. A fraction
of the star forms an accretion disc around the BH and produces flares with a well-defined
time-evolution. The super-Eddington nature found in some TDEs comes from the highly
luminous observed X-ray/soft gamma-ray emission (Lx =~ 100Lgq4q) that is believed to be
produced by a relativistic collimated magnetised jet with low opening angles (e.g. Giannios

5We note that an interesting feature of high-redshift quasars is that the estimated Eddington ratios are high
on average (e.g. Kurk et al. 2007, Jiang et al. 2007, Willott et al. 2010, Schindler et al. 2020, Yang et al. 2020, Wang
et al. 2021), close to (or greater than) unity. As mentioned in Section 1.3.3, the question of whether the high
Eddington ratios of these high-redshift quasars are intrinsic or affected by selection effects is still debated, since
high-redshift surveys probe the relatively luminous end of the distribution.
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& Metzger 2011, Zauderer et al. 2011, 2013, Berger et al. 2012, Metzger et al. 2012, Wiersema
et al. 2012, Tchekhovskoy et al. 2014).

In the outskirts of galaxies, extremely bright (10* to 10*! ergs~!) systems named ul-
tra luminous X-ray (ULXs) sources can be found (Makishima et al. 2000, see also Kaaret
et al. 2017 for a review). A neutron star of 2M, in a binary system has an Eddington

limit of ~ 2 x 1038 erg s 1.

This means that, in order not to violate the classical limit, as-
tronomers believed that the first detections of ULXs had a very massive compact object: an
intermediate mass BH accreting at sub-Eddington rates (Colbert & Mushotzky 1999). While
some ULXs are good intermediate mass BHs candidates (especially the brightest ones with
> 104 erg s, see Barrows et al. 2019 and references therein) accreting at sub-Eddington
rates, analysis of other ULXs spectra favours smaller compact objects accreting at critical
rates in a binary system with a donor star (e.g. King et al. 2001, Winter et al. 2006, Poutanen
et al. 2007, Garpide et al. 2021). An indirect clue for super-Eddington accretion comes from
the presence of bubbles or cavities of ionised gas around some ULXs (e.g. Pakull & Mirioni
2002, Grisé et al. 2012, Berghea et al. 2020, Soria et al. 2021), indicating strong jetted outflows.
Furthermore, the detection of a pulsation provides more direct evidence that some systems
host an accreting neutron star (e.g. Bachetti et al. 2014, Bachetti et al. 2021, Israel et al. 2017a,
Israel et al. 2017b, Quintin et al. 2021), a compact object which mass cannot exceed a few
Mg and can also display relativistic outflows (e.g. Migliari & Fender 2006, Coriat et al. 2019),
reaching luminosities far above the classical limit for a neutron star.

The most famous example of a super-Eddington accretor is found in our Galaxy: S5433
(e.g. Stephenson & Sanduleak 1977, Margon et al. 1984, Okuda 2002, Fabrika 2004). This high-
mass X-ray binary system hosts a compact object which nature remains unknown, although
the presence of a BH is suggested (Goranskij 2011, Han & Li 2020, Cherepashchuk 2021), and
a secondary giant star of a few M. Despite lower luminosities than ULXs found outside of
the Milky Way, this microquasar also produces precessing jets with mass outflow rates ~ 300
times the Eddington limit (Fuchs et al. 2006), thus suggesting super-critical accretion (King
2002). In comparison to transient events such as TDEs, systems like S5433 and ULXs can
have sustained high luminosities for several years, making them one of the best laboratories
to explore super-Eddington accretion in the local Universe.

1.5.2 Characteristics of the critical regime
From thin disc to slim disc

Over the last decades, several theoretical models have been developed to understand how
the accretion flows behave around compact objects such as BHs. We start this discussion with
the most understood state of accretion: the standard, geometrically thin disc, also referred to
as “thermal” state (Novikov & Thorne 1973, Shakura & Sunyaev 1973). This disc structure
occurs between about 1 per cent to the Eddington luminosity (i.e. 0.01 < fggq < 1). The
accretion disc is supported by gas and radiation pressures, which balances the vertical force
of gravity. As the gas rotates on keplerian orbits, it gradually loses angular momentum due
to viscosity, moving very slowly closer to the BH, one keplerian orbit after the other. It is
believed that these discs are viscous due to magnetorotational instabilities (MRL; Balbus &
Hawley 1991). Such discs have high optical depths T > 1, making them optically thick,
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meaning that the gas on each orbit radiates as a blackbody, at their own temperatures. It
takes significantly longer for the gas in the disc to reach the BH than to radiate viscously-
generated energy, meaning that all the emission is radiated locally, where it is produced.
This makes such discs radiatively-efficient. The disc is therefore cool and geometrically thin,
typically with low disc scale height, i.e. h/r < 1.

Once the thin disc theory was established, it was commonly understood that these discs
could break the Eddington limit. It is now also widely accepted that the classical limit can be
exceeded in disc accretion because of the separation of the directions of the gas inflow and
of the radiation output. In their seminal paper, Shakura & Sunyaev (1973) predicted that the
excess energy when breaking the Eddington limit goes into powering outflows. For instance,
the inner regions, which are the most energetic, would produce a radiatively driven outflow
inside the so-called spherization radius Tsp- The disc is still radiatively efficient, and in the
inner regions radiation inflates the disc which becomes geometrically thick, ie. h/r > 1;
while the outer regions remain thin even if the accretion rates are super-critical. This spher-
ization radius, where the accretion luminosity first reaches the Eddington limit, corresponds
to the distance where the thickness of the disc becomes of the order of the distance from the

BH:

9
Tsp = Emrsch ’ (1.14)

where 7i1 = Mace/ Mpq4q is the normalised accretion rate and rg, is the Schwarzschild radius.
Shakura & Sunyaev (1973) find that the luminosity of the radiatively driven outflows exceeds
the Eddington limit logarithmically as Lggq X In i1, meaning the total luminosity of the disc
in the super-Eddington regime is:

L = Lpqq(1 +Invi) . (1.15)

This picture does not take into account an important effect. Since the properties of the
disc changes within the inner regions and thickens (both optically and geometrically), pho-
tons now have to undergo multiple scatterings before reaching the disc surface. Therefore,
advection, another mechanism of cooling which corresponds to the transport of radiation
along r, will affect the local radiation for each radius in the inner regions. This means that
photons do not have enough time to diffuse vertically before they are dragged radially in-
wards by the inflowing gas. This “photon-trapping” effect (Katz 1977, Begelman 1978) indi-
cates that most of the photons are locked up inside the accretion flow and end up advected
with the accretion flow and captured by the BH, with only a small fraction escaping, i.e. the
disc is radiatively-inefficient. The trapping radius riap inside which the photon-trapping
effect is significant is given by (e.g. Kato et al. 2008) :

3h
Ttrap = E;mrsch . (1.16)

This also implies that luminosity does no longer increase linearly with the accretion rate,
but instead increases logarithmically. Abramowicz et al. (1988) constructed for the first time
an accretion disc model for the super-Eddington regime including photon-trapping effects:
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the so-called slim disc. It has since been done using a fully relativistic treatment by Be-
loborodov (1998).

As discussed above, both ways of understanding the structure of the accretion flows lead
to the same conclusion: the luminosity follows a logarithmic law when 7z > 1. Further-
more, these effects shown in Egs. 1.14 & 1.16 become physically relevant when these radii
are outside of rgq,, i.e. for rir 2 0.1. In the first case, the excess of radiation triggers winds
and radiatively driven outflows, whilst in the second case, the excess of radiation is lost to
advection towards the BH.

Photon-trapping effect in numerical simulations

Over the years, radiation hydrodynamical (RHD) simulations studied the high accretion
flows and agree on finding photon-trapping effects above the Eddington limit. As shown by
Fig. 1.4 which compiles theoretical (semi-analytical and numerical) results for radiative lu-
minosity against the BH accretion rate, there is a discrepancy regarding how (in)efficient the
photon-trapping effect is. For instance, 3D radiation MHD (RMHD) simulations (Jiang et al.
2014; shown with the pink squares) have shown that vertical advection caused by magnetic-
buoyancy can reduce the effects of photon trapping around BHs in the super-Eddington
regime. Some studies (Sadowski et al. 2015, Jiang et al. 2019) have also explored the very
high accretion rates (12 > 1). In the general relativity RMHD (GRRMHD) setting, Sadowski
et al. (2015) find very low radiative efficiencies (e, ~ 0.01) in the “hyper-Eddington” regime
(ri1 ~ 3000) for a BH close to maximally spinning (a2 = 0.9). In their models, they emulate the
magnetic dynamo operating in magnetized accretion discs and find that the luminosity is as
high as ~ 100Lgq4q, significantly above the analytical results in this regime. This shows that
magnetic fields in the super-critical regime may play a key role at preventing radiatively-
inefficient flows, since these effects are not taken into account in the analytical models (from
Madau et al. 2014 in dashed orange and Watarai et al. 2000 in red solid lines). Finally, there
are differences between numerical simulations. They come from the use of different numeri-
cal algorithms for radiative transfer (besides differences in magnetic field, geometry and size
of the computational domain), which are more or less accurate and lead to different results,
notably the flux-limited diffusion (e.g. Ohsuga et al. 2005, Kitaki et al. 2021b) and M1 closure
(e.g. Sadowski et al. 2015).

Super-Eddington outflows

The super-Eddington regime not only features thermal emission (due to being optically
thick), but also relativistic jets and winds, from its thick geometry. Discs which are geo-
metrically thick tend to produce jets as evidenced by observations of AGNs and BH binaries.
Several observational examples were given in Section 1.5.1 which had these relativistic out-
flows. On the numerical end, simulations of super-critical accretion are relatively new. This
tield was initiated with seminal works by Ohsuga et al. (2005, 2009), Ohsuga & Mineshige
(2007), and Ohsuga & Mineshige (2011) who performed RHD simulations. Recent work
from the same group with Kitaki et al. (2021b) and Yoshioka et al. (2022) find that the mass
loaded in the outflows above the disc suface is smaller than the mass accreted by the BH,
as a consequence of “failed outflows”. These are outflows which leave the disc surface at
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FIGURE 1.4: Summary of theoretical (analytical and numerical) results for the radiative luminosity vs

the accretion rate of the BH, showing photon-trapping effects at super-critical rates. Analytical models

are shown in solid red (Watarai et al. 2000) and dashed orange (Madau et al. 2014). Simulations are
shown with the different markers. Figure from Inayoshi et al. (2020).

smaller radii but eventually fall back to the disc at large radii. Furthermore, they do not
find a “puffed-up”, i.e. geometrically thick, disc structure below the trapping radius. They
also conclude that this lack of structure may also be responsible for the lower outflow rates
they find. In parallel with these works, Hu et al. (2022a) performed very similar simulations
and obtained significantly larger outflow rates. They believe this difference owes to the as-
sumption of equatorial symmetry that the former simulations assume, which is known to
suppress the convective motion of the gas and produces less outflows in the polar region (Li
et al. 2013); as well as the larger viscosity parameter which is known to reduce the convection
and decrease the outflow rates (e.g. Inayoshi et al. 2018).

The inclusion of GR in simulations was made a few years after the seminal works dis-
cussed before. It was McKinney et al. (2014, 2015), Sadowski et al. (2014), and Sadowski
& Narayan (2015) who studied the polar outflows including GR, and performed some of
the first simulations including jets with the accretion disc resolved. In their simulations, the
magnetic field was in a magnetically arrested disc (MAD) state. In such a configuration,
these accretion discs accumulate large-scale magnetic flux on the BH, until this flux becomes
so strong that it chokes gas infall. The excess magnetic field leaves and pushes parts of
the disc away: the accretion flow enters a MAD state. Sadowski et al. (2016) find that the
properties of the flow of energy in the super-Eddington regime when a BH is rotating, can
be considered as the superposition of the disc component (with an efficiency similar to the
one found in thin discs), and the jet contribution coming from the Blandford-Znajek process
(Blandford & Znajek 1977). Interestingly, they note that the power of the jets may overwhelm
(in magnitude) the radiative outflows from the disc, but if the confinement provided by the
geometrically thick disc is strong enough, these jets are likely to stay collimated.
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All these works agree qualitatively on the main features of super-Eddington accretion,
that super-Eddington accretion is possible, that these flows are optically and geometrically
thick, and that they are characterized by strong polar outflows and significant winds. Other
numerical works modelling the accretion disc near the BH find that if gas inflows are fun-
neled in the equatorial plane with the radiation and outflows escaping out from the poles,
then the accretion disc is stable despite important outflows, and super-Eddington accretion
can be sustained (e.g. Inayoshi et al. 2016, Sakurai et al. 2016b, Sugimura et al. 2017, Takeo
et al. 2018, 2020, Toyouchi et al. 2019, 2021). However, it is worth noting that these simu-
lations have explored the properties of the accretion flows close to the BH, on small scales
(typically sub-pc but sometimes all the way down to the accretion disc). One of the condi-
tions of their studies is the imposed mass inflow from the outer boundary. The existence of
outflows launched from rapidly accreting BHs is ubiquitous and can potentially affect the
inflow of material from larger scales.

Outflows on large scales and impact on BH growth

Bridging the gap between BH accretion and galactic scales is essential to study the accretion
physics far from the central object, and the impact that super-Eddington feedback may have
on inflowing gas and growth overall. To this end, Botella et al. (2022) investigated larger
scale nested simulations, from rgq, all the way up to ~ 10°rsq, (~ 107*pc), where they
separated the computation domain into several regions and treated the dynamics of accretion
and feedback crossing those regions in a self-consistent way. They find that outflows on
larger scales entrain ~ 60 per cent of the inflowing mass, larger than Kitaki et al. (2021b) but
less than Hu et al. (2022a).

Inayoshi et al. (2022a) performed RHD simulations of a proto-galactic nucleus and inves-
tigated the growth of 10> M, seed BHs during early bulge formation. Their resolution ranged
from 107! to 10? pc and find that massive seeds were able to grow consistently, with little
interruption, at hyper-Eddington rates, as anisotropic outflows were not affecting inflows.
They confirm results from Takeo et al. (2020), who performed RHD simulations combining
radiative and mechanical feedback and who found that gas in the polar region was com-
pletely evacuated, but gas inflows from the equatorial region maintained super-Eddington
accretion rates. The outflows were able to pierce through the gas distribution without dis-
rupting it.

Conversely, Regan et al. (2019) investigated how super-Eddington bipolar jet outflows af-
fect gas inflows in an atomic cooling halo in a cosmological setting. They were able to reach
resolutions down to the BH gravitational sphere of influence and found that jets almost en-
tirely shut down the inflow of gas towards the BH on small scales (~ 0.1 pc) and were not
able to break out of the halo. The effective accretion rate averaged over the simulation du-
ration was found to be ~ 4 orders of magnitude below the Eddington limit, thus suggesting
that BHs are not able to grow effectively above the limit with strong jetted outflows. The
discrepancy between these results may be linked to the gas geometry, however it is unclear
if the axisymmetric disc configuration in Takeo et al. (2020) can be achieved assuming the
turbulent nature of high-redshift galaxies.

An isolated galaxy has also been studied by Sassano et al. (2022), in the context of the
growth of a 10° Mg, BH seed in a gas-rich proto-galaxy at z = 15. They include different
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sub-grid models for the super-Eddington regime (the slim disc model with the radiative
efficiency following Madau et al. 2014 and the “Jiang” model following Jiang et al. 2014, 2019
results) with a thermal feedback deposition of energy, and find that, in all their simulations,
BHs are not growing owing to SN feedback shortly after 1 Myr of evolution. They notice
that the regulation is faster for BHs with higher radiative efficiencies in the super-Eddington
regime, and that the super-Eddington phase does not last more than 0.1 Myr. For the few
BHs that reach 10* My, they extrapolate the final mass those BHs would have by z ~ 6, and
find that they would fall short of the high-redshift population by ~ 3 orders of magnitude.

Zhu et al. (2022) performed zoom-in simulations on a z ~ 6 massive DM halo, to explore
the formation of the high-redshift quasars, assuming super-Eddington accretion in a cosmo-
logical context. They tested various BH seeding scenarios (from 10 to 106 M) associated
with various accretion/feedback prescriptions, including thin and slim accretion discs. They
find that seeds with Mgy < 10° M, fail to grow to 108 M, SMBHSs by z ~ 6, as a conse-
quence of strong negative feedback from critical accretion, which in turn drastically reduces
the accretion rates. Heavier seeds (Mpy = 10* M) are able to reach rapidly 108 to 10° M,
by z ~ 6, provided that the accretion is maintained near Eddington for 2> 40 per cent of the
time.

Finally, Hu et al. (2022a), who performed a series of long-term RHD simulations for
super-Eddington accreting flows onto a BH, proposed a subgrid feedback model associated
with outflows, which can be applied to large-scale cosmological simulations. In Hu et al.
(2022b), they incorporate these results and investigate the assembly of the first massive BHs
using a Monte Carlo merger tree model. Contrary to the previous results discussed above,
they find that with their prescription, even stellar-mass seeds at z ~ 30 can grow to become
SMBHs by z ~ 6, even in the presence of moderate outflows that would reduce the BH feed-
ing rate. The presence of strong outflows appear to substantially reduce the SMBH mass
achievable from Poplll stars, but does not seem to impact strongly the growth of heavier
seeds. They also note that the massive SMBHs that form up to z ~ 6 in their work tend to be
overmassive relative to their host galaxies.

The questions related to the impact the super-Eddington regime has on the material avail-
able for accretion, the BH growth rates and on the scales which may impact these processes
are still debated to this day. From the different studies discussed in this Section, the effect of
super-Eddington feedback appears to be mild when the outflow is assumed to be a wind, and
strong when the outflow is assumed to be a jet. Nonetheless, it remains crucial to understand
the connection between the inflowing material found at large scales and the sustainability of
super-Eddington accretion. This question is at the core of this thesis and is developed in the
next Section.

1.6 Organisation of the thesis

The present Chapter gave an introduction on the properties of galaxies and the supermassive
black hole that they host. We have described their formation, growth, and their co-evolution
throughout cosmic times, regulated by means of feedback mechanisms. We have focused the
discussion on the super-Eddington regime which can be used to explain the z 2 6 popula-
tion of supermassive black holes, and described the characteristics of this state of accretion.
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Different studies discussed in this Chapter showed that despite being radiatively-inefficient,
super-critical accretion may be accompanied (if not dominated) by powerful jetted outflows,
which added to the radiation can have significant impact on black hole growth. Several
questions related to the black hole growth assuming this state of accretion arise: Is the
super-Eddington feedback strong enough to prevent black holes from growing? Is it pos-
sible to have efficient super-Eddington growth? If so, what are the conditions related to such
growth? What is the global impact that this feedback has on the gas close and far from the
black hole accretion region? In this thesis, to better assess the impact that super-Eddington
accretion and feedback processes have on the growth of black holes in a realistic galaxy en-
vironment, we have performed numerical simulations using the code Ramses (Teyssier 2002)
with the inclusion of the super-Eddington regime.

Chapter 2 gives an overview of the numerical tool that was used in this thesis. We de-
scribe the code Ramses, a grid-based hydro solver with adaptive mesh refinement, along with
our implementation of the super-Eddington regime. In this Chapter, we investigate the cor-
rect implementation of the regime using an isothermal sphere setup, and study the impact
that resolution has on the growth of the compact object. We also implement a refinement
criterion for the super-Eddington feedback and investigate its use for more realistic simula-
tions.

In Chapter 3, we explore whether a black hole can sustain super-Eddington accretion
when both wind and mechanical feedback work together. We study the impact that this crit-
ical regime has on black hole growth and on the gas properties of the host galaxy, from star-
forming clouds to galactic scales. We perform several simulations of an individual galaxy
in an isolated dark matter halo. We add a black hole to the center of the emergent galaxy
and conduct a survey on the parameter dependence regarding black hole growth and over-
all impact on the gas inflows and outflows, varying the feedback efficiencies and modes of
injection in the super-Eddington regime.

In Chapter 4, we investigate for the first time the spin evolution of a black hole under-
going both super- and sub-Eddington accretion in idealised hydrodynamical simulations of
isolated galaxies, using the suite of initial conditions from Chapter 3. By extending the BH
spin model from Dubois et al. (2021) in Ramses to the super-Eddington regime, we explore
the different phases of spin evolution when super-Eddington accretion is involved, as well
as its impact on black hole growth. We attempt to describe explicitly the evolution in order
to predict the final value of the black hole spin after a given mass is accreted.

Chapter 5 concludes all the studies made in this thesis.
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Chapter 2

The Ramses code

In order to understand the evolution of the Universe, one cannot rely on an analytic analysis
of the problem. The complex mystery that revolves around the origin of the first SMBHs
and how their host galaxy evolves can be broken down into a set of distinct processes (grav-
ity, hydrodynamics, star formation, cooling, feedbacks). Blending these laws together in a
computer gives rise to a simulation of the Universe. There are many codes developed in-
dependently capable to do such simulations, and Ramses (Teyssier 2002) is one of them. In
this Chapter, we describe the concept of grid based numerical simulations and the methods
implemented in Ramses to solve the different processes described above. We then describe
the implementation of the super-Eddington routines and discuss a test case scenario: the
isothermal sphere.

It is important to note that this Chapter is not meant to be used as a user guide of the
Ramses code', as we shall only describe the numerical methods relevant for this thesis.

2.1 Structure

The aim of a simulation is to model complex physical processes given a set of initial condi-
tions with the help of a numerical tool. This tool must therefore “understand” the system of
equations governing the Universe. There are essentially two ways of discretising the equa-
tions of hydrodynamics. One approach is to follow the properties of the fluid dynamics with
particle elements: a lagrangian description. These particles follow the natural evolution of
the fluid, so that the density at each point can be determined with the number of particles
present locally. A smoothing function is associated to each particle, corresponding to the
probability function to find a fluid element near the particle. Furthermore, the spatial resolu-
tion “element” of this method is given by the characteristic scale of the smoothing function,
named smoothing length. For these reasons, the approach is named Smoothed Particle Hydro-
dynamics (SPH) and has been used to study galaxy evolution in codes like Gadget (Springel
et al. 2021: for the latest version) and Gasoline (Wadsley et al. 2017: for the latest version).
The second approach, which is used in Ramses, corresponds to a eulerian viewpoint. If the
volume studied is instead discretised in a number of cubic cells, which form a grid, then the
evolution of the properties of the fluid can be described at any point in time, anywhere in the
grid. Each cell holds information related to the properties of the fluid, and by communicating
with the neighbouring cells, the properties of the fluid can evolve. Precisely solving the
differential equations depends significantly on the size of the cells, which determines the

Thttps:/ /bytebucket.org/rteyssie/ramses/wiki/ramses_ug.pdf
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spatial resolution of the grid. In the astrophysical context, particularly for the formation of
large-scale structures in cosmology, the use of a regular evenly spaced grid is not adapted to
describing simulations with a high contrast in density. For instance, to observe structures,
it is necessary to have a very high resolution to follow the collapse of the gas or describe
correctly the shocks in the fluid. This approach is therefore numerically expensive, but to
overcome these limitations, Berger & Oliger (1984) introduced the idea of having an adaptive
mesh, to have a higher resolution near the elements of interest (for example, where the fluid
undergoes shocks). This is called the Adaptive Mesh Refinement (AMR) approach. Similar
to the SPH approach, many codes besides Ramses have emerged over the years, like Flash
(Fryxell et al. 2000: for its original version) and Enzo (Brummel-Smith et al. 2019: for the
latest version).

In Ramses, the grid is refined cell by cell, and uses an octree structure. At the base level,
called I in, the entire simulation box is refined uniformly. As is discussed below, cells can be
split (resp. unsplit) into more (resp. fewer) cells (by multiples of 8), at a refinement level / + 1
(resp. | — 1) if certain refinement criteria are fulfilled (resp. unfulfilled). This process happens
until no more refinement criteria are met, or that the user-defined maximum refinement level
Imax 1s reached. The cells which have finished their refinement are referred to as “leaf cells”,
and make up the grid which covers the simulation box.

Refinement criteria are often hard coded in Ramses, but custom ones can be defined for
specific context. In this thesis, we have used four refinement criteria, starting with a quasi-
lagrangian approach. It resolves cells based on the local density such that the total mass,
i.e. for baryonic mass: gas+stars and BHs, enclosed in a grid cell is roughly the same on
each refinement level. If the total mass is greater than (usually) 8 times this threshold mass,
refinement proceeds. With this way, a stellar structure can be resolved even in environments
with low gas density. Commonly used in conjunction with the quasi-lagrangian refinement
criterion is the Jeans length criterion. In order to resolve the collapse length scale at all times,
any cell smaller than a quarter of the Jeans length is refined. The other two refinement criteria
will be introduced in Sections 2.3.5 and 2.4.3.

In order for simulations to evolve, a timestep has to be set. To make sure we follow the
evolution correctly, no particle can cross more than a cell per timestep, the Courant condi-
tion? must be respected, and the free-fall time of the gas must not be exceeded during the
timestep. The minimum timestep of a given level is imposed to all cells in that level, to guar-
antee the Courant condition in all cells of that level. Timesteps can be adaptive: a refinement
level I will have one timestep when [ + 1 will have two, etc. This method of sub-cycling,
which reduces numerical costs, is shown in Fig. 2.1 (from Rosdahl et al. 2013).

Even with the AMR in place with the timestep sub-cycling, simulations are still expen-
sive, as computers can only do a fixed amount of operations every second. Ramses is paral-
lelised to overcome this issue, using MPI libraries. The domain is decomposed into different
sub-volumes, so that each processor has a smaller amount of operations to do. They handle
their own physics, particles, refinement, etc., as well as a passive copy of the adjacent cells
from their neighbouring processor (“ghost” cells), in order to compute the fluxes in the cells
edging their sub-domain.

2No gas, particle or sound wave can cross more than a cell each timestep.
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FIGURE 2.1: Hierarchy of the timesteps in Ramses (from Rosdahl et al. 2013). Evolution follows from
the highest level I;max to the lowest Iyin.

2.2 Gas and particles

Gas, DM and stars are the main ingredients used to form galaxies. To model processes that
occur during their birth and evolution, it is necessary to follow the dynamics of these accord-
ingly. We start with the gas, which follows the Euler equations, describing the conservation
of mass, momentum and energy3:

dp

=+ V- (ov) = 0, 2.1)
t

opv

oE

where v is the velocity vector, E is the total energy, p is the density and P is the pressure. One
needs to add a closure equation, so that this system of equations has a unique solution. This
is done with the addition of the equation of state of the gas (assumed to be ideal and non
relativistic), which follows:

1 2
P=(y=1)(E— P, 24)

where 7 is the adiabatic index. The distribution of gas in Ramses is discretised on the grid,
and each cell the density, momentum and total energy at all times. Those conserved quanti-
ties are updated over a given timestep by the fluxes evaluated at the cell boundaries. Each
boundary corresponds to a Riemann problem, that is solved in Ramses using a second-order
Godunov (1962) scheme. Numerically, different approximate Riemann solvers can be used,
with the most accurate (while retaining computational efficiency) one used: the Harten-Lax-
van Leer-Contact solver (for a review on different solvers, see Toro 1999). We note that in
Chapter 3, we will mention the use of another solver, named Lax-Friedrichs solver, with the
reasons of its use discussed later. A total variation diminishing scheme linearly interpolates
the conserved quantities at cell interface, with a Min-Mod slope limiter in order to obtain

3The addition of cooling/heating terms to the conservation of energy is discussed in Section 2.3.1.
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FIGURE 2.2: Principle of the CIC interpolation scheme. A cubic cloud surrounds the particle, and the
mass is distributed to the neighbouring cells, proportionally to the cloud volume overlapping them.

second-order accuracy of the Godunov scheme and guarantee stability (i.e. non-oscillatory
behavior).

In Ramses, DM and stars (see Section 2.3.2) can be described as “collision-less” particles,
meaning they only interact via gravity. The equations of motions for each individual particle
follow:

d>x
dr?
with x is the trajectory of the particle and ® the gravitational potential. This potential can be

=—-Vo, (2.5)

obtained through the Poisson equation:
AP = 47'(Gptot ’ (26)

with G the gravitational constant and p the total density (gas, stars, DM, BHs). Ramses
uses a multi-grid approach (Guillet & Teyssier 2011) for coarse grids and follow a conjuguate
gradient solver to compute the potential ® in Eq. 2.5. The code also updates the velocity and
position of particles each timestep with a leapfrog algorithm. Particles can be distributed
anywhere onto the grid (not just at the cell centers), therefore, the mass of particles needs to
be spread out onto the cells they overlap with. Ramses uses the Cloud In Cell (CIC) technique,
which splits the particle mass between the cells around it, according to the volume the cloud
occupies in each cell (see Fig. 2.2).

2.3 Adding more physics to the mix: the subgrid approach

The equations and solvers described in the previous Section are only able to tell how gas and
particles generally move in the simulation box. However, processes that are important to
galaxy formation and evolution (such as feedbacks, cooling, formation of stars, etc.) cannot
be modeled using only gravity or hydrodynamics. They are important processes that occur
at very small scales, and very often below the resolution of the smallest cell Ax found in the
box. For this reason, codes like Ramses have to rely on “subgrid physics”. These processes
are understood and relevant physics, but because they cannot be self-consistently resolved,
these codes have to find a way to include them. We detail here several of the subgrid physics
included in Ramses.
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2.3.1 Cooling and heating

There are many processes (Bremsstrahlung, collisional excitation or ionisation, recombina-
tion) which lead to radiative cooling, corresponding to the process of gas losing energy and
decreasing its temperature. Depending on the chemical composition (i.e. metallicity Z) of
the gas and on its temperature T, the cooling is more or less efficient. Furthermore, the
abundance of metals varies with redshift. This information is given in so-called “cooling
functions” which are modeled with the cooling curves from Sutherland & Dopita (1993) (for
T > 10*K) and Rosen & Bregman (1995) (for 10K < T < 10*K) in Ramses. Finally, at z ~ 10,
a heating process occurs: reionization (see Section 1.1). To mimic its impact, Ramses adds this
uniform ultraviolet background, computed following Haardt & Madau (1996).

2.3.2 Stars: formation

Stars have radii as large as ~ 108 pc, several orders of magnitude below the resolution of
the simulations performed in this thesis. Being far off resolving single stars, they are imple-
mented as particles4 (similar to DM in Section 2.2) of mass m, > 103 M, which represents a
stellar population. Each particle has a defined IMF (say Chabrier (2003)) with low and high
mass cutoffs (0.1 My and 100 M, respectively for the Chabrier IMF).

As gas collapses under its own gravity, it can form stars. The Kennicutt-Schmidt law
(Schmidt 1959, Kennicutt 1998) finds a correlation between the star formation rate (SFR)
surface Xgrr and the gas surface density Yg,s. To be more specific, Schmidt (1959) expressed
the SFR (per units volume) as:

. o
PSFR = €4 fas , 2.7)
ff
t o7 2.8)
ff — 32pgaSG 7 .

with pgas the gas density, tg the free-fall time and e, the star formation efficiency. If the gas
density exceeds a user-defined density threshold ngg, stars will form following Eq. 2.7. Star
particles are generated using a Poisson distribution (Rasera & Teyssier 2006), with a stellar
mass resolution set by the numerical resolution Ax and the density threshold rngg.

Usually, the star formation efficiency is constant (e, ~ 0.01) and has been calibrated to
recover observations. However, since star formation occurs in regions which are gravitation-
ally bound with respect to turbulence, a theory of a gravo-turbulence driven star formation
efficiency can be built. This led to developments of more sophisticated models (Krumholz
& McKee 2005, Hennebelle & Chabrier 2011, Padoan & Nordlund 2011, Federrath & Klessen
2012). The model adopted in this thesis is from Federrath & Klessen (2012)° and has been
used in recent simulations (Kimm et al. 2017, Trebitsch et al. 2017, 2021, Dubois et al. 2021).

4This holds true for stellar particles, as their collisional cross section is almost negligible.
5Tt follows approaches from Hennebelle & Chabrier (2011) and Padoan & Nordlund (2011).
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with M = ums/cs the cloud turbulent Mach number, u;yms the root mean squared velocity
in the cell, ¢s the local sound speed and ay;, the virial parameter. Other parameters, such
as ¢y = 0571, 0 = 033 and b = 0.4 are empirical parameters in the model determined
by the best-fit values in Federrath & Klessen (2012). This prescription has the advantage
to not be strongly dependent on the gas density threshold chosen. For instance, in regions
which are gravitationally bound (ayir < 1) and highly turbulent (M > 1), the efficiency can
be high; whereas in marginally bound regions, the efficiency can drop to very low values.
Furthermore, this allows for clumpier star formation, which is in better agreement with the
multitude of star forming clouds that are observed in galaxies.

2.3.3 Stars: feedback

The Type I1 SN explosions are the most powerful SNe, releasing a total energy of 10°! erg and
they can affect the entire galaxy, ejecting and heating gas, releasing metals etc. This feedback
process has two distinct phases (Chevalier 1974, Cioffi et al. 1988, Blondin et al. 1998): 1) The
Sedov phase, during which the explosion expands adiabatically. Cooling is not yet efficient,
and energy is conserved. The Sedov solution is used to estimate the fraction of kinetic and
thermal energy deposited. 2) Once radiative losses become significant, a dense shell forms
behind the radiative shock. The SN enters its snow-plow phase, in which only momentum
is conserved. In Ramses, the mass ejected corresponds to a fraction #gy of the stellar particle,
with #sn the mass fraction of stars ending up as type II SN. The mass lost is also removed
from the mass of the stellar particle.

There has been many updates to Ramses related to how the energy should be deposited,
whether it should be modelled with thermal or kinetic energy. The work in this thesis em-
ploys the mechanical SN feedback scheme (Kimm & Cen 2014, Kimm et al. 2015). This model
explores in which phase the SN explosion is by computing the mass swept up by the SN. For
instance, if it is still in the energy-conserving phase, the energy is deposited directly into
the gas, as the expansion of the explosion is naturally occuring. On the other hand, in the
momentum-conserving phase, the model gives the momentum expected during this phase
if the mass of the neighbouring cells exceeds a certain value. This prevents artificial cool-
ing due to the finite resolution, which would drastically underestimate the feedback energy
and momentum, and could suppress the expansion of the SN bubble. A randomly selected
stellar particle is chosen to undergo SN feedback following a Poisson distribution. In terms
of metallicity, at the time of explosion, newly processed metals are deposited in the neigh-
bouring cells. The mass ratio of the newly formed metals over the total ejecta, known as the
metal yield, is a user-defined parameter. Finally, we note that there is a delay between the
formation of the stellar particle and the SN explosion (i.e. the stellar lifetime), which varies
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with the mass of the stellar progenitor and varies from a few Myr to 50 Myr (from the most
massive to the least massive stars).

2.3.4 Black holes: formation and dynamics

First of all, BHs are modelled as “sink” particles (Krumholz et al. 2004), i.e. they are massive
particles that move over the grid (just as other kinds of particles, see Section 2.2) and remove
a portion of gas, via accretion processes. There are several ways of forming BHs in Ramses. In
its simplest form, which was the one used in this thesis, the initial BH mass, position, velocity
and angular momentum can be specified as part of the input parameters at the moment
one begins (or restarts) the simulation. This cannot be applied when running cosmological
simulations, as one needs to find BH formation sites which are physically relevant. For
instance, if a cell has 1) gas and stellar densities greater than the threshold for star formation,
2) a stellar velocity dispersion greater than a velocity threshold (set to 20 km s~ 1) and 3) the
lack of any other BH within a certain distance from the cell (typically 50 kpc to avoid multiple
BHs in galaxies), then a BH will form in this cell. The seed mass in this scenario is chosen to
be 10* M., or 10° M.

Numerical shot noise (induced by discrete sampling of mass and gravitational accel-
eration onto the grid) can cause spurious motions due to finite resolution, in addition to
physically-driven perturbations of BH dynamics (interaction with clumps of gas or stars,
perturbation by mergers, etc.). To prevent this, an explicit drag force mimicking dynamical
friction effects is added to the code (Ostriker 1999). A density-dependant boosting factor
N = max(pgas /Pa,1) (o is a free parameter) is included in the dynamical friction expression,
as gaseous regions around the BHs can sometimes be unresolved (Booth & Schaye 2009),
therefore underestimating the resulting drag force. In addition to gas dynamical friction, a
stellar dynamical friction is employed, which has the benefit of helping the BH particles stay
bound within the galaxy (Pfister et al. 2019).

2.3.5 Black holes: growth

Before discussing the growth of BHs, we introduce the third refinement criterion (see Sec-
tion 2.1) which is used in our recent simulations. Whenever a BH is formed, we enforce the
maximum spatial resolution (i.e. at the maximum level of refinement /;,ax) within 4Ax of
the BH, regardless of the gas density present, as it improves the accuracy of BH motion and
accretion physics (Lupi et al. 2015). Moreover, surrounding the BH are found 2109 mass-less
“cloud particles”, uniformly distributed in a sphere of radius 4Ax and evenly spaced every
0.5Ax. These test particles are used to compute accurately the accretion rate on the BH. Any
mass removed from the grid during the accretion phase will go directly onto the sink parti-
cle, updating its mass every timestep. Finally, the approach chosen to use the cloud particles
for accretion follows the Nearest Grid Point (NGP), instead of the CIC interpolation scheme.

There are two ways which can lead to an increase of the BH mass: accretion and merging.
In this thesis, only accretion has been studied, however, BHs are allowed to merge in Ramses.
For instance, if two BHs get closer than 4Ax and when the relative velocity of the pair of
BHs is smaller than the escape velocity of the binary, then merging occurs. We note that this
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approach is vastly different to “instantaneous merging” using halo finders (e.g. Davé et al.
2019), as it can take several Myr to Gyr to have BHs coalesce (e.g. Pfister et al. 2019).

As already discussed in Section 1.4, a certain mass M, falls onto the BH and a fraction
€r gets radiated away, leaving the growth rate given by Eq. 1.4. M, in Ramses follows the
Bondi-Hoyle-Lyttleton (BHL) formalism (Hoyle & Lyttleton 1939, Bondi 1952), written as:

4T G2 M e

BHL = @R (2.12)
where the averaged density pg,s, sound speed ¢s and relative velocity between the BH and
the gas 7, are computed over a sphere of radius of 4Ax with contributions from each cell
weighted by w o exp (—r?/r%) (Krumholz et al. 2004). The kernel radius rx depends on
whether the BHL radius rgy;, = GMgy/ (cg + vfel) is resolved or not, where c¢s and v, are
the sound speed and relative velocity in the cell where the sink particle lies. It is defined as

follows:
Ax/4 rguL < Ax/4,

rk =19 reur Ax/4 <rgap < 2Ax, (2.13)
2Ax 1L > 2Ax.

The boosting factor a discussed in Section 2.3.4 can be applied to Mgy, although in this
thesis we set & = 1.

In the unchanged version of Ramses, the accretion rate is capped at the Eddington limit
(Eq. 1.9). Finally, in order to prevent having cells completely depleted of gas by repeated
episodes of accretion, a safety check allows for accretion of only up to 25 per cent of the total
mass available in each cell at each timestep of size At, i.e. Mgoor = O.25pgaSAx3/ At. The
accretion rate at a given timestep therefore follows:

Mace = min(Mgur, Mead, Miaoor) (2.14)

with the kernel from Eq. 2.13 applied for all cells within 4Ax of the BH.

2.3.6 Black holes: spin

A spinning BH of mass Mgy has an angular momentum Jgy which is usually defined by its
dimensionless spin parameter a = Jprc/(GMpn) and is described by the Kerr metric (Kerr
1963). For the rest of the thesis, we will use the terminology that a prograde (i.e. in co-rotation
with the gas) BH has a > 0 and a retrograde (i.e. in counter-rotation with the gas) one has
a < 0. In Ramses, the evolution of a is done on the fly in the simulation, with the update of
the spin after every merger event, as well as every accretion episode. We note however that
it is possible to prevent the spin from updating during the accretion phases, by fixing its spin
magnitude and direction, if the user desires to investigate a specific situation.
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BH spins can change via gas accretion. For high accretion rates (0.01 < fggq < 1), Ramses
follows the analytical calculation from Bardeen (1970):

< /T1SCO,ini ~

2
r M ini M ini M in
Y ISCO,ini {V1BH,in 4— 37’ISCO,ini BH, in: 2| for BH,f
MEH ini (2.15)

Afin =
3 MaHfin MBgH fin
=1 otherwise.

“ini” (and “fin”) are the initial (final) value of the quantity measured before (after) accretion
respectively. rigco corresponds to the innermost stable circular orbit (ISCO; Bardeen 1970),

ie.
rsco(a) = 2 (3 +ZF \/(3 —Z1)(B+Z1+ 2Zz)> , (2.16)
where the F sign corresponds to respectively the positive (—) and negative (+) values of the
BH spin, and
Zy=1+(1—-a?)'3x ((1 Fa) (1 a)1/3) , 2.17)
Zy =/ (3a2+Z3). (2.18)

This spin update is correct when the BH and angular momentum from the accreted material
are perfectly aligned, however generally spin misalignment occurs. In the latter case, the
Lense-Thirring effect (Bardeen & Petterson 1975) causes the accretion disc to precess about
the spin axis of the BH. Disc warping can also happen if viscosities are high enough in the
accretion disc (e.g. Bardeen & Petterson 1975, Fanidakis et al. 2011, Dotti et al. 2013). As
a result of these processes, BH and accretion disc will be aligned or anti-aligned, which is
calculated with an alignment criterion (King et al. 2005). After determining the alignment,
Ramses updates the spin according to the mass gained by the BH AMj, during the timestep,
following Eq. 2.15.

In Ramses it is assumed that for lower accretion rates (fgqq < 0.01), jets (see Section 2.3.7
for their modelling) are powered by energy extraction from the Blandford & Znajek (1977)
mechanism and that the BH spin magnitude can only decrease. However, there is no ana-
lytical formula which gives the final spin value ag, after the accretion phase in this regime.
The spin variation rate, or spin-up rate, for this accretion regime is still investigated (e.g. McK-
inney et al. 2012, Tchekhovskoy et al. 2012, Narayan et al. 2022). Dubois et al. (2021) fit the
spin-up parameter s found in McKinney et al. (2012) for all values of the spin parameter:

s = 0.97 — 12.00a — 4.04a + 5.81a% 4+ 2.50a* . (2.19)
Following Shapiro (2005), s can be defined as:

da MBH da
dt Macc ~ dln Mgy

S

(1—e). (2.20)

A numerical integration of Eq. 2.20 with Eq. 2.19 is performed in the code and the spin
magnitude and orientation are then updated similarly to the high accretion rates case.
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FIGURE 2.3: 2D (left) and 3D (right) schematic representations of the kinetic feedback injection in cells
around the BH in Ramses. A BH (black circle) is placed in the center of the 6 x 6 x 6 grid. In this case,
Tiet = 2Ax.

Regardless of the accretion regime, a maximum of a = 0.998 is set in Ramses, due to the
capture by the central BH of radiated photons emitted from the accretion disc (Thorne 1974).
Finally, despite not being studied in this thesis, the coalescence of BHs in Ramses updates the
spin of the BH remnant following analytical fits from Rezzolla et al. (2008) (for details of the
implementation, see Dubois et al. 2014a).

2.3.7 Black holes: feedback

AGN outflows are challenging to include in numerical simulations, as they originate on
scales far below the resolution limit. As discussed in Section 1.3.2, these feedbacks are mod-
elled in two different ways depending on their Eddington ratios fggqq (Dubois et al. 2012b).

For low ratios, i.e. fggq < 0.01, BHs provide a “radio mode” modelled by a kinetic feed-
back implementation, releasing mass, momentum and energy into the gas surrounding the
BHs. These quantities are spread over a cylindrical region of injection of diameter and height
equal to 2Fjet (see Fig. 2.3). This user-defined parameter is in units of the resolution Ax. The
jet axis is aligned with the BH spin axis, with no opening angles. The energy, mass and
momentum are subject to a kernel when deposited within the cylinder:

1 r?
P(r) = 2 exp | —5 o (2.21)

jet

with 7 < 7jet the radial distance of the cell within the cylinder. In this thesis, to calculate the
energy injected as kinetic energy in all the cells within the cylinder, we follow Sadowski et al.
(2016), which gives a total jet feedback of:

Ejet = fjetMppc?, (2.22)

where e = 1.3a%fZ,p is the efficiency factor of the kinetic feedback for a magnetically
arrested disc (MAD) taken from Tchekhovskoy (2015), and 0 < fyap < 1 represents the
fraction of MAD strength (magnetic field saturation). As jets traverse the interstellar medium
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FIGURE 2.4: Same as Fig. 2.3, but for the thermal feedback. In this case, g, = 3Ax.

and dense clouds, they entrain mass and slow down: the mass that loads the jet, changes its
velocity such as its value at the lowest scale resolved is lower than that at the unresolved
launching scale (that of the accretion disc). The mass-loading factor et is expressed as the
ratio between the mass ejection rate Mjet in the jet and the growth rate of the BH, i.e. Bjet =
Miet/ M. Assuming that the jet energy is simply the kinetic energy of the jet at injection,

ie. Ejet = 0.5Mjetvjzet, one can write the mass-loading factor as:

U; -
Biet = 21jet (ft) . (2.23)

This mass loaded is transferred from the BH surroundings, with the same weighting applied
in Section 2.3.5 with the cloud particles, and redistributed to all enclosed cells within the
cylinder. We note that, in this thesis, we studied the impact of Bjet and #jjet, 50 vjet is fixed
in Eq. 2.23. This helps keeping the timestep of the simulation affordable, as jets could end
up being launched at vy ~ c if not fixed. Unless specified otherwise in this thesis, we set
Ujet = 0.1c.

The modelling in Ramses for higher accretion rates, with 0.01 < fgqq < 1is different. It
represents the “quasar mode”, a heating mode where energy is deposited through thermal
energy. A bubble of radius ry,, represents the region of energy deposition around the BH
(see Fig. 2.4). This user-defined parameter is also expressed in units of Ax. The total energy
deposited in the cells contained within the spherical region is thus:

Ethm = UthmMBHCZ . (2.24)

The efficiency factor 7y, for this regime corresponds to the thermal wind efficiency of the
accretion disc. Following Sadowski et al. (2016), the spin-dependent thermal wind efficiency
can be written as im = 7d—thm X Misco, With

2

=1/l — 2.2
M1scoO 3reco(@)’ (2.25)
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where #4_,thm is the fraction of energy released from the disc coupled to the gas within 7y,
depending on how well the energy from the accretion disc can be absorbed by the surround-
ing gas. 74g—mm = 0.15 has been calibrated to reproduce the BH-galaxy scaling relations
(Kormendy & Ho 2013).

24 The super-Eddington regime: what changes?

2.4.1 Super-Eddington: BH growth

The first addition to have accretion beyond the Eddington limit is to remove said limit. With
this first implementation, we allow BHs to have accretion rates such that:

Macc - Inin(]\'/IBHL/ Mﬂoor) (2-26)

The principle stays the same, with the accretion routines described in Section 2.3.5. However,
as was discussed in Section 1.5, the photon-trapping effect must be taken into account in our
simulations. We opt to use results from Madau et al. (2014), who themselves fitted numerical
results from Sadowski (2009), to compute such effect in Ramses. For instance, to calculate the
Eddington ratio, we use the following equation:

f Ala) 0.985 N 0.015 027
= Ala ; : ; ; , .
Edd 1.6Mgaq/ Mace + B(a) ' 1.6Mgaq/ Macc + C(a)
with spin-dependent functions A, B and C as:
A(a) = (0.9663 — 0.92924) 0563 (2.28)
B(a) = (4.627 — 4.445q) 70> (2.29)
C(a) = (827.3 — 718.1a) 07060 (2.30)

We recall that the radiative efficiency plays a role in the calculation of the growth rate of the
BH (i.e. Mgy = (1 — €;) Macc) and is affected by photon-trapping effects at super-Eddington
accretion rates. Employing the fits from Madau et al. (2014) in Eq. 2.27, we modify the radia-
tive efficiency:

Mgdq

€r = 0-1fEdd M . (231)
acc

This ensures that, in the sub-Eddington scenario where fgqq =~ Mace/ MEp4qq, we find the
typical radiative efficiencies from Novikov & Thorne (1973); whereas for super-Eddington
cases, where fgqq < Macc/ MEqq, photon-trapping is taken into account.

2.4.2 Super-Eddington: BH spin

As will be discussed extensively in Chapter 4, there is little work done for the computation of
the spin-up rate in the super-Eddington regime. Because of the jetted outflows, we assume
that the MAD state obtained by McKinney et al. (2012) for sub-Eddington thick accretion
discs can be extended to the super-Eddington regime. The geometry of the two discs are
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FIGURE 2.5: Same as Fig. 2.3, but for the super-Eddington feedback. For this type of feedback, both
Tiet and 7y, are needed. Here, rjer = 2Ax and 1y, = 3Ax.

similar, i.e. being thick, however, their radiative efficiencies may differ significantly. It re-
mains to be tested through dedicated GRMHD simulations whether the spin-up rates in the
super-Eddington regime is significantly different from the classical thick disc state. The pro-
cess of updating the spin in the Ramses routines does not change from what is described in
Section 2.3.6, we simply use Eq. 2.19 for accretion rates above the limit.

2.4.3 Super-Eddington: BH feedback

To model the super-Eddington feedback in Ramses, energy is injected as both thermal and
kinetic energy, as shown in the schematic representation in Fig. 2.5. The total AGN feed-
back injected in the super-Eddington regime is based off Sadowski et al. (2016), and reads as
follows:

Esgad = Ejet + Ethm = (et + 0.57m) Mppic”. (2.32)

The kinetic feedback is computed in a similar fashion than the one described in Section 2.3.7,
within the same radius 7jet used for the radio mode. The thermal energy is also deposited
within a sphere of radius ry,. However, the type of feedback varies the gas temperature in
different ways: for instance, kinetic feedback impacts indirectly the gas temperature, through
the injection of momentum and total energy; whereas thermal feedback changes directly the
gas temperature, by depositing only energy directly in the cells. To ensure that the feedback
is well-separated, we opt to use different values for 7jt and rgy. In the simulations per-
formed in this thesis, AGN feedback happens on scales below Ax, therefore a small region
of injection must be chosen. Dubois et al. (2012b) show that large jet sizes rje; lead to BH
masses unrealistic when compared to observations. In addition, they find that increasing
rthm Would effectively lead to a weaker impact on self-regulating the growth of BHs, thus
concluding that the size of injection must be close to Ax. However, to prevent having nu-
merical issues, we found that we cannot use a single cell for feedback injection. Therefore,
unless otherwise specified, we set 7jet = 2Ax and 4, = 3Ax as shown in Fig. 2.5.

In order to keep track of the super-Eddington feedback, we add a passive scalar as a
hydro variable for the kinetic part of the super-Eddington feedback, which is introduced in
Section 2.5.3. A passive scalar is used to easily track a certain quantity. For instance, in our
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case, we can follow how far the jets of the super-Eddington feedback travel in the simulation
box, the quantity of gas affected by the outflows, etc. Passive scalars are injected in the cells
of the feedback injection region with a density ps.1ar €qual to that of the gas present in each
cell pgas. They are passive, as they do not affect the flow and hydrodynamics, these scalars
are only advected with the flow and mark regions affected by the super-Eddington feedback.
To keep track of the most recent outflows, the scalar disappears after a certain time, following
an exponential decay. This is used in simulations in Chapter 3, where we find that the decay
time best suited for our simulations is fgecay = 3 Myr.

Another use for the passive scalars is as refinement criteria (see Section 2.1). As we want
to follow the AGN bubbles from super-Eddington feedback, we refine the regions which
are affected by this feedback using the passive scalars. For instance in this thesis, cells are
allowed to be refined if the scalar against gas ratio Pscalar/pgas > 0.01 and the gradient of
the scalar from one cell to another exceeds 5 per cent. Furthermore, regions with the latest
super-Eddington feedback event dating longer than the decay time can eventually de-refine,
and therefore not be computationally expensive, as it avoids to have a large fraction of the
box refined at all times.

2.5 A small cloud of gas to test super-Eddington

The long-term aim of this thesis is to investigate the role that super-Eddington feedback plays
in the evolution of SMBHs over long periods of time. To do so, we need to first understand
what role local gas properties play in the efficiency and duration of super-Eddington feed-
back. In this first study, we investigate super-Eddington accretion on a SMBH at the center
of a small cloud of gas, of a given mass and uniform temperature. In this cloud, there is no
star formation, no DM, just gas. We model this scenario with an isothermal sphere (Binney
& Tremaine 2008). While an isothermal sphere is typically referring to a hydrostatic solution,
we investigate a sphere larger than its Jeans length (see below for a definition), thus collaps-
ing sphere. We do not allow the gas to cool or heat up from the collapse of the sphere. This
very idealised test case allows to confirm the correct implementation of the model, as well
as assessing the behaviour of BH growth with accretion and feedback beyond the Eddington
limit. In this Section, we will start by looking for suitable initial conditions for the isothermal
sphere, in order to have accretion above the limit. We will then discuss the impact of reso-
lution, one of many parameters that can be changed in this setup, and its role in conjunction
with the super-Eddington feedback.

2.5.1 Initial conditions
Physical parameters: density, temperature and BH mass

In order to have high accretion rates, the gas needs to be cold and dense, as given by Eq. 2.12.
It also needs to be provided constantly to the BH, to maximise the chances to have super-
Eddington episodes. The choice of a collapsing isothermal sphere fulfills these conditions:
we can tweak the initial density and temperature of the sphere easily, and the collapse of the
sphere will supply the BH (located at the center of the sphere) with the gas needed to have
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critical accretion episodes. The density profile p(r) of the sphere is given by:

RZ
p(r) = pr—z (2.33)

with pr the density at the outer radius r = R. We note that this profile has a singularity at r =
0. In Ramses, distances are calculated from the center of each cell. To prevent singularities,
one can shift the center of the sphere in the initial conditions, or add a smoothing parameter
to slightly modify the density profile. In our case, we shift the center of the isothermal sphere
to the corner of a cell. From this profile follows that the mass of the sphere My, its free-fall
time t¢ and binding energy Usp}, are respectively:

R

Mgph = / 4rtr?p(r)dr = 4tR%pR , (2.34)
0

b = i 2.35

=\ 32GoR’ (2.35)

Ugph = RSP = (471)*GpgR° . (2.36)

Choosing the parameters to make sure that accretion beyond the Eddington limit is feasible
is tricky. For example, if the gas is too cold and dense, its free-fall time t¢ may be of the
order of a few timesteps, meaning the study of super-Eddington will be short lived. On the
other hand, to have a longer free-fall time, one could decrease the density; but if pr is too
small, Msph will also be small and may not provide enough gas for the BH to accrete at super-
Eddington rates. Finally, if the BH is not massive enough, its feedback (which is proportional
to M2BH if Mgy is accreted) will not be able to counter the collapse of the sphere, and the
simulation will end with all the mass at the center of the sphere. For this first study, we
chose to model a gas cloud of Mg, = 2 X 10° Mg, and radius R = 10pc (therefore pgr =
6.5 x 10>amucm~3). With these parameters, the free-fall time of the sphere at r = R is
tgg ~ 370 kyr.

As discussed in Section 1.2.1, the Jeans length A; is the parameter which will tell whether

tykgT
M=\ 2.37
T 32Gprmyp 237)

with kg the Boltzmann constant, T the temperature of the cloud and v = 1 the adiabatic

or not a cloud of gas will collapse:

index in the isothermal case. As long as gas is cold and dense enough in our setup, a sphere
of a given radius will gravitationally collapse, providing enough gas for super-Eddington
accretion on a BH placed in the center of the sphere. In our case, this provides an upper limit
to the temperature T < 10° K, above which the cloud will not collapse under its own gravity.
A good balance between T and Mgy must be found to study the super-Eddington regime.
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Numerical parameter: refinement level

In addition to these two physical parameters, the maximum refinement level I, of the
simulation box must also be studied. The simulation box for the isothermal sphere has a size
of 4R, allowing to cover super-Eddington outflows when they expand out of the isothermal
sphere. The maximum level of refinement is linked to the resolution of the simulation, as the
smallest cells have a resolution which follows:

4R
Ax = —. (2.38)

o
In a uniform box, the higher the refinement, the higher the density at the center of the sphere,
i.e. where the BH is located, making it easier to accrete at high accretion rates (see Eq. 2.12).
In the case where adaptive refinement is involved, refinement criteria will be triggered to
increase the resolution of the box in the center of the sphere, owing to the density increasing.
The BH will also force the resolution to be at the maximum within 4Ax (see Section 2.3.5).
All in all, the maximum refinement will be an important parameter that will be discussed in
Section 2.5.2.

Super-Eddington accretion rates

The final point to choose the set of initial conditions is to make sure that the BH can expe-
rience at least one super-Eddington episode. We are therefore trying to set the initial condi-
tions in order to have super-Eddington accretion as soon as the BH is placed in the sphere.
As discussed before, we compute the accretion rates of the BH in Ramses, following Eq. 2.26.
We must therefore determine their values before launching the simulations.

Starting with Mg, one can calculate it for a given configuration of MpH, Imax and T. To
simplify the problem, we fix the BH at the center of the sphere throughout the entirety of the
simulation, meaning its velocity is set to 0. As the cloud has not started to collapse at the
start of the simulation, the relative velocity 7, in Mgy is also 0.

We also calculate Mg, which is the maximum accretion rate possible at a given timestep
At. Since we model episodes of super-Eddington feedback with relativistic outflows, their
high velocities will likely drive the computation of the timesteps. We therefore can calculate a
lower estimate for what the first timestep should be: At = CAx/vje; (we recall that vjer = 0.1c
and C = 0.8 is the Courant factor).

Finally, due to this choice of At for the calculation of Mg, we may have very small
timesteps for very high resolution simulations. We limit the exploration of parameters to
the maximum refinement levels ranging from 7 < Imax < 11, which gives 10yr 2> At 2
0.5 yr. The timesteps are short enough to witness the propagation of the jets with a reasonable
computational time, as the free-fall time of the sphere tg ~ 370kyr > At.

Parameters choices

In Appendix A, we detail the procedure that leads to the following choices. Here, we sum-
marize the physical and numerical parameters that are chosen to perform the simulations.
The sphere has a radius R = 10 pc and a mass Mg, = 2 X 10 M. Its temperature is set to
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T = 10°K, close to the upper limit given by the Jeans length (Eq. 2.37). We choose to add a
Mgy = 10* M, BH in the center of the isothermal sphere.

This choice of T and Mgy allows to find suitable conditions such that the sphere is not
blown off by the strong super-Eddington feedback (which would happen if the gas was
colder). On the other hand, choosing a less massive BH would lead to a complete collapse
of the sphere with likely no visible AGN feedback. Furthermore, any refinement level from
< Mace < 104 Mggq and

~ ~

7 < Imax < 11 provides accretion rates ranging from 10> Mggq
feedback energies varying from Ugpp, < Eggaqa S 10 Ugph- This allows the study of the effect of
resolution on BH accretion and different feedback powers. Finally, it is possible to investigate
the impact of the resolution on resolving rgmr,, as one can write (assuming 7, = 0):

-1
_ Mgy T
TBHL = 5x10 2 (104 MO> (105 K) pc. (239)

For low refinement levels such as Imax = 7, Ax = 0.32pc > rpyr; for the intermediate level

Imax = 9, Ax = 8 x 1072 pc ~ rpyr; and for the highest refinement level I,,x = 11, we have
Ax =2 x 1072 pc < rgyL. In the next Section, we perform the simulations of this setup and
investigate the impact of resolution.

2.5.2 BH growth and rgy

Now that the parameters determining the initial conditions of the isothermal sphere are
chosen, we perform a series of hydrodynamical simulations with Ramses. The simulations
are performed in a box of size 40 pc with a root grid of 128% (ie. Imin = 7) and is then
adaptively refined to a maximum level /ax. In these simulations, we include three of the
four refinement criteria described in the previous Sections, with the exception of the pas-
sive scalar criterion (see Section 2.4.3). The isothermal sphere is embedded in a low density
(Pout = p(r > R) = 0.01pr) and high temperature (Toyt = 100T) medium which does not
affect the collapse of the isothermal sphere.

We recall that for the entire duration of the simulation, the BH will be at rest in the center
of the sphere. The 10* M, BH has a fixed spin along an axis of the box, with an unchanging
magnitude of |a| = 0.7 despite accretion episodes. The MADness fraction of the accretion
disc is set to fMap = 0.5, which gives a super-Eddington feedback primarily composed
of a powerful jet, as in this configuration, Ejet ~ 20Egm. In this Section, we analyse the
consequences of super-Eddington accretion coupled with its feedback on BH growth and
the evolution of the BHL radius rgyy.. A set of three simulations are performed, each varying
with increasing resolution: Imax = 7 & Ax = 0.32p¢, Imax = 9 & Ax = 8 X 102 pc and
Imax = 11 & Ax = 2 x 1072pc. We note that in this idealised setup, no gas cooling is
permitted, which keeps the inflowing gas at a given temperature as long as it is unaffected
by feedback events from the BH (as will be later discussed).

A self-regulated growth

We compare the BH mass evolution until the free-fall time of the sphere ts = 370kyr for
the simulations with . = 7 (solid green), Imax = 9 (solid red) and Imax = 11 (solid blue)
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FIGURE 2.6: Evolution of the BH mass Mpy for the Inax = 7 (solid green), Imax = 9 (solid red)

and Imax = 11 (solid blue) simulations. In dashed orange is also added the expected evolution of a

Mgy = 10* Mg BH if it accreted constantly at the Eddington limit. All three BHs have their growth

above the Eddington limit for a few 100 kyr (depending on the simulation), as they are quickly self-
regulated by their feedback.

in Fig. 2.6. We add in dashed orange Mg4q, to compare with a theoretical growth at the
Eddington limit. Despite the large amount of gas infalling onto the BH, all of them are only
able to increase their mass by a small amount: the BHs increased their mass by a factor of
0.2 per cent for the highest resolution case (Imax = 11), and up to ~ 1per cent in the least
resolved simulation (Imax = 7). Their growth are overall above the Eddington limit, but
they are not able to sustain super-Eddington accretion rates for a long period of time. In
fact, their growth completely stops after < 100kyr, due to self-regulation from their own
feedback. We find that all the BHs in this setup grow at the BHL rate Mpyy, meaning that the
mass accreted depends on the BH mass Mgy, the average density (temperature) in the 4Ax
surrounding the BH, pg.s (T). As discussed previously, the BH mass does not significantly
change, meaning that a combination of a decreasing density and increasing temperature can
explain the decrease in accretion. This possibility is further explored in the next paragraphs.

We also note a difference in terms of growth, which is related to the evolution of the
Eddington fraction fggqq of the three simulations in the top left panel of Fig. 2.7. In this
panel, only the first 120 kyr of the simulation are shown, and the simulations are represented
with the same colour code as Fig. 2.6. A dashed gray line shows fgqq = 1. All BHs start
super-Eddington and after a certain period of time depending on the resolution of the box,
they accrete at sub-Eddington rates, without going back to super-Eddington accretion con-
sistently. In this idealised setup, the time for the transition from super- to sub-Eddington
accretion in the Imax = 7 case is ~ 100 kyr, about twice as long as for Imax = 9 (i.e. ~ 50kyr)
and 5 times longer than /max = 11 (i.e. ~ 20kyr). This can be explained when looking at the
gas properties near the BH, as they correspond to the BH accretion region and are affected
by feedback. We show in the right panels of Fig. 2.7 the evolution of fg,s (top) and T (bot-
tom) during the same period of time. Starting with pg.s, we notice a strong decrease from
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FIGURE 2.7: Top left: Eddington ratio fgqq for the Imax = 7 (solid green), Imax = 9 (solid red) and
Imax = 11 (solid blue) simulations. The transition from super- to sub-Eddington accretion at fggq = 1
is represented by a dashed gray line. The BHs do not go sub-Eddington at the same time. Bottom left:
AGN feedback energy per unit volume deposited in the BH surroundings. BHs in more resolved sim-
ulations have on average larger feedback per unit volume during super- and sub-Eddington phases.
Top right: Average gas density pgas for each simulation. Bottom right: Average gas temperature T for
each simulation.
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the initial high gas densities available for accretion. Despite the collapse of the isothermal
sphere, it only takes ~ 40 kyr for the average densities to vary little between one simulation
to another, reaching < 10° amucm 3. In parallel, the average temperature T increases in all
three cases, either very slightly (in the Imax = 7 simulation), or by an order of magnitude (in
the other two cases) over the 120 kyr.

The AGN feedback during the super-Eddington phases is responsible for these gas den-
sity and temperature variations. The powerful outflows displace a large quantity of gas
outside of the BH accretion region, which reduces the available material for accretion, but
also heat up the surroundings, meaning that Mgy inevitably decreases. Combining the re-
duction in gas density with the rise in temperature leads to smaller accretion rates, becoming
closer to Mggq and thus leading to the transition from super- to sub-Eddington accretion. The
transition does not happen at the same time in all three simulations because of the tempera-
ture differences. These differences are due to the smaller accretion regions the feedback has
to heat up in the more resolved boxes. We found that the feedback energy per unit volume is
significantly higher for more resolved simulations (which have higher initial accretion rates,
due to the more refined and denser accretion region) when comparing the super-Eddington
phases of each simulation, as shown in the bottom left panel of Fig. 2.7.

We also notice the temperature plateaus after the transition between super- and sub-
Eddington, which is indicative of the change of feedback power. We recall that in the super-
Eddington regime, both kinetic and thermal feedback are in play. In our case, the kinetic
outflows are ~ 20 times more powerful than the thermal ones. When transitioning to the sub-
Eddington “quasar mode”, the energy deposited is entirely thermal. The energy deposited in
the surroundings in this accretion regime is not high enough to heat up the BH surroundings
to even higher temperatures, and since no cooling occurs in these simulations, gas stays at
the same temperature.

Finally, we note that the jets are relatively inefficient at blowing out the whole sphere.
Since jets are piercing through the sphere in the same direction at all times, the regulation is
poor as gas continues to flow on the perpendicular plane of the jets, which allows for the BH
to continue its accretion. In a scenario where the jets regularly changed orientation, it would
make them work at regulating the infall of gas (e.g. Gaspari et al. 2013, Beckmann et al. 2019).

The evolution of rggy,

Another purpose of this choice of initial conditions is to study the BHL radius rgpr. and its
evolution. We show in Fig. 2.8 its evolution over 60 Myr for the three simulations from top
to bottom: Imax = 7, Imax = 9 and [nax = 11. We add the maximum resolution at the level
Imax for each simulation in solid gray, in order to compare more easily the resolution of rpp,
throughout time. The trend is clear with our simulations, which shows that rgyy, falls gen-
erally below the maximum resolution allowed for each simulation, even if it initially starts
resolved (.. Imax = 11). As discussed in the previous paragraphs, since the BHs only grow
by < 1per cent of their initial mass, this factor does not impact positively the evolution of
rgaL- On the other hand, the AGN feedback which heats up the BH surroundings, increases
the sound speed of the gas and therefore reduces rgyr. Since the temperature changes are
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FIGURE 2.8: Evolution of the BHL radius rgyy, for the Imax = 7 (solid green), Imax = 9 (solid red)

and Imax = 11 (solid blue) simulations. In solid gray is also added the maximal resolution for each

simulation. None of the simulations resolve rpyyp, after the simulation starts, owing initially to the
super-Eddington feedback and later on to the lingering quasar feedback.
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FIGURE 2.9: Left to right: Slice of temperature maps of the ‘LR’, ‘'MR’ and ‘HR’ simulations at  ~
63 kyr. The jet increases the gas temperature as it expands. Different jet lengths are caused by the
different resolution of the simulations.

not significant in the Imax = 7 simulation (see Fig. 2.8), rgur stays relatively constant; how-
ever the higher temperatures found near the BH in more resolved simulations lead to a sharp
drop of ~ an order of magnitude for gy .

Summary of this study

In this Section, we started to quantify the role of super-Eddington feedback in BH evolution
using idealised, isolated collapsing clouds. We have seen that super-Eddington feedback in
this very idealised setup allows for a short period of continuous growth above the Edding-
ton limit (< 100 kyr) but inevitably leads to accretion below the Eddington limit. During
this work, we noticed that changing the resolution created a significant difference in long-
term accretion duty-cycle and injected energy. BHs were able to reach a higher mass in less
resolved simulations, due to lower gas temperatures from the feedback events. This had a
significant impact on the duration of the super-Eddington phases, which lead to the differ-
ences found in the final BH mass.

Despite accreting at critical rates, BHs stop their growth early on, as their powerful AGN
feedbacks eject some inflowing mass outside of their accretion region and increase the tem-
perature of their surroundings. The thermal feedback is weak in comparison to the jets and
the former does not seem to play a large role in the regulation of the growth, contrary to the
later. We have also investigated the evolution of the BHL radius rgyr, and found that it is
not resolved during phases of super-Eddington accretion in all three simulations performed,
and remains unresolved afterwards. This is once again owing to the AGN feedback, which
is the object of the study of the next Section.

2.5.3 The super-Eddington jets

In this Section, we investigate a set of new simulations with only kinetic energy injection and
study the impact of the resolution on jets and their effects. The motivation for this study is
that with the choices made for super-Eddington feedback in this setup, the BH deposits sig-
nificantly less thermal energy than kinetic one during the super-Eddington feedback phases.
Understanding feedback processes when accretion is involved is complex. For the following
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FIGURE 2.10: Gas temperature along a cylinder centered on the BH, before (solid black) and 30 kyr

after (coloured lines) the injection of the jet. The presence of the jet is visible with the increase in

temperature in the three simulations. This temperature increase is similar in the three cases. However
the jet length varies with the resolution: the higher the level of refinement, the longer the jet.

set of simulations, we turned accretion off and injected feedback manually (at a given time
with a given energy). In the second part of this Section we introduce the passive scalar for
the super-Eddington jets used for the rest of the thesis work.

Impact of the resolution on the jets

In order to reduce the impact of the resolution on the initial launching region of the jets, we
modify the density profile of the isothermal sphere. A softening factor yx is added, to flatten
p(r) as follows:

o(r) o (r? 4 2max=5y2) =1 (2.40)

This allows one to have the same central core for each level of refinement, based on [, = 5.
This choice was made since the resolution at Imax = 5 corresponds to 1.25 pc, which is, for
Imax = 7 the size of the BH accretion region. So each simulation will now have a uniform
density up to r = 1.25pc. We note that the total mass of the sphere diminishes slightly.
We recall that the “singular” isothermal sphere has an outer radius R = 10 pc and a sphere
mass of Mg = 2 X 10° M. With the new central core, the mass of the sphere is Mgph =
1.8 x 10° M, for the same outer radius.

We also set a lower temperature than the previous simulations shown in Section 2.5.2,
to allow for a more visible propagation of the jet outflow. The sphere temperature is set
to T = 10°K and we perform simulations with the same resolutions studied before, i.e.
Imax = 7, Imax = 9 and Imax = 11; namely ‘LR’, ‘'MR" and ‘HR’ respectively.

In each simulation, we model the injection of the kinetic jet as a single burst of energy,
at t = 30kyr. The total energy deposited during this burst is equivalent to 20 Ugpp. This
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FIGURE 2.11: Ratio of the gas density p (blue down triangle), volume V (orange left triangle), mass
M (green star) and velocity magnitude |v| (red right triangle) measured in the ‘LR’ simulation over
the same quantity in simulation ‘MR’

allows for the jet to be visible and pierce through the dense sphere in all three simulations.
In Fig. 2.9, we plot slice of temperature maps of the isothermal sphere at t ~ 63 kyr for the
three simulations. By inspecting visually these simulations, it is clear that jets are able to
travel further in the more resolved simulations.

This is confirmed when investigating the temperature of the gas inside the jet, in Fig. 2.10.
We set up a cylinder centered on the BH of height z equal to 40 pc (20 pc above and 20 pc
below the BH) and radius 0.5 pc and parallel with the outflow. We show in solid black, the
gas temperature before the jet is launched, which is indicative of the isothermal profile of the
sphere. We recall that the isothermal sphere has an outer radius R = 10 pc meaning that the
temperature within 10pc is set to T = 103K and outside of the isothermal sphere, Tout =
100T = 10° K. The coloured curves represent the state of the gas for the different simulations
att ~ 63 kyr, i.e. the time shown in Fig. 2.9. The jet is clearly present as the coloured curves
do not follow the black line. The gas affected by the jet has the same temperature along the
axis of the jet regardless of the simulation. For example, 5 pc away from the BH, the gas has a
temperature of ~ 2 x 10* K in all three simulations. However, the distance traveled by the jet
significantly varies: in ‘LR’, the jet reaches ~ 7 pc in 30 kyr, while in ‘MR, it reaches ~ 10 pc
in the same amount of time. In the case of the highest resolution, i.e. for "HR’, it extends all
the way up to the edge of the simulation box, ~ 20 pc away from the BH.

We delve deeper by investigating the properties of the gas along this jet, such as density,
mass swept by the outflow and the jet velocity. We need a way to identify the gas cells
affected by the feedback. In this idealized set-up one could consider using temperature as
a good tracer to indicate the presence of our jet, but in more realistic simulations where gas
cooling and other types of feedback are at play this would not be a good choice. We therefore
use the passive scalar introduced in Section 2.4.3 as a mean of tracking the outflow in order
to study its properties.

We compare in Fig. 2.11, the gas density p (blue down triangle), mass M (orange star) and
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FIGURE 2.12: Left to right: Slice of temperature maps of the ‘MR’, ‘MR_b" and "HR’ simulations at

t ~ 95kyr. The gas temperature is shown and the jet increases the gas temperature as it expands.

The jet structure is better defined when resolved with the passive scalar, which also allows for higher
temperatures in the center of the jet.

velocity magnitude |v| (green right triangle) of the cells impacted by the jet in simulations
‘LR” and ‘MR’. { represents the ratio of the quantity (velocity magnitude, density or mass)
measured in the ‘LR’ simulation over the same quantity in simulation ‘MR’. Concerning the
density, increasing the resolution leads to a higher density that the jet sweeps. Since jets in
more resolved simulations travel further, they are able to affect more cells which increases
the total gas density swept in the outflow. We also find that the jet affects roughly the same
mass when comparing different resolution levels. We confirm that the jet is slightly faster in
more resolved simulations, as was already indicated in Fig. 2.10, since the jet travels further
in ‘MR’ than ‘LR’ in the same amount of time. This is caused by the larger amount of dilution
of momentum in the cells that interact with the jet in the less resolved simulation. One can
also view this with the following argument: let us consider a constant jet power Pet. The
energy flux going through a section of area A of the nozzle of the jet goes as p|v|A ~ P
Immediately, we see that |v| « 1/ A, explaining why the better resolved, jets should also be
faster.

Refining the jets

As we have seen, resolution plays a crucial role in the way jetted outflows travel through-
out the collapsing sphere, and can also impact severely BH growth in the super-Eddington
regime (see Section 2.5.2). To better assess the impact of jets, it requires higher resolution.
However, increasing the resolution of numerical simulations also increases the cost of com-
putational time. One of the possibilities to have the most resolved jets whilst not drastically
increasing the computational time is to only refine the regions of interest. For our final in-
vestigation, we therefore use the passive scalar and refine all cells which have a scalar to gas
ratio greater than 10710 to the maximum level of refinement of the box. This simulation is
performed with /max = 9 and name it ‘MR_b’.

We show in Fig. 2.12 similar slice maps as in Fig. 2.9 but between the ‘"MR’, ‘"MR_b” and
‘HR’ simulations. The funnel and nozzle are very well defined when the jet is refined with
a cocoon that englobes them. Comparing with an unrefined jet, these structures are mixed
with the gas and form “one big cocoon”. We also note that the length of the jet seems on
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FIGURE 2.13: Ratio of the gas density p (blue down triangle), volume V (orange left triangle), mass

M (green star) and velocity magnitude |v| (red right triangle) measured in the ‘MR’ simulation over
the same quantity in simulation ‘"MR_b’".

par with the ‘HR’ simulation shown on the right panel. The resolved region carries gas with
higher temperature, as the funnel is less subject to mixing with the cold gas outside the jet.
It is also clear that a refined jet goes significantly faster and is able to travel significantly
further than in the unrefined simulation. In fact, when comparing in Fig. 2.13 the velocity
magnitude of cells impacted by the jet between ‘MR’ and ‘MR_b’, the results show that the
jet seem to be twice as fast when resolved. One can view this with the same argument as
before (|v| o 1/A), simply in this case thinner, i.e. better resolved, jets should also be faster.
Finally, we note that in our idealised setup, the jets carry away the same amount of mass
whether refined or not.

Summary of this study

In this Section, we have studied the impact of the refinement on the propagation of the jets
in the super-Eddington regime. We find that jets are faster, longer the higher the resolution,
but that they drive away the same amount of mass regardless of the resolution studied here.
They do not perturb drastically the accretion flow of the black hole for higher resolution
levels as the sphere is still collapsing. Refining the jets with the passive scalar allows them
to propagate even further, with a more defined funnel and nozzle, that can be visually seen
in Fig. 2.12. Thanks to this study, we were able to understand better the role of jetted feed-
back in this very controlled and idealised experiment. Applying the lessons learnt here to
a less idealised accretion driven simulation will allow a better interpretation of the results
on how black holes grow in an environment affected by feedback. In the next Chapter, we
aim to study the evolution of a BH in a more realistic, yet idealised setting, using the jetted
prescription described in this Section.



55

Chapter 3

How the super-Eddington regime
regulates black hole growth in
high-redshift galaxies

Super-Eddington accretion is one scenario that may explain the rapid assembly of ~ 10° M,
SMBHs within the first billion year of the Universe. This critical regime is associated with
radiatively inefficient accretion and accompanied by powerful outflows in the form of winds
and jets. In Chapter 2, we investigated super-Eddington accretion and feedback mechanisms
using very idealised, isolated collapsing clouds with different ratios of cloud and SMBH
properties. During this work, we noticed that changing the resolution created significant
differences in BH accretion and injected energy. After analysing the behaviour of jets in this
cloud of gas, we had a better understanding of how resolution could affect our results and
decided to investigate the super-Eddington regime in a more realistic environment. In this
Chapter, we study the impact that this critical regime has on BH growth and on the gas prop-
erties of the host galaxy, from star-forming clouds to galactic scales and explore whether a
BH can sustain super-Eddington accretion when both wind and mechanical feedback work
together. To this end, we perform several simulations of an individual galaxy in an iso-
lated DM halo. We add a BH to the center of the emergent galaxy and conduct a survey on
the parameter dependence regarding BH growth and overall impact on the gas inflows and
outflows, varying the feedback efficiencies and modes of injection in the super-Eddington
regime. This Chapter corresponds to the submitted paper Massonneau et al. (2022b).

3.1 Introduction

Over 200 quasars at high redshift, z > 6 (i.e. less than ~ 1Gyr after the Big Bang) have
been discovered in the past decades (e.g. Fan et al. 2004, Mortlock et al. 2011, Wu et al. 2015,
Bafiados et al. 2018). These quasars host SMBHs with masses larger than Mpy > 10° M. 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.

As discussed in Section 1.4.2, several models have been suggested regarding the forma-
tion of seed BHs (e.¢. Haiman 2013, Inayoshi et al. 2020, Volonteri et al. 2021: and references
therein). There are several potential formation channels: light seeds, which are Pop III rem-
nant BHs of Mgy ~ 10 to 102M,, (e.g. McKee & Tan 2008, Hosokawa et al. 2011, Hirano
et al. 2014, Hirano et al. 2015, Stacy et al. 2016) formed in DM minihalos; intermediate seeds,
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corresponding to intermediate mass BHs born in dense clusters from stellar or BH mergers,
with Mgy ~ 103 Mg (e.g. Devecchi & Volonteri 2009, Katz et al. 2015, Sakurai et al. 2017,
2019, Tagawa et al. 2020); heavy seeds, which emerge from the direct collapse of first halos
and that leaves a seed with a large initial mass of Mgy =~ 10* to 10° My, (e.g. Bromm & Loeb
2003, Inayoshi et al. 2014, Regan et al. 2014, Latif et al. 2016a, Wise et al. 2019). Even for
massive seeds, assuming an Eddington-limited accretion, the orders of magnitude between
formation mass and the observed mass of the BHs in z > 6 quasars requires a very high duty
cycle of accretion close to the Eddington limit.

Massive halos can provide gas to funnel to the most central regions of high-redshift galax-
ies and feed BHs through direct accretion of cold cosmic streams, later on replaced by clumpy
gas accretion (Bournaud et al. 2011, Di Matteo et al. 2012, Di Matteo et al. 2017, Dubois et al.
2012a). Even in the presence of large gas reservoirs, continuous accretion at Eddington lev-
els is challenging to sustain, as feedback from gas accretion onto the BH seed can severely
affect gas inflows and prevent efficient BH growth (e.g. Johnson & Bromm 2007, Alvarez et
al. 2009, Milosavljevi¢ et al. 2009, Dubois et al. 2013). In addition, feedback from massive
stars in the shallow potential well of low-mass galaxies is able to significantly suppress the
availability of cold interstellar gas in the central regions of galaxies, therefore, quenching
BH growth in low-mass galaxies (Dubois et al. 2015, Anglés-Alcazar et al. 2017, Bower et al.
2017, Habouzit et al. 2017, Prieto et al. 2017, Trebitsch et al. 2018, Hopkins et al. 2022). This
effect, also associated to the wandering of BHs in shallow potential wells of low-mass galax-
ies (Bellovary et al. 2019, Pfister et al. 2019, Ma et al. 2021) might prevent BHs to grow until
their host galaxy build up a massive and compact enough bulge component (Lapiner et al.
2021). Accretion rates larger than the Eddington limit could solve this timescale issue, but
only if super-Eddington episodes can be sustained long or frequently enough to allow for
significant mass growth (Volonteri et al. 2015, Pezzulli et al. 2017).

Breaking the Eddington limit is a natural manifestation of non-spherically symmetric
accretion (Paczynski & Abramowicz 1982) and over the past decades, observational evidence
supports super-Eddington accretion (see Section 1.5.1). Detections of X-ray binaries, such
as SS 433 (e.g. Okuda 2002), or of ultra-Luminous X-ray sources that may harbor stellar-
mass BHs (e.g. Winter et al. 2006) are considered to be signatures of accretion rates above
the Eddington limit. Several observations point to the supermassive BHs in narrow-line
Seyfert-1 galaxies (e.g. Mineshige et al. 2000, Collin & Kawaguchi 2004, Du et al. 2014, 2018,
Jin et al. 2017), as well as transient sources called tidal disruption events (e.g. Burrows et al.
2011, Lin et al. 2017, 2022), which are also candidates for super-Eddington accretors. Several
theoretical models have been developed to explain this state of accretion, such as the slim
disc model (Abramowicz et al. 1988, Sadowski 2009, Abramowicz & Fragile 2013). One of
the most important features of this regime is the photon trapping effect (Katz 1977, Begelman
1978), in which radiated photons are advected to the BH instead of being diffused out of the
disc. As a result, the radiative efficiency drops below its typical value of €, ~ 0.1 expected
in thin discs. However, there is yet no agreement on how efficient this process is, and on the
exact value of the resulting radiative efficiency (e.g. Ohsuga et al. 2005, Jiang et al. 2014, 2019,
McKinney et al. 2014, 2015, Sadowski et al. 2015). Semi-analytical models using the slim
disc regime have shown that a light seed could grow from 10> My, to a few 10° M, (Madau
et al. 2014), thanks to reduced radiative efficiency. Other numerical works in modelling the
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accretion disc near the BH found that if gas inflows are funneled in the equatorial plane with
the radiation and outflows escaping out from the poles, then super-Eddington accretion can
be sustained (e.g. Inayoshi et al. 2016, Sugimura et al. 2017, Takeo et al. 2018, 2020, Toyouchi
et al. 2019, 2021, Kitaki et al. 2021a).

Although numerical simulations of accretion discs are extremely detailed and cover a
wide range of physical processes, such small-scale numerical experiments do not explore re-
gions beyond the pc-scale and cannot capture the dynamics of the gas feeding the BH and the
impact from super-Eddington feedback at larger galactic scales. Using sub-pc resolution hy-
drodynamical simulations of circum-nuclear discs with BHs releasing energy with thermal
input, Lupi et al. (2016) showed that stellar-mass BHs are able to grow to ~ 10* M, within
3 Myr. This is thanks to a combination of the very high density gas clumps formed due to disc
fragmentation, and the radiative inefficient accretion from this super-critical regime. Their
results indicate that several events of short periods of super-Eddington accretion on light
seeds can sustain enough mass growth to explain the most massive BHs powering quasars at
high redshift. However, super-Eddington accretion may be accompanied (if not dominated)
by powerful jets (e.g. Sadowski & Narayan 2015, Narayan et al. 2017), which, added to the
radiation, can have an impact on BH growth. Recently, Regan et al. (2019) investigated how
super-Eddington bipolar jet outflows affect gas inflows in an atomic cooling halo in a cosmo-
logical setting. They were able to reach resolutions down to the BH gravitational sphere of
influence and found that jets almost entirely shut down the inflow of gas towards the BH on
small scales (~ 0.1 pc) and were not able to break out of the halo. The effective accretion rate
was found to be ~ 4 orders of magnitude below the Eddington limit, thus suggesting that
BHs are not able to grow effectively above the limit with strong jetted outflows. On the other
hand, Takeo et al. (2020) performed RHD simulations combining radiative and mechanical
teedback and found that gas in the polar region was completely evacuated but gas inflows
from the equatorial region maintained super-Eddington accretion rates. The outflows were
able to pierce through the gas distribution without disrupting it. The discrepancy between
these results may be linked to the gas geometry, however it is unclear if the axisymmetric
disc configuration in Takeo et al. (2020) can be achieved assuming the turbulent nature of
high-redshift galaxies.

The outline of the Chapter is as follows. We briefly describe our numerical methods in
Section 3.2, including a summary of the already implemented AGN feedback models with
the new application for super-Eddington accretion and feedback in Ramses (a detailed de-
scription is given in Chapter 2, Sections 2.3.5 to 2.4.3). In Section 3.3, we describe the set-up
for our isolated DM halo simulations, in particular the initial conditions that lead to the for-
mation of the galaxy and the addition of the BH. We then present our simulation results in
Section 3.4 where we analyse the importance of the super-Eddington AGN feedback on star
formation, BH growth and gas properties, varying its power and modes of injection. We
discuss these results and finally conclude in Section 3.5.

3.2 Implementation of the super-Eddington regime

This Chapter showcases a number of hydrodynamical simulations of an isolated DM halo in
which BHs have been evolved in the super-Eddington regime, all of them performed using
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FIGURE 3.1: Radiative efficiency €, as a function of the Eddington fraction fgqq. The markers show-
case the different BH spin values. Photon-trapping is visible when fgqq > 1 for all spin parameters.

the adaptive mesh refinement code Ramses, which was adapted to allow for accretion and
teedback processes above the Eddington limit, defined as:

471G Mpygmyc
Lpgd = ——— (3.1)

oT
where G is the gravitational constant, My the BH mass, m,, the proton mass, c the speed of
light and ot the Thomson cross-section. In this Section we detail how the super-Eddington
regime is implemented in Ramses.

3.2.1 Accretion onto the BH

A BH is represented by a “sink” particle that can transfer mass, momentum and energy
from and to the gas. The algorithm for gas accretion onto sink particles, first introduced
by Krumholz et al. 2004 for grid codes, is described in detail in Dubois et al. 2012b for its
Ramses implementation. We recall here the main ideas: the BH is manually placed with a
given initial mass, velocity and spin, in the simulation at a certain point in time. Once set,
it is able to move, following the local gravitational acceleration. At all times, we enforce the
highest resolution level within a sphere of radius 4Ax, where Ax is the smallest cell size, to
better resolve the forces near the BH. Since we cannot resolve accretion discs around BHs, as
their size is below our resolution limit, we calculate the accretion rate on the BH using the
BHL formula (Hoyle & Lyttleton 1939, Bondi 1952):

4TGEME D

o (3.2)
(22 +02,)3/?

Mgy, =

where the averaged density p, sound speed ¢ and relative velocity between the BH and
the gas 7, are computed over a sphere of radius of 4Ax with contributions from each cell
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weighted by w o exp (—r?/r%) (Krumholz et al. 2004). The kernel radius rx depends on
whether the BHL radius rgyr, = GMgy/ (cg + Ufel) is resolved or not, where c¢s and v, are

the sound speed and relative velocity in the cell where the sink lies. It is defined as follows:

Ax/4 rBHL<Ax/4"
rk =4 reHL Ax/4 < rpyL < 2Ax, (3.3)
2Ax rBHL > 2AX.

In order to prevent having cells completely depleted of gas at high accretion rates, a
safety check allows for accretion of only up to 25 per cent of the total mass available in each
cell at each timestep of size At, ie. Mpoor = 0.250Ax%/At, where p is the density of the
cell. All the accretion rates mentioned are subject to the same weight w, applied when gas
is removed from the grid and accreted onto the sink particle. The accretion rate is calculated
as Mace = min(Mgpr, Mgoor), which is always less than the mass contained in the kernel
divided by the timestep. The mass contained in the kernel is used to both feed the BH and
power kinetic feedback, with mass conservation enforced at all times.

To calculate the feedback energy released by the BH in the super-Eddington regime, the
slim disc solution is used (Abramowicz et al. 1988, Sadowski 2009, Abramowicz & Fragile
2013). Despite having accretion rates that go well above the Eddington value, the disc emits a
luminosity that is only slightly above the Eddington luminosity Lgqq (see Eq. 3.1). It has been
shown in several theoretical works (Begelman 1978, Mineshige et al. 2000, Ohsuga et al. 2002,
Madau et al. 2014, Inayoshi et al. 2020) that when Maec > Mgqq, the luminosity L o« log(Macc)
which means that the radiative efficiency €, decreases. This is due to the photon-trapping
effect and it impacts the growth rate of the BH, since Mgy = (1 — €;)Maee. In order to
estimate €, we use the fit from Madau et al. (2014) (who themselves use the fit from Sadowski
(2009)) for the ratio of the bolometric luminosity-to-Eddington fggq = L/ Lgqq:

0.985 n 0.015
1-6MEdd/Macc + B(a) 1~6MEdd/MaCC + C({Jl)

frdd = A(a) , (3.4)

where Mgqq is the Eddington mass accretion rate defined as Mggqq = 10Lgqq/c?, given an €,
of 0.1 ; a is the BH spin, and with spin-dependent functions A, B and C as:

A(a) = (0.9663 — 0.92924) 0%, (3.5)
B(a) = (4.627 — 4.445q) 05524 (3.6)
C(a) = (827.3 — 718.1a) 700, (3.7)

The effect of photon-trapping on the radiative efficiency is illustrated in Fig. 3.1. The
different markers represent different spins, from no rotation (blue triangle) to maximum ro-
tation, set at 0.998' (green diamond). We also show the BH spin a = 0.7 (orange cross) giving
€r =~ 0.1 for small values of fgqq. € = 0.1 is usually adopted in cosmological simulations
as a constant radiative efficiency (e.g. Di Matteo et al. 2008, Booth & Schaye 2009, Dubois

I The normalized spin a = 0.998 < 1, is due to the photons emitted by the accretion disc and captured by the
BH (Thorne 1974).
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et al. 2012b, although see Dubois et al. 2014b, 2021, Bustamante & Springel 2019 for spin-
dependent radiative efficiencies). At a given accretion rate, the higher the spin, the higher
the radiative efficiency. While our simulations can self-consistently evolve BH spins and,
thus, associated radiative efficiencies, we prefer to simplify the problem by adopting a fixed
spin value of 4 = 0.7 (¢ = 0.1 for fgqq < 1) throughout the rest of this Chapter. In this
study, accretion is not Eddington-limited unless specified, in which case the accretion rate is
limited by Mgqgq.

3.2.2 Feedback in the different regimes

In Ramses, AGN feedback is implemented with two separate feedback modes: a kinetic
mode, active at low accretion rates, which is modeled as a jet-like outflow and a thermal
mode, active at high but sub-Eddington accretion rates, which heats the gas surrounding
the BH by releasing thermal energy (Dubois et al. 2012b). For consistency with Madau et al.
(2014) and Sadowski et al. (2016), the transition between these regimes is based on fg4q rather
than on the ratio of accretion rates.

With our current understanding of the super-Eddington regime, super-Eddington AGN
feedback includes both kinetic and radiative/thermal components. We have modified Ramses
to allow for a new super-Eddington feedback mode that injects both thermal and kinetic en-
ergy simultaneously.

Kinetic feedback

In the sub-Eddington regime, when fgqq < 0.01, feedback is kinetic, and modelled with
jet-like outflows, called “radio” mode. At each feedback event, mass, momentum and en-
ergy are deposited in a cylinder of diameter and height equal to 27jet. The size of the jet 7jet
is a user-defined parameter in units of Ax. The cylinder axis is aligned with the BH spin
axis (Dubois et al. 2014b). To calculate the energy injected as kinetic energy in all the cells
within the cylinder, we follow Sadowski et al. (2016), which gives a total jet feedback of

Ejet = 7’/jetMBHC2 , (3.8)

where 7jiec = 1.3a%f%,p is the efficiency factor of the kinetic feedback for a magnetically
arrested disc (MAD) taken from Tchekhovskoy (2015), and 0 < fmap < 1 represents the
fraction of MAD strength (magnetic field saturation).

Since jets are a relativistic phenomenon and are launched at velocities close to c on scales
that cannot be resolved in our simulations (a few Schwarzschild radii), we must develop a
sub-grid model to account for how the jet evolves from the launching scale to the simulation
resolution. As jets traverse the interstellar medium and dense clouds, they entrain mass and
slow down: the mass that loads the jet, changes its velocity such as its value at the lowest
scale resolved is lower than that at the unresolved launching scale (that of the accretion disc).
The mass-loading factor Bie is expressed as the ratio between the mass ejection rate Mje; in
the jet and the growth rate of the BH, i.e. Bjet = Mijet/ Mpy. Assuming that the jet energy
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is simply the kinetic energy of the jet at injection, Ejet = O.SMjetszet, one can write the mass-

-2
’Z).
ﬁjet = 277jet <ft) . (3.9)

Here, we set vjer = 0.1c in order to keep the time step of the simulation affordable, and
therefore ﬁjet = 2007)jet-
The mass that is loaded into the jet is transferred from the same cells that were used for

loading factor as

the accretion, i.e. within 4Ax of the sink particle with the same distance-weighting described
previously, to all cells enclosed within the jet (Dubois et al. 2012b). In the case where in-
sufficient mass is available to fully load the jet, the mass-loading factor is smaller than the
predicted value but the jet is still launched at vjer = 0.1c. A maximum of 25 per cent of the
total mass available in each cell is used to load the jet, to avoid dealing with extremely low
densities and numerical instabilities.

Thermal feedback

When 0.01 < fggq < 1, the AGN enters the so-called “quasar” mode, which corresponds to
feedback coming from disc winds and radiation. In this mode, energy is released as thermal
energy in a sphere of radius 7y, around the BH. This radius, similarly to 7jet, is a user-defined
parameter in units of Ax.

The efficiency factor 7y, for this regime corresponds to the thermal wind efficiency of
the disc. Following Sadowski et al. (2016), the spin-dependent thermal wind efficiency can
be written as #ihm = d—thm X Yisco, With

2
msco=1—-4\1— ;o——F~ (3.10)

3Risco(a)’
where 174_,thm is the fraction of energy released from the disc coupled to the gas within 7y,
depending on how well the energy from the accretion disc can be absorbed by the surround-
ing gas. We set 17q_,thm = 0.15, which has been calibrated to reproduce the BH-galaxy scal-
ing relations (Dubois et al. 2012b). Rjsco corresponds to the innermost stable circular orbit
(Bardeen 1970), i.e.

GMzgy
Risco = —— <3 + 2% /3 2)(B3+ 21 + 222)) , (3.11)

where the F sign corresponds to respectively the positive (—) and negative (+4) values of the
BH spin, and

Zy=1+4(1-a*)'"x ((1 +a)'? 4+ (1- a)1/3) ,
2~ i+ ).

Including this effect, the total energy deposited in the cells contained within the spherical
region is thus
Ethmn = Nthm MpHC’. (3.12)
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FIGURE 3.2: Schematic representation of the feedback injection in cells around the BH in Ramses.

The region of injection of the kinetic feedback is in yellow and the thermal in vermilion. No thermal

feedback is injected in the same region as the kinetic one, as the deposited energy is different for both
forms.

Super-Eddington feedback

Finally, in the case when fgqq > 1, energy is injected as both thermal and kinetic energy
as shown in the schematic representation in Fig. 3.2. As AGN feedback happens on scales
below Ax, a small region of injection must be chosen. Dubois et al. (2012b) show that large
jet sizes rjet lead to BH masses unrealistic when compared to observations. In addition, they
find that increasing ry,, would effectively lead to a weaker impact on self-regulating the
growth of BHs, thus concluding that the size of injection must be close to Ax. However, to
prevent having numerical issues, we cannot use a single cell for feedback injection and to
ensure that both feedback forms are well-separated, we set 7jet = 2Ax and ry,, = 3Ax.

All cells that are in a cylinder of radius 7t will only contain kinetic feedback. In all other
cells within 3Ax of the BH, thermal feedback will be deposited. Since the energy deposition
is different for both forms, we do not allow for thermal feedback (which would impact the
temperature of the gas) to be injected in the region where kinetic feedback is also acting as
the kinetic feedback already changes the temperature of the gas indirectly.

Based on Sadowski et al. (2016), the total AGN feedback injected in the super-Eddington
regime reads as follows:

Espdd = Ejet + Ethn = (Tjet + 0.57hm ) Mprc?. (3.13)

3.3 Setting up the halo

3.3.1 Numerical initial conditions

Sustaining super-Eddington accretion onto the BH requires strong gas inflows, which are
more likely to occur in gas-rich high-redshift galaxies. The gas distribution in a low-mass
isolated halo (for instance a 10° M, halo) at high redshift is quickly destroyed by SN feed-
back, with the result that star formation is shut off and that there is not sufficient cold and
dense gas available for (super-Eddington) accretion on the BH (Dubois et al. 2015). In a more
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TABLE 3.1: Initial conditions for the cooling isolated halo. From left to right: halo mass (Mpao),

NFW concentration (cxp), virial radius (Rago), virial temperature (Txop), average metallicity (Zavg),

density threshold for star formation (nsg), stellar mass resolution (M.), SN feedback efficiency (esn)
and smallest cell size (Axmax)-

X [kpc]

e
10°® 10> 10™% 1073 1072
Jetscalar

FIGURE 3.3: Passive scalar used to follow the super-Eddington jet outflows at t = 210 Myr for the
‘sEdd’” simulation.

massive halo, such as one that has 10! M, the evolution is less violent, since the deeper
potential well limits the impact from SN. To take advantage of this, we set up our initial con-
ditions to represent an isolated DM halo of mass 10'! M, at redshift z = 4. In order to probe
the progenitors of z = 6 SMBHs, one would need to investigate higher redshifts (z > 6); how-
ever SN explosions for simulations with z > 6 destroyed the collapsing halo without forming
the galaxy and providing enough material to have even one super-Eddington episode.

The halo is modelled using a fixed DM Navarro-Frenk-White profile (NFW, Navarro et
al. 1997), centerd on the box. Gas is initialised following the same density profile as the DM,
with a gas fraction of fgos = 0.15. The halo is given an initial spin of 0.02 along the z-axis
(Bullock et al. 2001) and turbulence is injected into the gas up to 20 per cent of the local sound
speed?. Virial radius Ragp and concentration parameter cygo are computed using the redshift-
dependent relations from Dutton & Maccio 2014. Gas is initialised in hydrostatic equilibrium
and allowed to cool from there as the simulation progresses. The average metallicity of

2This turbulence is needed to break the spherical symmetry of the initial conditions.
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the gas is set to Zayg = 0.3Zs, with Z; = 0.02 and metal-enriched gas can cool down to
10K, using Sutherland & Dopita (1993) cooling rates down to 10* K and those from Rosen &
Bregman (1995) for temperatures below.

The simulations are performed in a box of size 113 kpc with a root grid of 128%, and
then adaptively refined to a maximum resolution of Axmax = 12 pc (corresponding to level
13) using four refinement criteria. A quasi-Lagrangian criterion forces the refinement of the
mesh if cells which have a mass greater than 8 x 10° M. In addition to that, a Jeans length
based criterion is applied: a cell is refined such that its size is smaller than the local Jeans
length. Thirdly, when a BH sink particle is added, the region is automatically refined to
the maximum level of refinement around it up to a spherical radius of 4Axmax. Finally, to
refine the regions of interest affected by the jets in super-Eddington AGN feedback, we add
a passive scalar variable in the BH super-Eddington kinetic outflows (following Beckmann
et al. 2019), using a density psclar €qual to the gas density pg,s in the region of injection.
We allow for refinement if the scalar has a value above 0.01 and a variation from one cell
to another greater than 0.05. This scalar follows the hydrodynamics of the gas and is able
to track regions affected by the super-Eddington jets. It decays exponentially, with a decay
time of fjecay = 3 Myr, making sure recent super-Eddington jet episodes are refined, while
avoiding refining a large fraction of the box. This value of tyecay was chosen to balance
computational cost with the need to refine as much of the jet structure as reasonably possible.
An example of the jet scalar distribution given in Fig. 3.3 for our fiducial simulation (‘sEdd")
that we will introduce later.

The BH accretion and feedback properties for all accretion regimes are described in Sec-
tion 3.2.1 and Section 3.2.2 respectively. In order to help the BH particle stay bound with the
galaxy, particle drag force is included (Pfister et al. 2019). We avoid applying drag force from
the gas onto the BH (Dubois et al. 2013), as it sometimes causes unwanted behaviours, such
as the BH to follow its own outflows, which could lead to it being ejected from the galaxy.

Stars form in cells above a gas density threshold of ngr following the local star formation
rate density from a Schmidt law ps = esp/tg, where tg is the local gas free-fall time and e
is the star formation efficiency. We adopt a gravo-turbulent star formation efficiency that
depends on the gravitational binding energy of the cloud and on the turbulent Mach num-
ber (e.g. Federrath & Klessen 2012), adopting the relations and parameters as in Dubois et al.
(2021). For a spatial resolution of 12 pc, the stellar mass resolution is M, = 10* M, (therefore
star formation occurs in regions with gas densities above 181 amu cm3).

Following the energy and mechanical injection from Kimm et al. 2015, SN feedback is

modelled as a total specific energy release between 3 and 50 Myr of 2 x 10%

erg/Mg, with a
semi-continuous energy injection by individual SN explosions of 10! erg at a time with real-
istic time delays Kimm et al. 2015. We set the metal yield at 10 per cent for the SN feedback.

The parameters to set up the cooling isolated halo at z = 4 are summarized in Table 3.1.

3.3.2 Galaxy formation

When searching for a set of initial conditions that would allow for super-Eddington accre-
tion onto the BH, we found that efficient star formation quickly suppressed gas inflows into
the center of the galaxy, which suppressed accretion rates onto the BH. The collapse of the
halo triggers star formation in its center, which has densities reaching 103 amucm 3. The



Chapter 3. How the super-Eddington regime regulates black hole growth in h1'gh—redsh1'ft65
galaxies

101_

1009 - /

10—1_

SFR [Mo yr=1]

10—2_

1010_
109_ ’———— ________
108_ /’

107 - ’

DM [Mo]

6 |
1004 /

104_
0 20 40 60 80 100 120 140 160
time [Myr]

]
51 1
1
I
I

FIGURE 3.4: Evolution of the SER (top) and total stellar mass (bottom). As the halo cools, stars start to
appear as conditions for their formation are met. Over the course of 100 Myr, the SFR steadily stays
above 10 Mg yr~!, allowing the galaxy to reach M, = 10° M, within 160 Myr.

resulting SN explosions are strong enough to heat up the gas over several kpc, eventually
breaking the integrity of the halo. Since we are looking for initial conditions that allow for
super-Eddington accretion, this initial SN burst, which is a consequence of having an isolated
halo rather than a fully cosmological simulation, has to be circumvented. There are various
options generally used in isolated simulations, such as starting with an artificially low star
formation or SN efficiency and increase it to standard values over time, or alternatively do
something similar with cooling. In this Chapter we opted to suppress the SN feedback by
changing the hydro solver to a more diffusive one when forming the galaxy. This eliminates
the necessity of choosing the functional form of how to increase star formation, SN efficiency
or cooling.

For this reason, we use a Lax-Friedrichs “llf” approximate Riemann solver for the early
(BH-free phase) of the simulation, which allows for copious star formation as the halo col-
lapses, without having SN feedback unbinding the gas. For the part of the simulation rel-
evant for this experiment, i.e., when a BH and its feedback are included, we switch to the
Harten-Lax-van Leer-Contact (Toro 1999) “hllc” solver, which has a less diffusive nature and
is a more accurate solver for the important part of this study.

We consider our galaxy to have reached a steady state (i.e. had enough cycles of star
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FIGURE 3.5: 1 x 1 x 1kpc edge-on (top) and face-on (bottom) projections of the galaxy at the center
of the DM halo at t = 160 Myr. The first column shows the gas density, the second column shows the
gas temperature and the third column shows the stellar mass.

formation and SN feedback events) when the total stellar mass reaches the stellar-to-halo
mass relationship (Moster et al. 2010): the total stellar mass for a 10" M, halo is about 108 —
10° M. As shown in Fig. 3.4, the expected total stellar mass is reached within 160 Myr, with
a quasi constant SFR of a few 10 M, yr~!, which is also the expected order of magnitude for
our target redshift z = 4 (Salmon et al. 2015).

We find that our galaxy is dominated by a central stellar proto-bulge, with a half-mass
radius averaging ~ 110 pc at 160 Myr. The galaxy extends up to ~ 1kpc from its center of
mass, as stars continue to form in the disc. The galaxy is therefore very compact, a common
trait for high-redshift galaxies (Allen et al. 2017, Shibuya et al. 2019). An edge-on (top) and
face-on (bottom) projection views of the galaxy gas density, temperature and stellar mass are
shown in Fig. 3.5.

Once a galaxy-like structure with clumps in its spiral arms starts to form and settles with
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FIGURE 3.6: Comparison of the evolution of the SFR between “11f” (dashed black) and “hllc” (dash-

dotted green) runs. Changing the solver to one that is less diffusive does not change the SFR dras-

tically. The SN explosions do not disrupt the environment as effectively since the galaxy is already
formed.

a realistic stellar mass and star formation rate, a BH is added in the center of the galaxy’. At
this point, we switch to the more accurate “hllc” approximate Riemann solver.

In order to see the effect of the change of hydro solvers mid-way through the simulation,
we investigate the evolution of the SFR for both solvers at late times in Fig 3.6. “hllc” (dash-
dotted green) is the simulation where we swap solver at t = 160 Myr, and is the one used
for the remainder of the work presented here, while “11f” (dashed black) continues to use the
same solver throughout for comparison. In the “hllc” case the SN outflows expand further
because of the less diffusive solver used. Higher diffusivity smoothes shocks, which prevents
them from propagating efficiently. In a less diffusive solver, such as “hllc”, the shocks are
maintained and SN bubbles continue to expand due to the pressure difference inside and
outside the bubble. As expected, this more efficient SN feedback somewhat decreases the
SFR. This effect is notable but does not significantly impact the long-term evolution of the
galaxy as the SFR is of the same order of magnitude in both cases. We therefore conclude
that transitioning from an “1If” to an “hllc” solver does not produce a strong discontinuity in
the evolution history of our galaxy. Changing solvers therefore allows us to have an isolated
galaxy that can meet the conditions for super-Eddington accretion, while still using the most
appropriate and accurate hydro solver for the part of the simulation concerned with BH
accretion and feedback.

3The center of the proto-bulge remains close to the gas’ center of mass and to the DM center of mass, centered
on the box, throughout the simulation.
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FIGURE 3.7: Evolution of the normalized accretion rate 11 = Macc/ Mgqq for the isolated 10 M,

halo, assuming that a Mgy = 10® M, were present. The BHL and floor accretion rates are shown in

blue and green respectively and the Eddington limit by the dotted line at 1. There is enough mass

available for accretion thanks to the high density present in the central region at the start, which
allows for both the BHL and floor accretion rates to be above the limit.

3.3.3 Adding the BH

The next step is to choose the properties of the BH to be inserted in the simulation. For
galaxies with stellar mass in the range 108 — 10! M., BH masses of 10* to 10" M, are pos-
sible, based on observations in the local Universe (Reines & Volonteri 2015). Since we need
to have a setup that allows for super-Eddington accretion, and the Eddington limit is pro-
portional to Mgy while the BHL accretion is proportional to M%H, more massive BHs are
favoured.

Before testing the effect of the self-consistent AGN feedback on the BH growth, we first
want to test whether the galaxy setup is favorable for BH growth, and if it can produce a
sustained super-Eddington accretion rate in the absence of its own feedback. Therefore, in
Fig. 3.7, we estimate the accretion properties for a potential Mgy = 10° M, BH at different
points of time during the evolution of our galaxy. This is done in post-processing, and,
hence, it does not include the feedback from the BH. At each point in time, we assume that
the BH is located at the center of mass of the galaxy, and has a velocity equal to the averaged
velocity of the gas around it (see Section 3.2.1). Having the same velocity as the gas cells
around the BH maximises the BHL accretion rate Mgy, (blue triangle). We compare this
value to the available mass My, within the accretion region of the BH (green filled circle)
and to the Eddington limit Mgqq (dotted line). We generally find an ample gas supply to
sustain BHL accretion, as Mgy, is generally below Mjfoor. The environment is also usually
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Name Mgy a Accretion AGN Feedback  fmaDp  Bjet Tjet Mthm  AXmax
(in Mp) above Eddington above Eddington (in pc)
EddLim 108 0.7 X X 0.5 32 0.16 0.015 12
sEdd (fid.) 100 0.7 v Kinetic+Thermal 0.5 32 0.16  0.015 12
sEddNF 106 0.7 v X X X X X 12
sEddThm 106 0.7 v Thermal 0.5 32 0.16  0.015 12
sEdd_0.05 10° 0.7 v Kinetic+Thermal  0.05 0.32 0.0016 0.015 12
sEdd_0.1 106 0.7 v Kinetic+Thermal 0.1  1.28 0.006 0.015 12
sEdd_0.25 106 0.7 v Kinetic+Thermal  0.25 8 0.04 0.015 12
HR 100 0.7 v Kinetic+Thermal 0.5 32 0.16 0.015 6
LR 100 0.7 v Kinetic+Thermal 0.5 32 0.16 0.015 25

TABLE 3.2: Properties of the suite of simulations performed, showing from left to right: BH mass
(Mgp); BH spin (a); if the super-Eddington regime is allowed; the form of feedback in the super-
Eddington regime; MADness fraction of the disc (fmap); mass-loading factor (Bjet); jet feedback effi-
ciency (7jet); thermal feedback efficiency (7ym); and smallest cell size (Axmax). All simulations start

with a 10° M, BH with a fixed spin set to a = 0.7.

favorable for super-Eddington accretion, as accretion rates on average exceed 10Mgqq. By
contrast, a similar analysis for a 10° M, BH (not shown) leads to accretion rates that are on
average below the Eddington limit (and 100 times below the blue triangles in Fig. 3.7), while
a significantly higher BH mass of around 10’ M, would lead to accretion being limited by
the local gas supply (Mgoor < Mppr, not shown).

We therefore choose to add a Mgy = 10° M, BH to our simulations and follow the same
prescription described previously regarding its initial position and velocity. The normalized
spin of the BH is fixed along the z-axis, parallel to that of the halo, and its value is set to
a = 0.7 (which gives the canonical radiative efficiency of €, = 0.1 for the standard thin
accretion disc). We chose to not evolve the spin magnitude and direction in these sets of sim-
ulations presented here to highlight only the effects of super-Eddington accretion. Studying
the impact of a fully self-consistent spin evolution of the BH as in Dubois et al. (2014b) is
discussed in Chapter 4.

3.4 Results

In this section, we analyse the consequences of super-Eddington accretion coupled with its
AGN feedback. We study the evolution of the SFR, the accretion history of the BH and
whether the feedback can have a long lasting effect on scales ranging from pc to kpc that
could impact BH growth and galaxy evolution. We explore the parameter space of the jet
efficiency and also perform a resolution study to understand how super-Eddington performs
at different levels of resolution. We gather all the simulations performed in Table 3.2.

3.4.1 Comparison between Eddington-limited and super-Eddington accretion

In order to understand the impact of the super-Eddington regime on BH growth and galaxy
evolution, we perform four simulations with different accretion and feedback regimes. The
first simulation allows the BH to accrete above the Eddington limit but does not include
any AGN feedback (‘sEddNF’). The purpose of this simulation is to establish an upper
limit to BH growth in our galaxy now in a numerically self-consistent way as opposed to
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FIGURE 3.8: Evolution of the SFR after 160 Myr for the simulations with accretion capped at the
Eddington limit ('EddLim” - dotted blue) and above the Eddington limit with (‘sEdd” - solid or-
ange) and without ('sEddThm’ - densely dash-dotted violet) kinetic feedback starting at 206.4 Myr
(orange/violet filled semi-circles). The SFR does not decrease below 10 M, yr—! after the BH was
added, even in the case of the super-Eddington feedback. The difference between the runs is small,
showing that AGN feedback does not majorly impact the SFR in this particular setup.

the previous post-processing approach (section 3.3.3). The second simulation is Eddington-
limited and releases AGN feedback according to its accretion rate (‘EddLim’). Our fiducial
simulation (‘sEdd’) uses the Eddington-limited accretion until ~ 206.4 Myr, and allows for
super-Eddington accretion and feedback processes from this point onwards. This allows
for a smooth transition from the galaxy without a BH to a BH with potentially very strong
feedback. If we added the BH with immediate super-Eddington feedback, the surge of ac-
cretion would produce extremely strong feedback that would sterilize the BH environment.
By enforcing a few cycles of Eddington-limited feedback, the gas and BH are able to stabilize
and the galaxy evolution remains more continuous. Finally, a simulation with thermal-only
super-Eddington feedback (i.e. without the jet contribution in the super-Eddington phase)
is shown (‘sEddThm’). It only differs from ‘sEdd’ by the injection of feedback in the super-
Eddington phases, which is thermal feedback released within 3Axpnax from the BH.

Super-Eddington AGN feedback does not impact the SFR

In Fig. 3.8, we show the evolution of the SFR after the BH has been added to the simulation,
for the ‘EddLim’, ‘sEddThm’ and ‘sEdd’ cases. In the ‘SEddThm’ simulation, we find that the
SFR evolution is identical to the ‘EddLim’ simulation. Overall, adding a BH to the simulation
does not strongly affect the SFR, despite the fact that the BH is able to deplete its immediate
surroundings efficiently.

Over the course of ~ 80 Myr, we find that AGN feedback, whether Eddington-limited or
not, does not significantly influence the average SFR of the galaxy as the inflow of cold gas
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FIGURE 3.9: Left to right: Edge-on projection maps of the ‘EddLim’, ‘sEdd’, ‘sEddThm’, ‘LR” and “HR’
simulations at t = 220Myr. Gas density and temperature are respectively shown in the first and
second row. SNe as well as super-Eddington kinetic feedback are visible on large scales.

from the cooling halo continues to drive star formation (SF). AGN feedback events are not
able to counter this.

In Fig. 3.9, we plot edge-on projections maps of the gas density and temperature of the
galaxy at t = 220Myr. By inspecting visually these simulations, it is clear that most of
the outflows correspond to SN explosions. The released SN power is ~ 2 x 10¥ ergM_'

times the SFR (varying from 10 to ~ 40Mg yr!), ie. ~ 108 ergs™!.

They impact large
scales because of the SNe occurring near the edges of the galactic disc. It is easier to warm
up the cold and rarefied gas found in the outer galactic regions than ejecting gas from the
galaxy center, which is very dense. The collapse of the halo is not halted despite the SN
explosions expanding away from the galaxy. We find that overall, the inflow rates are larger
than the outflow rates as the SN-driven outflows are hot and light and therefore do not carry
away a lot of mass (but see how cosmic rays accelerated in SNe can appreciably modify
the wind thermodynamics, e.g. Girichidis et al. 2018, Dashyan & Dubois 2020). The shallow
potential of the My, = 10! Mg halo allows the SN-driven winds to efficiently suppress
SF (e.g. Springel & Hernquist 2003, Dubois & Teyssier 2008, Scannapieco et al. 2008, Agertz
et al. 2013, Hopkins et al. 2014). Over time, they cool down and fall back onto the galaxy,
thus contributing to the inflows.

Besides SN feedback, a minor contribution to regulating SF comes from AGN feedback.
As can be seen from Fig. 3.9, in the ‘EddLim’ run, no outflows coming from the AGN are
visible at kpc-scales, as they are not powerful enough to disrupt the dense gas in the galac-
tic center. This is not only true at the snapshot shown here but throughout the ‘EddLim’
simulation. By contrast, the visible super-Eddington kinetic bipolar outflows in the ‘sEdd’
simulation are able to reach kpc extents, with much of the energy deposited far from the
galactic center. They do not affect star-forming regions directly (Dubois et al. 2013, Gabor
& Bournaud 2014) and therefore have a smaller impact on SF than SNe, as AGN jets are
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FIGURE 3.10: Evolution of the BH mass for the ‘EddLim’ (dotted blue), ‘sEdd’ (solid orange), ‘sEd-
dThm’ (densely dash-dotted violet) and ‘sEAdNF’ simulations (dash-dotted green). Both ‘sEdd” and
‘sEddThm’ simulations start at 206.4 Myr (colored filled semi-circles). In dashed red is also added
the expected evolution of a 10° M BH if it accreted constantly at the Eddington limit. It is clear that
super-Eddington accretion, coupled with feedback does not help the BH to grow. We note that with-
out jets (i.e. ‘SEddThm’ run), BHs with super-Eddington accretion are less affected by their feedback
and are able to grow above the limit for at least 60 Myr. In fact, the BH reaches a higher mass than the
one in ‘EddLim’ (see Section 3.4.2 for more details).

more spatially concentrated and do not spread out as far as SN bubbles. In the simulations
presented here, the jet is always roughly perpendicular to the galactic plane, meaning gas
outside of the polar region will not be affected by the AGN over the timescale studied here.
Over longer periods of time, the impact of AGN feedback will become more significant, as
the AGN jet bubbles will continue to expand. Despite the fact that the jets do not contain a
lot of mass, their energy is significant so they keep their regions of impact very hot because
of the continuous AGN outflows in the same direction. A complete discussion of the impact
of AGN feedback is given in Section 3.4.2.

In conclusion, there is little impact from the super-Eddington AGN feedback on SFR.
Narrow AGN outflows cannot counter inflowing gas and most of the effect on SFR is due to
SN feedback. The fact that there is no rapid quenching from AGN-driven outflows is also
caused by the short timescales studied here, which do not allow us to draw firm conclusions
about their long-term impact. Finally, the halo being in isolation, we cannot address the
effect of feedback on the circumgalactic medium and its ability to replenish the galaxy gas

supply.



Chapter 3. How the super-Eddington regime regulates black hole growth in h1'gh—redsh1'ft73
galaxies

Super-Eddington AGN feedback regulates BH growth

In Fig 3.10, we show the mass evolution of the BH for our different accretion regimes. In
the run with super-Eddington accretion but no feedback (‘sEddNF’ - dash-dotted green), as
expected, the BH grows rapidly in mass. This BH is able to gain more than 300 times its
initial mass within 100 Myr, accumulating more mass than a BH growing constantly at the
Eddington limit (dashed red). Due to its very fast growth, not enough mass is available
locally to accrete at the (super-Eddington) BHL rate, and the BH is limited to Mg,o,. The
average growth rate of this BH is almost ~ 5Mg, yr~!, which corresponds to the Eddington
limit of a 103 M., BH. When feedback from the AGN is included, the growth of the BH is
hampered. In both the ‘EddLim’ (dotted blue) and the fiducial ‘sEdd” (solid orange) cases,
we find a mass growth below Mggq. The ‘EddLim’ BH gains mass almost continuously at
the limit, despite AGN feedback, up until ~ 260 Myr when the growth slows down, while in
the ‘sEdd” simulation the BH self-regulates as soon as the super-Eddington regime is turned
on (at t = 206.4 Myr shown by the orange filled semi-circle). Overall, the BH grows more
quickly in the ‘EddLim” setup than in the ‘sEdd’ simulation, despite the fact that the BH is
theoretically allowed to accrete faster in ‘sEdd” than in “/EddLim’. The 'sEddThm’” simulation
is discussed in Section 3.4.2 below.

To better grasp what happens during the accretion phases in the simulations with AGN
feedback, we compare in Fig. 3.11 the fraction of time spent by the BHs above a given AGN
energy deposition rate E for both the ‘EddLim’ and ‘sEdd’ setups, using the same color code
as in Fig. 3.10. This fraction of time is computed from the time when the BH is injected for
the ‘EddLim’ simulation, or when the super-Eddington regime is turned on in the ‘sEdd” and
‘sEddThm’ simulations, up until the end of the simulations at t = 282 Myr. We have added
as a red patch the range of AGN feedback power for a BH (with an initial mass of 10° M)
constantly growing at the Eddington limit, i.e. with E = #ymLgaq, for ~ 80 Myr. It varies
between 10# — 10* ergs™! and provides an idea of how often the BH accretes close to the
limit.

As can be seen, the AGN luminosity for the ‘TEddLim’ case remains within a narrow band
around 10% — 10* ergs~!, close to the Eddington luminosity of the BH. Very few feedback
events occur at luminosities below 10%® ergs~!, with the lowest luminosity at 10*? ergs—!.
This means that the AGN feedback events are not strong enough to have a significant impact
on the surroundings of the BH, and self-regulation is only reached towards the end of the
simulation as shown in Fig. 3.10.

When allowing for super-Eddington feedback (‘sEdd’), some strong feedback events oc-
cur (E > 10* ergs—1). These powerful episodes have a wide range of luminosities, varying
from 10* to 10% erg s~1. As a result of these brief super-Eddington phases, the AGN spends
a significant fraction of the remaining time in a low luminosity state (103 < E/(ergs™!) <
10%). A small number of high luminosity events with strong feedback have overall a stronger
effect than a high number of intermediate luminosity events with weaker Eddington-limited
feedback. This shows that super-Eddington feedback more efficiently self-regulates BH growth
than sub-Eddington feedback.

To further investigate this phenomenon, we show in Fig. 3.12 the evolution of the AGN
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FIGURE 3.11: Fraction of time spent by the BHs above a given AGN energy injection rate E for the
‘EddLim” (dotted blue), ‘sEdd” (solid orange) and ‘sEddThm’ (densely dash-dotted violet) simula-
tions. A red patch Mggqq shows the AGN feedback range (~ 10 — 10* ergs~') of a BH between
Mgy = 10° — 10" Mg, at the Eddington limit. The “EddLim’ simulation has a BH constantly accret-
ing at the limit, thanks to the ineffectiveness of the feedback. The ‘sEdd’ case has stronger feedback
events but this results in many low luminosities feedback episodes. This regime therefore reduces
the overall required AGN feedback to self-regulate the BH growth. The ‘sEddThm’ simulation is dis-
cussed in Section 3.4.2.
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FIGURE 3.12: Evolution of the AGN Eddington fraction fgqq for the ‘EddLim’ (dotted blue) and the

‘sEdd’ (solid orange) simulations over 8 Myr. Powerful and instantaneous super-Eddington episodes

lead to sharp drops in fgqq, reducing the AGN feedback energy injected overall. Solid and dashed

horizontal lines indicate fpgq = 1 and 0.01 respectively, that mark the separations between the differ-
ent modes of accretion: super-Eddington, quasar, and radio modes (from high to low rates).
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Eddington ratio during a short period of 8 Myr, representing a succession of typical super-
Eddington episodes. We also added the ‘EddLim’ run for comparison. In the Eddington-
limited run, although the released power keeps increasing steadily as the BH grows, the
BH emits almost constantly at the Eddington luminosity, since feedback does not produce
a strong effect on the BH environment. In the ‘sEdd’ case the Eddington ratio fluctuates
rapidly, by up to five orders of magnitude. Every single super-Eddington event is followed
by a sharp and instantaneous drop down to very low luminosities. At our resolution and
with our set up, the slow rises and sharp drops visible in the zoomed inset are character-
istic of the bursts of super-Eddington activity. Studies in RHD with more idealized set-ups
but that resolve rpp. and the associated timescales (e.g. Park & Ricotti 2011, Park et al. 2020)
instead find sharp rises and slow drops, when the Stromgren radius is resolved. Takeo et
al. 2020 find a similar oscillatory behaviour when momentum and radiation are injected
in an axisymmetric two-dimensional simulation. In our simulations the unresolved rgr,
and sound-crossing time at this scale, as well as the direct deposition of feedback energy
lead to our inability to resolve a possible similar oscillatory behaviour. We cannot there-
fore assess if slow rises and sharp drops in the accretion rate occur also in conditions char-
acterized by a turbulent and non-smooth gas distribution in three dimensions and in the
presence of relativistic jets. Nevertheless, this confirms that the balance between the high
power in the short-lived super-Eddington episodes and the lower power in the longer-lived
sub-Eddington phases is such that globally this type of AGN feedback is more effective at
curbing BH accretion even with overall smaller energy injection.

We also notice that the succession of these super-Eddington episodes is short, with the
intervals between them varying from 1Myr down to 20kyr. The spread in these values
reflects in part the complex and multiphase structure of the interstellar medium in the galaxy,
and in part the strength of the AGN feedback itself: the more powerful the super-Eddington
event, the longer the time before the next super-Eddington episode. Furthermore, during a
super-Eddington phase of a few 0.1 Myr (as shown in the inset), there are multiple bursts of
super-Eddington accretion interleaved by ~ 10 kyr that are growing in strength until the last
super-Eddington event is strong enough to quench accretion for a few 0.1 Myr. The multiple
successive bursts occur when feedback is unable to evacuate the accretion region (a sphere
of radius of 4Ax with weight given by Eq. 3.3). In this case the periodicity is shorter than
the free-fall time at the level of one resolution element, therefore it is arguably caused by gas
mixing within the accretion region. After a powerful episode where the full accretion radius
is evacuated, the time to the next super-Eddington episode is of the order of the free-fall time
from the edge of the evacuated region, which has an extent of several tens to hundreds of
parsecs.

In conclusion, we find that the super-Eddington AGN feedback in this idealised setup
does not allow the BH to grow efficiently, because each episode of super-Eddington accretion
is followed by a period of very sub-Eddington accretion. This is a consequence not only of
the amount of energy injected, but also of the form of injection, as we will demonstrate in
Section 3.4.2.
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FIGURE 3.13: Comparison between the energy deposition rate E from the ‘sEdd’ (solid orange) and

‘sEddThm’ (densely dash-dotted violet) simulations, over a succession of typical super-Eddington

episodes. The events deposit the same amount of energy, though in different ways, but the ‘sEddThm’

case seems to be more frequently in a super-Eddington regime. In addition, the drops post super-
Eddington events do not fall to luminosities below 10 ergs~!.

3.4.2 Importance of the kinetic AGN feedback in the super-Eddington regime:
impact from pc- to kpc-scales

Thermal/Kinetic AGN feedback: impact on the BH growth

Observationally, super-Eddington AGN feedback does not always produce a strong kinetic
bipolar radio-like outflow, as for instance shown by the super-Eddington but radio-quiet
AGN sample presented in Du et al. (2014). The lack of jet in such objects can be caused
by zero or very low spins, or by unfavourable magnetic field configurations (e.g. Beckwith
et al. 2008, McKinney et al. 2012). To explore how thermal-only super-Eddington feedback
impacts BH growth, we analyse the ‘sEddThm’ run in comparison with our fiducial ‘sEdd’
run. ‘sEdd’ in fact has a kinetic feedback approximately 20 times more powerful than the
thermal injection of energy because of the different feedback efficiencies (see Section 3.2.2
and Table 3.2).

Starting at the same time for both simulations, the BH producing only thermal feed-
back (‘sEddThm’ - densely dash-dotted violet) grows much faster than our fiducial run
('sEdd’ - solid orange), as shown in Fig. 3.10. In the ‘sEddThm’ run, the mass of the BH
immediately increases above the Eddington limit and is able to triple its mass from the first
super-Eddington phase, since the inflow of cold gas is not counteracted as effectively as in
the presence of kinetic feedback. We also find that thanks to this initial super-Eddington
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FIGURE 3.14: Fractional values of the total mass gained (left) and fraction of time spent (right) by the

BH in the ‘sEdd’ (filled orange) and ‘sEddThm’ (hashed violet) runs in fgqq bins, mirroring the three

accretion/feedback regimes. Despite not spending much time in the super-Eddington regime, this

mode (fgqq > 1) still contributes significantly to increasing the mass of the BH, and dominates the
mass growth in the ‘sEddThm’ case.

mass growth, the BH is ~ 15per cent more massive than the one in the ‘EddLim’ run af-
ter ~ 80 Myr of growth. However, BH mass growth in ‘sEddThm’ is not able to keep pace
with the theoretical growth at the Eddington limit, whose mass gain exceeds that in ‘sEd-
dThm’ after ~ 60 Myr. The limiting factor that reduces the accretion rate is not the amount
of available gas but its temperature.

As discussed in Section 3.4.1, in the ‘EddLim’ simulation, the BH is for the most part in
quasar mode, which also has purely thermal energy injection, and the impact of feedback
in ‘EddLim’” is very limited over long timescales. In ‘sEddThm’ the impact of feedback is
stronger because the injected peak power is greater due to larger reached accretion rates in

0¥ ergs~! during the super-

the super-Eddington regime. The feedback power reaches ~ 1
Eddington phases, as shown in Fig. 3.13, over an order of magnitude above the peak lumi-
nosities in ‘'EddLim” and of the same order of magnitude as ‘sEdd’.

There are however noticeable differences between the duty cycles of the ‘sEdd” and ‘sEd-
dThm’ runs, such as in the frequency at which super-Eddington episodes occur. Intervals
between two episodes of the 'sEddThm’ run average 40kyr, sometimes with consecutive
super-Eddington phases. This is much more frequent than in the fiducial setup, indicating
a lower impact of feedback on the environment. Combining these results with Fig. 3.11, we

find that the 'sSEddThm” AGN feedback appears less destructive than the jetted case. This can
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been seen by the fact that the ‘sEddThm’ simulation shows more instances of high luminosi-
ties (E > 10* ergs—!) and a higher minimum luminosity (E = 10*' ergs™!). As a result, with
only thermal feedback, the AGN is both more likely to be in a super-Eddington state and has
a higher luminosity on average, even discounting the super-Eddington events. These events
nevertheless, are less effective in impacting their environment compared to the ‘sEdd” case.
As a result, the BH in the ‘sEddThm’ run grows more efficiently above the Eddington limit.

To emphasize this change in how many super-Eddington events occur during the simu-
lation, we show in Fig. 3.14 the total mass gained by the BH for the ‘sEdd” and ‘sEddThm’
simulations after the super-Eddington regime is turned on, as well as the fraction of time that
the BH spends in each feedback mode (radio, quasar and super-Eddington). We find that in
both simulations, the strongly sub-Eddington regime (radio mode) does not contribute sig-
nificantly to the mass growth of the BH (< 0.4 per cent), despite the BH spending a significant
amount of time in this mode, as shown in the right panel.

In the ‘sEdd’ run, the BH gains more than 80 per cent of its mass when close to the Ed-
dington luminosity (in quasar mode) and spends almost 70 per cent of its time in this regime.
Only ~ 15 per cent of the total mass is accreted in episodes above the Eddington limit as the
BH spends less than 1 per cent of its time in this regime.

In the ‘sEddThm’ run, the behaviour is different. The BH accretes much less of its total
mass in the quasar mode, as it also spends less time in this regime with a fraction of time
spent 2 30 per cent. Most of the mass is gained in the super-Eddington regime, whilst the
time that the BH spends in this mode increases by a factor 10 in comparison to the ‘sEdd’
run: the BH is able to grow above the limit for a long period of time because of the weaker
teedback. This factor of 10 comes from the combination of BH spending more time in the
super-Eddington regime and breaking the limit more frequently.

In summary, if super-Eddington accretion is not accompanied by powerful jets, then the
BH can grow up to significantly higher masses before reaching self-regulation. The BH in
run ‘sEddThm’ is able to reach a higher mass than the one in ‘EddLim’, but eventually drops
below the theoretical curve assuming constant accretion at the Eddington rate. Despite not
spending more than 10 per cent of its time above the limit, the BH is able to accrete most of its
mass above the Eddington limit. This is because thermal feedback is weaker and cannot push
gas efficiently and create outflows like the kinetic feedback does in the ‘sEdd” run, which we
will discuss further in the following sections.

Impact of the AGN feedback on the BH environs

To understand how the gas behaves around the BH and how it is impacted by the repeated
super-Eddington episodes, in this section we investigate the gas properties at tens of pc-
scales for both ‘sEdd’ and ‘sEddThm’ simulations. The AGN feedback, whether kinetic or
thermal, impacts the temperature of the gas surrounding the BH, with higher energy pro-
ducing higher temperatures. Outflows are also to be expected to affect the gas density, so we
show in Fig. 3.15 the evolution of both the gas average density ¢ and temperature T around
the BH, in a 4Axmax = 48 pc radius, between 204 and 212 Myr.

Before t = 206.4Myr (orange/violet filled semi-circles), the BH accretion is
Eddington-limited. As discussed in Section 3.4.1, the AGN feedback released in this regime
does not impact the gas in the injection region, as the gas there remains very dense (almost
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FIGURE 3.15: Evolution of the average temperature (top) and density (bottom) around the BH in
the accretion region for the ‘sEdd’ (solid orange) and ‘sEddThm’ (densely dash-dotted violet) sim-
ulations. The red triangles/squares correspond to the snapshots shown in Fig. 3.16 for the ‘sEdd’
and ‘sEddThm’ simulations respectively. As soon as strong super-Eddington events occur, a peak in
temperature and a drop in gas density are observed. When kinetic feedback is involved, outflows are
created by the momentum carried by the jet. But thanks to the rapid gas infall and refilling of the
accretion region, the BH is able to go back in a super-Eddington phase within <1 Myr.
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FIGURE 3.16: 0.5 x 0.5 x 0.5kpc edge-on slice maps centered on the BH (red cross) of the ‘sEdd’

(top) and ‘sEddThm’ (bottom) simulations. Each panel is split in half, with gas temperature (left) and

density (right). The thermal-only super-Eddington feedback creates a “bubble” unable to push any

gas to larger scale, in opposition to the kinetic feedback, strong enough to escape the vicinity of the
BH.

10 Hcem3) and cold (~ 102K). Looking at the temperature evolution, as soon as the BH
is allowed to accrete above the Eddington limit, an instantaneous increase of > 6 orders of
magnitude in temperature (from ~ 10?K to 10® — 10° K) is visible in both simulations. This
sudden rise in temperature drastically shrinks gy and is the main reason for the sharp
drop* in accretion rate (see Fig. 3.12), as Mppy, o< T~ 1°.

The density also varies in both simulations, but in a different way. In the fiducial ‘sEdd’
run, a decrease of 2 orders of magnitude in density indicates the presence of a strong out-
flow. The immediate increase in accretion rate suddenly drains the cells near the BH, while
shortly thereafter the density drops due to the release of the powerful feedback in the super-
Eddington phase. The sudden drop in density caused by this first super-Eddington outflow
is clearly visible at t = 206.8 Myr the gas density map, shown in Fig. 3.16. The delayed de-
crease in density in comparison to the sudden change in temperature is caused by the shock
propagation, as it takes more time for the outflow to propagate and escape the region.

At ~ 208 Myr in the ‘sEdd’ run, after the initial super-Eddington outflow, the density of
the medium rises again to ~ 10> Hcm 3 and the temperature of the gas slowly decreases.
This can indicate very rapid cooling or an inflow of new, colder gas onto the BH, or a com-
bination of both. The dominant factor appears to be inflow of new gas, as to cool down gas
at these densities/temperatures would require at least 0.1 — 1 Myr (assuming the maximum

4The erratic changes in temperature are not linked to the weighted kernel used by the accretion routines, as
we checked by using a fixed kernel set to 2Axmax at all times. The behaviour of this test case was similar.
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density of 10> Hem™3), which is much longer than the timescales over which changes in
temperature are seen here. This inflow comes from galactic gas that has not been impacted
by feedback from the BH: since the BH spin is fixed along the z-axis, the jet direction does
not change and gas in the equatorial direction can reach the galaxy center. The constant in-
flows therefore provide more material for subsequent super-Eddington episodes, as visible
att = 209.8 and t = 210.8 Myr. Furthermore, as cold and dense gas slowly reaches the BH ac-
cretion region, it triggers a succession of super-Eddington episodes (see the inset in Fig. 3.12)
with feedback energies unable to eject gas outside of the accretion region. Mixing with in-
falling gas, the super-Eddington episodes grow in strength and are able to push gas outside
of this region in the equatorial direction, up to a distance determined by how powerful the
last super-Eddington event is (e.g. Costa et al. 2014). The results of this setup are therefore
in between those derived by Regan et al. (2019) and Takeo et al. (2020): in these idealized
conditions, where the galaxy presents a well-defined disc and the jet is launched perpendic-
ularly to the disc the jet’s feedback affects accretion, but inflows from the equatorial plane
replenish the gas reservoir.

Looking closely at the ‘sEdd’ run in Fig. 3.16, we see a positive effect from the super-
Eddington AGN feedback on the gas density during the bursts at t = 206.8 and t = 210.8 Myr.
Density is significantly larger (10? — 10° cm ) in the ISM at the interface with the AGN out-
flow, which may induce a short increase in SF (Gaibler et al. 2012, Bieri et al. 2016).

On the other hand, in the ‘sEddThm’ simulation, despite having a BH able to accrete
above the limit which reduces the density around the BH by a factor 3, the produced feed-
back does not provides enough momentum to the gas to create an outflow fast enough to
propagate beyond the vicinity of the BH. The feedback episodes create small local “bub-
bles” (visible as small pockets of a few tens of pc radius, in each panel of Fig. 3.16 for the
‘sEddThm’ simulation) of hot gas (which reaches up to 108 K), unable to escape the dense
medium around it. They quickly vanish, as cold gas swirls in to feed the BH. This situation
is a more powerful re-scaled version of the processes discussed for the “EddLim’ case.

Overall, in both simulations, the infall of cold and dense gas is able to quickly replenish
the surroundings of the BH, whether gas was pushed outside of the galaxy due to super-
Eddington kinetic feedback events, or simply a local small bubble of gas was heated by the
thermal feedback. When more low temperature gas is available, the next super-Eddington
episode ensues, resulting in a sequence of super-Eddington and highly sub-Eddington events.
A parallel can be drawn between the difference in total mass gained (left panel of Fig. 3.14)
and the density variations: in the fiducial ‘sEdd’ run, density drops significantly after each
super-Eddington event, because gas is displaced by the outflows driven by injected momen-
tum injected; whereas in the ‘sEddThm’ simulation, gas does not participate in a large-scale
outflow and remains confined in the central region. In this case, the density does not vary as
significantly, leading to higher accretion rates and more frequent super-Eddington episodes.

Impact of AGN feedback on galactic scales

Despite the similar injected power, thermal feedback is less effective at disrupting the regions
further away from the BH. To explore this, we set up a cylinder of height = 8 kpc and radius
= 1kpc centered on the BH and perpendicular to the galactic plane. Since the visible AGN
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FIGURE 3.17: Evolution of the average z-velocity v, above and below the galaxy to follow the gas

outflows (dashed) and inflows (solid) for both simulations at t = 208.9 Myr. A “reference” curve

(black) is drawn to represent the state of the gas before the first super-Eddington episode, i.e. at

t = 206.4Myr. Kinetic jets are clearly visible as they impact gas that is far away from the galactic

disc, heating it up on their way out. On the other hand, thermal feedback does not have enough
momentum to have said impact.

outflows (Fig 3.9, ‘sEdd’ run) are aligned with the z-axis of the box, we analysed the mass-
weighted velocity in this direction at different heights of the cylinder, both for the inflowing
(solid) and outflowing (dashed) gas in Fig. 3.17. The region above/below the galaxy plane
is in the positive/negative direction of the z-axis respectively. For each inflow /outflow, we
include a “reference” case corresponding to gas before the super-Eddington episodes (mea-
sured at t = 206.4 Myr). After 2.5 Myr, both simulations have undergone at least one super-
Eddington episode, and we show the gas velocity evolution with colored curves.

The diagram can be split into three parts. The central 3-0.1 kpc of the galaxy where the
BH lies corresponds to the region where feedback is injected, and has been discussed in
Section 3.4.2. The SN feedback is not visible in this region, as the gas is very dense and
the explosions are stifled. The gas remains cold, and only super-Eddington AGN feedback
events can heat up this small region. The z-velocity of the gas in the accretion region is almost
negligible, since the infalling gas coming from both above and below the disc meets in the
equatorial plane.

Further away, between £1.5 kpc, the gas is mostly impacted by the SN explosions on the



Chapter 3. How the super-Eddington regime regulates black hole growth in h1'gh—redsh1'ﬂ£3 1
galaxies

edges of the disc which heat up and disrupt the colder gas surrounding the galaxy. Tem-
peratures are higher than in the central region, as SN feedback propagates more easily in
this lower density gas. The outflowing gas z-velocity is on average lower than the inflows
as SN feedback meets with colder, infalling halo gas, which slows down the outflow and
prompts them to fall back onto the galaxy. In addition, since SNe represent the dominant
form of feedback in this region, we do not find significant differences regarding the outflows
between the simulations. We also find that the inflowing gas z-velocity tends to increase in
all simulations, from £0.1 to £1.5kpc. There are less outflows affecting gas further away
from the galaxy, and since the halo continues to collapse, the infalling z-velocity increases.

Finally, at scale heights above 1.5kpc, we have a region where gas collapses from the
halo. The inflowing gas is mostly unperturbed by feedback events, as this region has no star
formation, and no SN feedback is able to reach such distances. The ‘sEddThm’ run shows
no traces of outflows at > kpc-scales (see also Fig. 3.9, 'sSEddThm’ run), despite having many
more super-Eddington accretion episodes, as discussed in Section 3.4.2. The only feedback
events that are able to propagate this far in such a short period of time (2.5Myr), are the
super-Eddington driven bipolar kinetic outflows from the ‘sEdd’ simulation.

The initial ‘sEdd” super-Eddington episode produces an outflow powerful enough to en-
train dense gas from the galaxy. It has an initial velocity close to 0.1 c but encounters dense
gas when it pierces through the galaxy. This creates shocks and slows the jet down con-
siderably, to a few 10> — 103 kms™!. Because of the different gas structures encountered on
the way, the AGN outflow above and below the galaxy is not symmetric. The jet below
the galaxy (negative scale heights) struggles to find its way through the dense gas. After
2.5Myr, it reaches ~ 1.5kpc and almost stops, with v, ~ 200 km s L It spreads out radially
and mixes with the SN explosions. On the other hand, if a jet can push through this dense
layer, it carves out a low-density region and creates a path for future outflows, which is what
the initial outflow ejected above the galaxy does. It travels up to 4 kpc within 2.5 Myr, while
keeping a steady velocity close to 103 kms~! as it stays collimated.

In the inset, where the sound speed c; is plotted, we find that the kinetic outflow is able
to heat up the region through which it passes. In comparison to the “reference”, pre-super-
Eddington, and ‘sEddThm’ curves, which are very similar and have ¢; < 50 km s 1 every-
where, the regions in 'sEdd” which were in contact with the jet have all heated up to high
temperatures. Because of long cooling times, the gas in these regions does not have the
chance to cool down, and subsequent super-Eddington outflows will prevent any long-term
cooling. We also find that despite slowing down and spreading out, the kinetic outflow be-
low the galaxy still efficiently heated up its surroundings to much higher temperatures than
SN feedback alone.

Finally, we compare the galactic scale inflows for both simulations and find that they
are not greatly affected by the super-Eddington kinetic feedback. More specifically, the
timescales shown here are too short to see this effect. However, as time goes on, the jets
start expanding outwards, and shutting down the gas inflows from the collapse. This hap-
pens, for the ‘sEdd’ simulation, ~ 15Myr after the first super-Eddington jet. We do not see
any impact on inflows throughout the entirety of the ‘sEddThm’ simulation.

In summary, galactic scales outflows are only visible if there are super-Eddington jets that
are able to punch through the galactic disc. The momentum given by the super-Eddington
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FIGURE 3.18: Left: Evolution of the BH mass for the ‘sEdd_0.05" (red square), ‘sEdd_0.1" (green trian-
gles) and “sEdd_0.25" (blue circle) from the moment super-Eddington was allowed (t = 206.4 Myr).
For comparison are added ‘sEdd’ (solid orange) and ‘sEddThm’ (densely dash-dotted violet) as well
as the Eddington limit Mggq (dashed red). Right: Fraction of time spent in the super-Eddington

regime for the same simulations (same colors). Weaker super-Eddington kinetic feedback affects pos-
itively the BH growth and increases the fraction of time spent in the super-Eddington regime.

kinetic feedback is enough to push gas to kpc-scales within short periods of time, whilst
staying fast (~ 10> km s~!) and collimated, as long as the gas met on the way is not too dense.
AGN outflows heat up the gas to very high temperatures, but because of the collimated
nature of the jets, it has little impact on the gas inflows.

3.4.3 Varying the AGN feedback efficiency

Our simulations showed that super-Eddington jets are very destructive, and efficiently pre-
vent BH growth, but that the BH is able to grow above the Eddington limit, for a long periods
of time, when emitting only thermal feedback. Recently, Yao et al. (2021) detected a pc-scale
jet from a super-Eddington source, hinting at the fact that super-Eddington jets are not al-
ways powerful. We explore this by changing the MADness factor fyap for the jet efficiency
Nliet- We run three other simulations, namely ‘sEdd_0.25", ‘sEdd_0.1" and ‘sEdd_0.05" with
fmap = 0.25,0.1 and 0.05 respectively (with corresponding jet efficiencies et of 0.04, 0.006,
and 0.0016). The efficiency of the thermal feedback is not changed. As shown in Table 3.2,
with these choices of fyiap, we are able to investigate a range of jet properties, from weak to
strong ones. For this study we compare these simulations to ‘sEdd” and ‘sEddThm’, which
are the extremes (very strong and non-existent jet respectively) of the other three cases pre-
sented here. We recall here that our fiducial run ‘sEdd” has 7.t = 0.16.

The BH mass evolution is shown in the left panel of Fig. 3.18. We find that generally with



z [kpc]

301

20 1

101

-101

-20 1

-301

Chapter 3. How the super-Eddington regime regulates black hole growth in h1'gh—redsh1'ﬁ;3 6
galaxies

t=273.6 Myr t=273.3Myr

3

30 20 -10 0 10 20 30 -30 -20 -10 O 10 20 30 -30 -20 -10 O 10 20 30

X [kpc] x [kpc] X [kpc]

FIGURE 3.19: Left to right: Edge-on view at 274 Myr of the jet passive scalar for the ‘LR’, ‘sEdd” and
‘HR’ runs. The jets extent tends to increase with resolution and has reached numerical convergence
for spatial resolutions of order Axmax =12 pc (i.e. 'sEdd’).

weaker super-Eddington jets, the BH grows more efficiently. However, long-term super-
Eddington mass growth is not supported even with weak jets. “sEdd_0.25" (blue circles) and
‘sEdd_0.1" (green triangles) both have BHs growing below the Eddington limit (red dashed),
with their jets powerful enough to regulate their growth (Regan et al. 2019). On the other
hand, ‘sEdd_0.05" (red squares) has a BH growing above the limit for a long period of time,
due to the much weaker jets produced. This growth is a consequence of the gas in the ac-
cretion region which is not depleted by the outflows as effectively when little momentum
is injected by the kinetic feedback. The ‘sEdd_0.05" BH grows somewhat more than the BH
in the ‘sEddThm’ simulation because of slightly denser gas in the equatorial direction and
less dense gas in the polar one, likely caused by the anisotropic jets. The super-Eddington
episodes still create strong changes in the gas temperature, but the effect is lessened when
the jet efficiency 7jet (or the MADness fyap of the disc) is lower. For instance, ‘sEdd” has
temperature peaks at 3 x 10° K whilst the jets in “sEdd_0.05" only increase the temperature
up to 108 K. This allows for more gas to be accreted and positively impacts BH growth.

In addition to the growth, we find that the fraction of time spent in the super-Eddington
regime increases with decreasing disc MADness. As seen in the right panel of Fig. 3.18, the
BH can spend up to 18 per cent of its time in the super-Eddington regime for the ‘sEdd_0.05"
run, and converges down to a few per cent with the ‘sEdd_0.25" simulation. This further
confirms that stronger jets decrease the frequency of super-Eddington episodes.

Galactic scale outflows are only found for ‘sEdd_0.25", ‘sEdd_0.1" and ‘sEdd’, which all
have BHs growing on average below the Eddington limit. These large scale outflows are
less frequent with the weaker jet feedback, as jets for lower MADness are lighter (in our
algorithm) and therefore less able to punch through the dense galactic gas. We also find that
weaker jets do not eject gas as far away as the more powerful ones, and tend not to stay
collimated for long periods of time.

In conclusion, we show that the super-Eddington kinetic feedback, if weak, can allow
for BHs to grow at a rate close to or slightly above the Eddington limit over long periods of
time. Weak super-Eddington jets can be achieved by a combination of low spin 4 and low
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FIGURE 3.20: Evolution of the BH mass for the ‘LR’ (solid blue), ‘sEdd’ (solid orange) and ‘HR’ (solid
green) simulations. Self-regulation is reached in the three cases in very similar fashion.

MADness factor fpap, and in this study we focus on changing the disc MADness only. We do
not see any evidence for strongly super-Eddington accretion, only mildly super-Eddington
mass evolution for very low fyap. Finally, weaker jets produce less frequently galactic scale
outflows. They often mix with their surroundings and do not stay collimated for very long.

3.4.4 Effect of the resolution

In addition to the previous analysis, we perform a series of resolution studies on the same
halo, with high ("HR’) and low (‘LR’) resolutions, respectively Axmax = 6 & 25 pc (see Ta-
ble 3.2 for more details). To make sure that the study is solely focused on resolution, we use
the initial conditions detailed in Table 3.1, at 140 Myr. We then switch the resolution, either
increasing or decreasing it by a refinement level, let the galaxy reach an equilibrium state for
~ 20Myr and then add a BH of 10° M.,. This change can be visually seen in Fig. 3.9, with
the galactic disc being thinner the higher the resolution, as well as SN-driven winds expand-
ing farther out. After an Eddington-limited growth, we allow for super-Eddington accretion
at around 200 Myr. For the ‘LR’ run, super-Eddington is allowed at t = 199.8 Myr, a few
Myr earlier than the ‘HR’ (t = 206.1 Myr) and the ‘sEdd’ (t = 206.4 Myr) simulations. Those
different starting times of the super-Eddington regime are chosen so that the accretion rates
around the BH are similar (between 20 — 50Mgq4), making the comparison possible.

We follow an analysis similar to Sections 3.4.1 and 3.4.2 and find very little differences be-
tween the three simulations. When increasing the resolution, we find that super-Eddington
jets extended further and stay collimated for a longer period of time. Within ~ 280 Myr, the
jets reached 8kpc in the ‘LR’ simulation, while converging to ~ 30kpc for the ‘sEdd” and
‘HR’, as shown in Fig. 3.19. In fact, the smaller the area A of the jet at injection, the larger
the final extent of the jet, as its velocity vje A1, Within the studied timeframe, the BH is
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self-regulated due to the super-Eddington kinetic outflows. As can be seen in Fig. 3.20, the
three BHs reach a similar mass, ~ 3 x 10° Mg . We note that after 230 Myr, the ‘HR” BH sees
a sharper mass increase than the other two BHs. This is caused by the central region of the
galaxy, which is denser (9 ~ 10°cm~3) by 1 dex than the other runs, and allows for larger
mass growth. Increasing the resolution favors the creation of dense clumps inside the galaxy,
which swirl in towards the BH and drive faster mass growth. However, they are insufficient
to sustain average mass growth even close to the Eddington limit, as the BH reaches a mass
of 3.2 x 10° My, in 70 Myr, only 10 per cent more massive than the fiducial ‘sEdd” BH.

Besides these small differences, the BH produces feedback of similar luminosity and the
fraction of time spent in the super-Eddington regime is less than 1 per cent in all three runs.
We conclude that the behavior the BH growth with respect to the super-Eddington regime is
robust against a change of resolution within the range of scales tested here, of the order of
those reached in the latest high resolution cosmological simulations (e.g. Dubois et al. 2021).
Since this isolated setup is not conducive to study spatial resolutions 0.1-1kpc, we cannot
assess whether the effect of super-Eddington AGN feedback is correctly captured at low
resolution or, e.g., a boost factor would be needed (Booth & Schaye 2009, DeGraf et al. 2017,
Chabanier et al. 2020). We postpone such investigation to future work using cosmological
simulations.

3.5 Conclusions

In this Chapter, we examine the impact of including the super-Eddington regime on BH
growth and on the gas properties from 10 pc to several kpc-scales, in an isolated galaxy at
z = 4. A BH with initial mass Mgy = 10° M, is placed in the center of a M, ~ 10° M, galaxy
where cold and dense gas can trigger super-Eddington episodes. To study this regime, a
modification of the Ramses algorithm was made, to remove the cap at the Eddington limit
and implement both types of feedback (kinetic and thermal) that are believed to characterise
super-Eddington sources (Section 3.2). Our main findings are as follows.

* The impact of super-Eddington AGN feedback on SF is minimal due to the narrow
outflows launched by the BH. (Section 3.4.1)

¢ With super-Eddington AGN feedback the BH reaches self-regulation within a few Myr
(depending on the type of AGN feedback), even in an environment favorable for super-
Eddington accretion. Sharp and instantaneous drops down to sub-Eddington regimes
occur after each super-Eddington event that peak at around 2-3 times the Eddington
limit. (Section 3.4.1)

¢ The formation of super-Eddington jets reduces the amount of time spent in the super-
Eddington regime (< 1per cent in ‘sEdd’, compared to ~ 10per cent in ‘sSEddThm’
without jets) and shortens the time before self-regulation is reached. The more often
a BH is in the super-Eddington regime, the more mass is accumulated in this regime
(up to ~ 70 per cent without jets in ‘sEddThm’). Including jets in the super-Eddington
regime is therefore necessary to capture its properties and effects. (Section 3.4.2)
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* On small scales (10 — 100 pc), super-Eddington AGN feedback heats up the gas to
1089 K instantaneously. The powerful jets eject most of the gas outside of the galaxy,
reducing the gas density around the BH significantly; whilst the weak thermal feed-
back creates a hot “bubble” without sufficient momentum to launch gas further than
the BH accretion region. Gas gets replenished by infalls within a few kyr, allowing for
another super-Eddington episode to be triggered. (Section 3.4.2)

* On larger scales (~ kpc), super-Eddington jets do not significantly impact gas inflows.
As long as the interstellar medium is not too dense, if the galaxy disc and the jets are
orthogonal, the outflows escape the galaxy with a steady ~ 10° km s~!, stay collimated
and create a path for subsequent super-Eddington jets. (Section 3.4.2)

¢ Lower super-Eddington jet efficiencies, occurring if the BH spin is low or if the MAD-
ness state (magnetic saturation) of the accretion disc is weak, allow for more frequent
super-Eddington events and for more significant BH growth, since accretion is not sup-
pressed as often or as strongly as for powerful jets. (Section 3.4.3)

¢ Even with the lowest jet feedback efficiencies, there is no evidence of strong super-
Eddington growth: BHs can only grow slightly above a BH that would continuously
accrete at Eddington (~ 15 per cent more in BH mass). (Sections 3.4.2 and 3.4.3)

This Chapter is a first step at studying the impact on BH growth by the super-Eddington
regime of AGN feedback, within a realistic galaxy environment. Our findings suggest that
the right combination of BH spin and super-Eddington AGN feedback strength may lead to a
window of opportunity for mildly super-Eddington mass evolution. The BH spin evolution
is therefore the natural follow-up to these findings, as is developed in Chapter 4.
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Chapter 4

How the super-Eddington regime
affects black hole spin evolution in
high-redshift galaxies

With the findings from Chapter 3, we explore one of the parameters that was set to a fixed
value in all simulations explored so far: the BH spin. We use the same suite of initial con-
ditions as described in Chapter 3, however we extend the BH spin model from Dubois et al.
2021 in Ramses to the super-Eddington regime. In order to follow the evolution of the spin
parameter a of a BH undergoing super-Eddington phases throughout its growth, we com-
bine super-Eddington accretion with sub-Eddington phases (quasar and radio modes). We
explore the different phases of spin evolution when super-Eddington accretion is involved,
as well as its impact on BH growth. We finally attempt to describe analytically the evolu-
tion in order to calculate the final value of a after a given mass is accreted. This Chapter
corresponds to the submitted paper Massonneau et al. (2022a).

41 Introduction

Quasars are believed to be powered by SMBHs lying in the centers of galaxies, accreting
gas and releasing their feedback in the form of powerful outflows. Astrophysical BHs are
entirely characterised by two properties, their mass and angular momentum, as they are
thought to have zero charge (Blandford & Znajek 1977). A spinning BH of mass Mgy has
an angular momentum Jgy which is usually defined by its dimensionless spin parameter
a = Jpuc/ (GMgn) with ¢ the speed of light and G the gravitational constant, and is described
by the Kerr metric (Kerr 1963). BH spins evolve due to gas accretion or coalescence by BHs,
which relative importance vary with mass scale (Volonteri et al. 2005, Volonteri et al. 2013,
Berti & Volonteri 2008, Fanidakis et al. 2011, Barausse 2012, Dubois et al. 2014b, Sesana et
al. 2014, Bustamante & Springel 2019) The spin of BHs change how the feedback from the
AGN proceeds and, hence, its impact on galaxy properties, as it controls the efficiency of
AGN feedback, and the direction of jets in AGN (Dubois et al. 2014a, Beckmann et al. 2019,
Beckmann et al. 2022a, Cenci et al. 2021, Sala et al. 2021, Talbot et al. 2021, 2022, Husko et al.
2022, Massonneau et al. 2022b).

Initial studies related to spin evolution commenced with accretion from cold discs, ex-
amining the consequences of the Kerr metric. Bardeen (1970) assumed that the angular mo-
mentum of the gas and the BH spin were always aligned, causing a — 1 after a moderate
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amount of mass is accreted by the compact object. In such a cold disc scenario, because of
the radiation emitted from the disc at high spins, Thorne (1974) discovered that the maxi-
mum spin a BH could reach is a ~ 0.998. However, not all black holes are thought to have
a cold gas disc at all times, and depending on the state of the accretion disc, and associated
feedback modes, the spin can evolve very differently.

How efficiently a BH accretes can be parameterised relative to the Eddington limit (Lggq =
471G Mppmypc/or, with m, the proton mass and o1 the Thomson cross-section). When accre-
tion rates are much smaller than the Eddington limit, the accretion is radiatively inefficient
(or advection dominated) and accompanied by relativistic outflows, which may be launched
via the Blandford-Znajek mechanism (Blandford & Znajek 1977). The process of powering
a jet leads to a loss of angular momentum, meaning that the BH would spin down, i.e. de-
crease its magnitude |a|. Early work from GRMHD simulations (e.g. Gammie et al. 2004,
De Villiers et al. 2005, Komissarov et al. 2007, McKinney & Blandford 2009) opened on to
many insights regarding the role of magnetic fields in accretion flows, especially related to
the extraction of power from spinning BHs. Early studies predicted an equilibrium spin in
the range of 2 >~ 0.9 — 0.94 would be reached. Over the next decade, key developments in
accretion theory related to the importance of magnetically-dominated accretion flows were
made, which lead to the magnetically arrested disc (MADs) model (Igumenshchev et al. 2003,
Narayan et al. 2003). Surrounded by such MAD discs, BHs are able to produce jets whose
energy exceeds the rest mass of the accreted gas (Tchekhovskoy et al. 2011). Works such as
Tchekhovskoy et al. (2012), McKinney et al. (2012), and Narayan et al. (2022) find that BHs in
MAD discs may spin-down more efficiently, with an equilibrium spin a2 ~ 0.03 — 0.08.

Accretion rates larger than the Eddington limit give a different disc structure than the
typical thin disc at L ~ Lgqq. Different theoretical models have been developed in the past
decades (see, e.g., the comprehensive review by Mayer & Bonoli 2019) and one of the most
widely adopted to explain this critical state of accretion is the slim disc model (Abramowicz
et al. 1988, Sadowski 2009, Abramowicz & Fragile 2013). Gas flowing towards the BH pro-
ceeds via an optically and geometrically thick accretion disc, which traps the photons emitted
from gas accretion and makes this process radiatively inefficient (e.g. Katz 1977, Begelman
1978, Ohsuga et al. 2005, Madau et al. 2014). Such super-Eddington accretion may be accom-
panied by powerful jets (Sadowski & Narayan 2015, Narayan et al. 2017), which may have a
significant impact on BH growth (Regan et al. 2019, Massonneau et al. 2022b).

In the present study, we investigate for the first time the spin evolution of a BH under-
going both super- and sub-Eddington accretion in idealised hydrodynamical simulations
of isolated galaxies, using the same suite of initial conditions as described in Chapter 3.
By extending the BH spin model from Dubois et al. 2021 in Ramses to the super-Eddington
regime, we explore the different phases of spin evolution when super-Eddington accretion
is involved, as well as its impact on BH growth. We attempt to describe explicitly the evo-
lution in order to predict the final value of a after a given mass is accreted. The structure
of the Chapter is as follows: we describe the BH spin models used for different accretion
rates in Section 4.2, the setup of our simulations in Section 4.3, then show and discuss our
simulations results in Section 4.4 and 4.5 before presenting our conclusions in Section 4.6.
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4.2 Impact of the disc structure on BH spin

Accretion from a gaseous disc orbiting a BH modifies both spin magnitude and direction.
Following Shapiro (2005), we define the dimensionless spin-up parameter s,

d(ZMBH . da (1—61-), (41)

? ﬁ Macc ~ dln Mgy

where a is the spin parameter, Mgy is the BH mass, €, is the radiative efficiency and Mace
corresponds to the accretion rate on the accretion disc and the accretion rate on the BH is
Mgy = (1 — €r) Mac. Here and in the following we will use the terminology that a prograde
BH has a > 0 and a retrograde one has a < 0. Furthermore, if s and a are of the same sign,
then the BH spins up, i.e., it increases its magnitude |a|, and vice versa, if s and a are of the
opposite sign, the BH spins down, i.e., it decreases its magnitude.
The spin-up parameter corresponding to the standard thin disc model, which we name
Sqso, 18 given by
Sqso = Laso — 2aEqso, (4.2)

where Eqso =1-¢ and quo are respectively the energy and angular momentum of the
ISCO, r15co. Combining and integrating Eq. 4.1 and 4.2, Bardeen (1970) obtained the follow-
ing evolution law:

< /T1SCO,ini »

p P—
fin 3 Maujfin Mgy fin MEH ini (4.3)

2
_ V7isconi Mesini |, \/ 3risco <MBH,ini) 2| for MsHfin
— 1/ 3715C0,ni -

=1 otherwise.

s 4

ini” (“fin”) are the initial (final) value of the quantity measured before (after) accretion
respectively. This disc model has a positive spin-up parameter for all spin values up to
a = 0.998 (Thorne 1974), meaning that counter- (co-)rotating accretion discs always spin the
BH down (up).

Thick discs, or other disc models such as the advection dominated accretion flow (ADAF,
Narayan & Yi 1995, Manmoto et al. 1997, Narayan et al. 1997) or slim discs have a geometry
which favors relativistic jet outflows, able to collimate the jet because of the thick geometry
of the discs. These jets are powered by energy extracted from the rotation of the BH, via
the Blandford-Znajek mechanism, which as a consequence causes the spin magnitude |a|
to decrease. Recent GRMHD simulations studying spin evolution in magnetically-arrested
discs (MAD, e.g. McKinney et al. 2012, Narayan et al. 2022) have been able to demonstrate
this spinning-down effect. These accretion discs accumulate large-scale magnetic flux on
the BH, until this flux becomes so strong that it chokes gas infall. The excess magnetic field
leaves and pushes parts of the disc away: the accretion flow enters a MAD state. Although
the spin-up rates provided by McKinney et al. 2012 and Narayan et al. 2022 are for the sub-
Eddington regime for thick discs, since the geometry of the discs are similar, and in absence
of any spin-up rate prescription in the literature for the super-Eddington regime, we assume
the same spin-up rates during the super-Eddington regime. The spin-up parameter that we
have adopted, which we name syap mki2, is taken from McKinney et al. (2012) and can be
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FIGURE 4.1: Spin-up parameters s for different disc models (thin disc in dotted orange, MAD in solid

lines) as a function of the BH spin parameter 4. Similarly to the thin disc, a MAD counter-rotating

(a < 0) disc causes the BH to spin-down. Co-rotating (2 > 0) thin discs will spin the BH up, unlike

the MAD ones (due to loss of angular momentum to the jets). A special MAD case for very low spins
(0 < a < ay) shows a weak spin-up, but is less than the spin-up from thin discs.

fitted with the following fourth-order polynomial (Dubois et al. 2021):
SMADMK12 = 0.97 — 12.00a — 4.04a + 5.81a° + 2.50a*, (4.4)

and, for comparison, the spin-up parameter from Narayan et al. (2022) fitted with a fifth-
order polynomial is:

smMaDN22 = 0.45 — 12.53a — 7.84 + 9.44a> + 5.71a* — 4.034° . (4.5)

We show in Fig. 4.1 the spin-up parameter s for the standard thin disc and the ones
found for MAD, as a function of a. In both McKinney et al. (2012) and Narayan et al. (2022),
the authors find that non-spinning BH (¢ = 0) experiences a mild spin-up (s > 0). The
weak spin-up is a result of the inflowing gas having non-zero angular momentum, which
spins the BH up. Therefore, for certain spins a € [0, ay| with ay, the transition from syap >
0 to smap < 0, these models predict a BH spinning up as a consequence of weak loss of
angular momentum from jets, in comparison to gas accretion. Studies related to the spin-up
parameter for super-Eddington discs have not yet been explored. This regime is associated
with radiatively inefficient accretion, due to the photon trapping effect, meaning €, < 1
for higher accretion rates. Therefore, in this work, we assume that for the super-Eddington
regime, Eq. 4.1 can be approximated by

da
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4.3 Simulation setup

This Chapter presents a set of hydrodynamical simulations of an isolated galaxy in its host
dark matter halo at z = 4, produced using the adaptive mesh refinement code Ramses. The
addition of the accretion and feedback phases in the super-Eddington regime to Ramses are
described in Chapter 2, however we briefly recall here their implementation, along with the
spin evolution in Ramses. We also recall the galaxy formation and BH seeding processes to
achieve super-Eddington accretion rates, however the reader may find a complete descrip-
tion in Chapter 3.

4.3.1 Technical details in Ramses

BHs in Ramses are represented by a ‘sink” particle that can transfer mass, momentum and
energy from and to the gas. In our simulations, they are manually placed with a given initial
mass, velocity and spin, at a certain point in time. The mass of these BHs grows at a rate
Mgy = (1 — &)Mpyy with Mgy the BHL accretion rate (Hoyle & Lyttleton 1939, Bondi
1952):

AG®M3,p

BHL = 75 3 \3/3" (4.7)
(Cg + z]rel)g/2

where the averaged density p, sound speed ¢ and relative velocity between the BH and the
gas Ty are computed within 4Ax of the BH, using mass weighting and a kernel weighting
as specified in Chapter 3. The accretion rate is not capped at the Eddington limit (unless
otherwise stated), only by the total mass contained in the kernel divided by the timestep. We
note that there is always enough mass available for BH accretion and feedback processes,
with mass conservation enforced at all times.

BH accretion is parameterised using the Eddington limit Lggq. For very low accretion
rates, when fggq = L/Lggq < 0.01, accretion is radiatively inefficient and accompanied by
relativistic outflows. The BH enters a so-called “radio” mode and the energy injected as
kinetic energy follows Sadowski et al. (2016) giving a total jet feedback of

Ejet = fjetMpnc?, (4.8)

where e = 1.3a%fZ,p is the efficiency factor of the kinetic feedback for a magnetically
arrested disc (MAD) taken from Tchekhovskoy (2015), and 0 < fyap < 1 is the fraction of
MAD strength (magnetic field saturation).

On the other hand, for higher but sub-Eddington accretion rates (0.01 < fgqq < 1), the
AGN is in the “quasar” mode, corresponding to feedback coming from winds and radiation.
In this regime, thermal energy is released and the total feedback deposited is

Ethm = UthmMBHCZ ’ 4.9)

with 77y, is the spin dependant thermal wind efficiency of the disc.

With our current understanding of the super-Eddington regime (fgqq > 1), super-Eddington
AGN feedback includes both kinetic and radiative /thermal components. The super-Eddington
implementation injects both thermal and kinetic energy simultaneously, with the total AGN
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feedback in this regime based on Sadowski et al. (2016)

Eckdad = (et + 0.57mm ) Mprc?. (4.10)

Dubois et al. (2021) implemented routines to follow on-the-fly the evolution of the spin
parameter a. In addition to spin evolution below the Eddington limit, we now use the spin-
up parameter ssgqq = Smap,mk12 (Eq. 4.4) for computing the BH spin at super-critical accre-
tion rates, since relativistic jets may be present in the super-Eddington regime.

In most general cases, misalignment between the accretion disc and the BH spin occurs.
Due to the Lense-Thirring effect, it generates a torque which makes the disc precess around
the axis of the BH spin. This creates a warped disc, with a certain radius which marks the
transition between the equatorial inner disc aligned with the BH spin and the misaligned
outer disc. Lense-Thirring precession results in the BH and disc angular momentum being
aligned or anti-aligned with the total angular momentum of the BH+disc system. King et al.
(2005) find a criterion for the anti-alignment of the BH with the disc:

cosf < _ e (4.11)

2Jn
where ] is the disc angular momentum and 6 corresponds to the angle between the BH spin
and disc angular momentum. For instance, if cos® > 0, both angular momentum always
align; while for cosf < 0, the anti-alignment occurs for small values of J3//gu. Details
regarding the implementation of this process are given in Dubois et al. (2014b).

4.3.2 Galaxy and BH

Super-Eddington accretion is sustained onto the BH via strong gas inflows, which are more
likely to be found in gas-rich high-redshift environments. To this end, we set up our ini-
tial conditions to represent an isolated halo of mass 10! M, at redshift z = 4 with an
NFW profile composed of 85 per cent of DM particles and 15 per cent of gas in hydrostatic
equilibrium with small rotation, which gas can radiatively cool down to temperatures as
low as 10K. The simulations presented here are performed in a box of size 113 kpc, adap-
tively refined to a maximum resolution of 12 pc. Stars form following a Schmidt law with a
gravo-turbulent model for star formation efficiency, in cells above a gas density threshold of
nsg = 181 Hem 3, giving a stellar mass resolution of M, = 10* M. Explosions from type
IT supernovae (SNe) are also included with release of mass (including metals), momentum,
and energy (assuming 2 x 10* ergM_! of formed stars). For more details about the initial
conditions and the modeled physics, we refer to Chapter 3, Section 3.3.

As the DM halo starts to collapse, our isolated galaxy begins to form. With enough cycles
of star formation and SN feedback events, the galaxy comes to a steady state at t = 160 Myr
with a total stellar mass of ~ 10° M. It corresponds to the stellar mass expected in a 10!! M,
dark matter halo (Moster et al. 2010). In addition, the star formation rate reaches a few
10Mg, yr~!, which is also the expected order of magnitude for our target redshift z = 4
(Salmon et al. 2015). Despite the strong SN explosions, due to the high densities of gas
available for star formation, the centre of the galaxy remains cold, dense and compact. At
this point, a BH is added in the centre of the galaxy, with a given velocity similar to the gas
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TABLE 4.1: Properties of the suite of simulations performed, showing from left to right: BH mass
when super-Eddington is allowed (Mgp); initial BH spin (@jni); MADness fraction of the disc (fmap,
scales with the jet efficiency as #jet  f{Ap)

Name Mgy Gini fMAD
(MG) (.’X, ]// Z)
sEdd_0 (fid.) 2 x10° (0,0,0) 0.5

sEdd_y 2x10° (0,070 05
sEdd_-z 2x10° (0,0-0.7) 05
sEdd_+z 2x10° (0,007 05

sEdd_0.05.0 2x10° (0,00) 0.5
sEdd_0.05_y 2x10° (0,0.7,0) 0.05
sEdd_0.05 -z 2x10° (0,0-0.7) 0.5
sEdd_+z_ LM  10° (0,00.7) 05

surrounding the BH, in order to maximise the BHL rate (see Eq. 4.7). We do not allow for
super-Eddington accretion as soon as the BH is added, as the very high accretion rates would
produce extremely strong feedback that would sterilize the BH environment. We look for a
smooth transition from a galaxy without a BH to a BH with potentially very strong feedback
by enforcing a few cycles of Eddington-limited accretion, so that the evolution of the galaxy
remains more continuous. After ~ 40 Myr, at t = 206.4 Myr, we let the BH grow at super-
Eddington rates, and all our analysis starts from this time.

4.4 Results

In this work, we use the suite of initial conditions from Chapter 3 in the same halo with
properties analog to a 10! M, dark matter halo at z = 4 (see Table 1 for more technical
details). Similarly to the super-Eddington simulations from Chapter 3, and as described in
the previous section, we add the BH in the centre of the galaxy at t = 160 Myr, where it
evolves under Eddington-limited accretion until ~ 206.4 Myr. From this point onwards, we
allow for super-Eddington accretion and feedback processes. All figures shown in this Sec-
tion start when super-Eddington is allowed. We evolve both spin magnitude and direction
in these new simulations to highlight the effects of the super-Eddington regime on the subse-
quent development of the BH spin (Section 4.4.1), its impact on BH growth (Section 4.4.2) and
see how far we can predict the BH spin according to simulations and analytical modelling
(Section 4.4.3). All simulations presented are summarized in Table 4.1.

4.4.1 Different phases of spin evolution

In order to study the evolution of a, we use as our fiducial simulation an initially non-
spinning BH (sEdd_0). We show in Fig. 4.2 the spin evolution a against the mass gained by
the BH A Mg 0w in this simulation, after the first super-Eddington episode (at t ~ 206.4 Myr).
Specific snapshots are indicated by the colored markers and for each marker a zoomed-in
evolution of the spin is added in the respective colored panels.
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FIGURE 4.2: Top: Spin parameter a versus the cumulative BH mass growth AMgowin for our fiducial
simulation sEdd_0, after the first super-Eddington episode (at t ~ 206.4Myr). Different phases of
evolution are shown in the colored panels. Middle and bottom: Zoomed-in evolution of a at different
times where each color of the plot frame corresponds to that in the top panel. Mass is either accreted
above (dotted yellow) or below (solid purple) the Eddington limit. a tends to increase with more mass

gained by the BH, and super-Eddington episodes are not able to effectively spin-down the BH.
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Over the course of the simulation, the prograde BH spin tends to generally increase,
reaching a ~ 0.5 after gaining more than 3 x 10° M. As explained in Section 4.2, when a >
ay = 0.079, the quasar mode will spin-up the BH, whereas the super-Eddington and radio
modes will spin-down the BH. It is important to note that mass accreted in the radio mode
does not significantly contribute to BH growth and consequently to varying a throughout
the entirety of the simulation. In our setup, the super-Eddington regime does not seem to be
frequent enough or to last long enough to have a durable impact on the BH spin. A careful
inspection of the evolution shown in the panels of Fig. 4.2 hints at the specific reasons for the
spin evolution of our BH, and we detail them in the following.

Shortly after critical accretion is allowed (blue panel), the spin increases during both
super- and sub-Eddington accretion phases, since a < 0.079 during this period, i.e. below
the spin-up/spin-down transition ay used in our model for the MAD state. Most of the BH
mass is gained via super-Eddington accretion (yellow line, inset panels of Fig. 4.2), meaning
that super-Eddington accretion is the main driver of the spin evolution at this time in the
simulation. There are however a few events of accretion in the quasar regime (purple line)
which do not significantly impact the mass gained, but increase a at a faster rate [per unit
mass]. This is caused by the spin-up parameter of the thin accretion disc being significantly
larger than that of the MAD state at this low value of the BH spin (see Fig. 4.1 for small values
of a).

At t = 209.3Myr in the orange panel, the picture is slightly different, as a ~ 0.079,
and super-Eddington accretion does not have a significant impact on the BH spin evolution
anymore (ssgqq ~ 0 at a ~ ay, see Fig. 4.1). This leads to the almost flat evolution of the spin
during each super-Eddington episode. Sub-Eddington accretion events lead to a continuous
spin increase (with most of the mass acquired in the quasar mode), going past ai.. During
this phase, the BH spin evolution is dominated by sub-Eddington accretion, while the mass
growth remains dominated by the super-Eddington episodes.

From here on, the spin slowly increases with more mass accreted. Repetitive patterns,
such as the ones seen in the green panel at t = 220 Myr, emerge: quasar accretion phases
that significantly grow the BH spin are intertwined with a few super-Eddington episodes,
which decrease the BH spin. Overall the mass accreted in quasar mode is larger than the
mass accreted in the super-Eddington regime and the BH spin increases.

We find that, over time, the frequency of super-Eddington episodes slowly decreases, and
the spin magnitude grows more steadily, as shown in the red panel at t = 246 Myr. Despite
|SsEdd| > Sqso for a 2 0.3 (see Fig. 4.1), the scarce super-Eddington episodes cannot spin-
down the BH efficiently. The more powerful spin-driven jets in the super-critical regime lead
to less frequent accretion in super-Eddington, and this regime does not majorly contribute to
the BH mass anymore, leading to a less effective spin-down. During this time the main role
of super-Eddington episodes is to delay the overall spin-up caused by the quasar mode.

As seen in Chapter 3, more powerful super-Eddington episodes lead to very low accre-
tion events in the radio mode (fgqqg < 0.01). Due to their low accretion rates, these radio
mode episodes neither significantly increase BH mass nor have any noticeable impact on the
BH spin, and are therefore not visible on either panels.

If we were to compare the evolution of our BH shown here with an Eddington-limited
run, the spin of our BH would generally increase more slowly at a given AMgowin. For
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instance, using Eq. 4.3, a BH constantly accreting in the quasar mode would reach a ~ 0.5
(from a = 0) after increasing its mass by a factor ~ 1.19 (AMgowih =~ 4 X 10°Mg). Our
fiducial simulation has a BH reaching a ~ 0.5 after accreting more than 7 times this mass.

In our analysis, we find that our BH inevitably spins up, but the super-Eddington regime
is able to delay this process. For low to moderate (¢ S 0.4) spin magnitudes, AGN feed-
back does not significantly impact the gas surrounding the BH, leading to frequent episodes
of super-Eddington accretion: the BH spin only slowly increases, showcasing the ability of
super-Eddington phases to delay the spin-up process. This becomes less efficient once the
spin grows to higher values, as jetted feedback becomes more powerful: the frequency of
super-Eddington episodes decreases, leading to a faster increase of a4 from accretion at mod-
erate sub-Eddington values. We discuss the question of predicting the BH spin when both
super- and sub-Eddington regimes are involved in Section 4.4.3.

44.2 Evolution of the BH mass

In order to have a better understanding of the impact of the initial spin direction of the
spin vector dini on the super-Eddington mass evolution, we perform additional simulations,
which all have |aini| = 0.7 (as in Chapter 3) but different directions with respect to the large-
scale gas distribution. We consider the following cases: in co-rotation with the galactic disc
(sEdd_+z), in counter-rotation with the disc (sEdd_-z) and pointing into the disc (sEdd_y).

We show in Fig. 4.3, the evolution of the spin parameter a (top panel) and BH mass Mgy
(bottom panel) for this set of simulations, as well as our fiducial simulation sEdd_0. For
the same initial spin magnitudes, the BH is able to grow significantly more in mass when
its spin is initially counter-rotating with the disc (sEdd_-z, solid green) than in the other
configurations, as it takes ~ 15Myr to align with the angular momentum of the accreted
gas. As the realignment process occurs, the magnitude of the BH spin decreases down to
|a| ~ 0.3, while still counter-rotating. Since AGN jet efficiency in the super-Eddington regime
is fjjer < a%, feedback is weak. Super-Eddington episodes are therefore frequent and thus able
to contribute to growing effectively the BH mass.

After the alignment with the disc angular momentum, the BH spin remains at moderate
values (|a| ~ 0.3 — 0.4) for ~ 20 Myr, allowing for a short period of efficient growth. At late
times, the BH spins up to higher values, unleashing more and more powerful feedback dur-
ing the increasingly rarer super-Eddington episodes, which leads to decreased BH growth
rates.

Both the BHs in sEdd_+z (solid red) and sEdd_y (solid orange) do not spend a lot of time
in the super-Eddington regime, nor do they gain significant mass in comparison to their
initial BH mass. Due to their persistently high spins, each super-Eddington event triggers
powerful AGN feedback episodes and regulates BHs growth efficiently (see Chapter 3 for
discussion).

By comparing the BH of the sEdd_0 run (solid blue) with the BH from the other runs
discussed in this Section, it is apparent that a non-spinning BH is able to grow much faster
and to higher masses than a (co- or counter-rotating) spinning BH of any other simulations
presented this far. The BH that starts with a;,; = 0 is at the minimum of the AGN jet feedback
efficiency in the super-Eddington regime — and also at a very low value of the radiative
efficiency for the AGN quasar feedback, which, although monotonically growing with the
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FIGURE 4.3: Top: Evolution of the spin parameter a for the sEdd_0 (solid blue), sEdd_y (solid orange),
sEdd_-z (solid green), sEdd_+z (solid red), sEdd_0.05_0 (dotted blue), sEdd_0.05_y (dotted orange)
and sEdd_0.05_-z (dotted green) simulations, from the moment super-Eddington was allowed (¢ =
206.4Myr). Bottom: Evolution of the BH mass Mgy for the same simulations. For comparison is
added the Eddington limit Mg4q (dashed red). Different initial spin magnitudes and directions play a
key role in the BH mass evolution, with slower BHs growing more. When the MADness factor fypap

is low (sEdd_0.05_0, sEdd_0.05_y and sEdd_0.05_-z), the growth in spin and mass are very similar
amongst the simulations.
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BH spin, is nearly flat with e, ~ 0.05 — 0.1 from a ~ [—1,0.7] until it sharply rises up to
€r =~ 0.4 (see Zubovas & King 2019: for a different approach leading to similar conclusions
for Eddington-limited BHs). As the BH spin slowly increases with accretion of gas, AGN
feedback regulates the BH mass growth more efficiently, leading to an overall contribution
to the BH mass growth dominated by the quasar mode at t ~ 240 Myr (also see Fig. 4.2,
bottom right panel).

We also compare the impact of the MADness parameter fyap on the BH mass and spin
evolution, with three additional simulations, namely sEdd_0.05_0 (dotted blue), sEdd_0.05_y
(dotted orange) and sEdd_0.05_-z (dotted green) in Fig. 4.3. The fyap parameter has been
decreased by a factor of 10, which corresponds to a 100 times lower jet feedback efficiency
than the fyap = 0.5 simulations. For all three runs, BH mass and spin evolution are nearly
identical, meaning that the BH spin initial direction and magnitude cease to have a signifi-
cant impact on the BH evolution when a low MADness state of the accretion disc is assumed.
We find that it only takes < 5Myr for the spin to align with the angular momentum of the
disc. Because of the low MADness of the disc, the energy injected in the surroundings of the
BH does not make a significant difference regarding the state of the gas near the compact
object, and gas can accrete on the BH almost unimpeded by the AGN feedback. Therefore,
all BHs with fyiap = 0.05 evolve in almost the same environment with the same orientation
after the first 5 Myr of growth required for BH realignement.

In conclusion, both MADness and spin magnitude play a key role on the BH mass growth,
as hinted in Chapter 3, and on the BH spin evolution. We find that the lower the MADness
factor the more massive the BH is going to grow. For low MADness states (fmap = 0.05),
for which the BH is not yet self-regulated, the growth of its mass and spin becomes inde-
pendent of the initial BH spin. However, for high MADness states (fmap = 0.5), where
BH is near self-regulation, then the lower the initial BH spin magnitude |a|, the greater the
growth. The key lies in the AGN feedback, as for lower MADness/spins, feedback is weak
and will not heat up the BH surroundings as effectively, allowing for more mass gained via
super-Eddington accretion.

4.4.3 Predicting the spin evolution

The understanding gained on the spin evolution in the super-Eddington regime from our
simulations in the previous sections leads to the following question: is it possible to have
an explicit expression of the spin a as a function of the mass accreted by the BH? First some
theoretical considerations: Accretion from a thin disc of gas orbiting the BH led Bardeen
(1970) to integrate the differential equation and obtain the evolution law (Eq. 4.3). A similar
approach can be used for super-Eddington spin-up rate. Using Eq. 4.4, a maximally rotating
BH gets spun-down by prograde accretion to a ~ a after a moderate amount of accretion
in super-Eddington of Mgy fin =~ 2.64MpH,ini- A maximally rotating BH gets spun-down by
retrograde accretion to a = 0 after Mgy fin = 1.64MBH ini-

One can combine the quasar and super-Eddington contributions to the spin evolution of
the BH. For the combined case, the spin variation of the BH for a given total mass variation
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FIGURE 4.4: Evolution of the spin parameter a as a function of Rgso for the sEdd_0 (solid blue),
sEdd_y (solid orange), sEdd_+z (solid red), sEdd_0.05_0 (dotted blue), sEdd_0.05_y (dotted orange)
and sEdd_+z_LM (dashed dotted red) simulations, from the moment super-Eddington was allowed.
Eq. 4.13 is shown in green. The markers show the starting a-Rgso for each simulation. Each step
represents a mass increase of AM = 8 x 10* M. Only BHs in corotation (2 > 0) during the entirety
of the simulation are shown here. The sEdd_y and sEdd_+z BHs have self-regulated, therefore their
trajectories on the a-Rqso plane are very short compared to the rest of the simulations shown.

of the BH dMpy = dMgH,gso + dMpH,sEdd 18

da 5
dIn Mpsr (1 — Rgso)SsEdd + RqsoEqi , (4.12)

gso

where we define Rqso = dMpH qs0/dMpH to be the ratio of mass accreted in the quasar mode.

The ratio Rqso and BH spin a are dependent on one another: the spin variation depends
directly on Rgso and 4; and Rgso also depends implicitly on a because of how a changes
the feedback efficiency. Thus, the exact trajectories in the 4 — Rqso plane are non-trivial.
Nonetheless, Eq. 4.12 can guide us to understand how the spin should naturally evolve.

Let us first consider what would happen if a BH evolves at fixed Rgso- In this case, its
equilibrium spin value can be obtained by setting da/dIn Mgy = 0. We only consider spin
parameters a € [ay,0.998], as the alignment process is not taken into account in Eq. 4.12.
Solving Eq. 4.12 for da/d In Mgy = 0 leads to the following relationship:

B S
Rpgo=1— 52—, (4.13)
EqsoSsEdcl
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which is shown as a green curve in Fig. 4.4. Any point on this line above ay and below
a = 0.998 represents an equilibrium value, as contributions from super-Eddington phases
(which decrease the spin magnitude) and quasar phases (which increase the spin magnitude)
negate each other. Any BH not originally on the green curve would over time evolve towards
it, and then be expected to stay at the point where it reaches the curve. For example, a BH
always accreting at Rqso = 0.5 would evolve to a2 ~ 0.3 from any initial spin value and then
stay there.

As any point on the line represents an equilibrium value, and Rgs, is determined by the
environment of the BH: a BH would not be expected to continue evolving in the 2 — Rgso
plane once it reaches the green curve, unless significant changes in the environment force a
change in Rgso. Within the intricate environment of an evolving galaxy, the evolution in the
a — Rgso plane is more complex, as can be seen in Fig. 4.4, which shows the evolution of a
as a function of Rgs for several simulations described in Table 4.1. Each step on the figure
represents a mass increase of AM = 8 x 10* M, and the markers show the a — Rgso after the
first AM has been accreted for each simulation.

We exclude simulations that had ai,; < 0 (i.e. sEdd_-z and sEdd_0.05_-z) from Fig. 4.4.
Such simulations spin-up via gas accretion in the quasar and super-Eddington regimes, until
they realign with the disc angular momentum and reach a > 0 (see top panel of Fig. 4.3),
which is a process that is not included in Eq. 4.12. To avoid complications due to this omis-
sion, we only show simulations which have a positive spin parameter a > 0 for the en-
tire duration of the run in Fig. 4.4. To investigate the role of Mgy, we add a simulation,
sEdd_+z_LM, which has the same properties as sEdd_+z except that the initial Mgy is half
as massive.

The value of the ratio Rqso depends on the gas properties (temperature, density and gas
velocity) in the BH accretion region, as well as the BH mass and the strength of the feedback.
This is nicely demonstrated by the distribution of the initial coloured markers for all simu-
lations in Fig. 4.4. We remind the reader that all' our simulations are variants of sEdd_0,
and so the initial properties of the accretion region are identical for all BHs when they are
initialised in the simulation. For this reason, one could naively expect simulations with the
same ajn; to start their evolution at the same point in the a — Rgso plane in Fig. 4.4. Instead, the
range of Rqs, experienced by different BHs after a mass increase of only AM = 8 x 10* Mg,
(coloured markers) shows the dramatic impact of feedback on the spin evolution of the BH.
The highest initial Rgs, (i.e. the orange cross and red circle markers) is found for sEdd_y and
sEdd_+z at Rgso =~ 0.8, while the initial Rys, is lower for discs that are less MAD and BHs
that have low spin values: sEdd_0.05_0, sEdd_0.05_y and sEdd_0 start with Rgs, < 0.1. This
is also true for lower BH masses, as sEdd_+z_LM has a ratio Rqso =~ 0.5, since its feedback in-
jection is in between the other cases already discussed (see Eq. 4.7 and Eq. 4.8). This confirms
that the stronger the super-Eddington feedback, the higher Rqso becomes, i.e. the more mass
is accreted at sub-Eddington rates, because super-Eddington episodes are limited by their
own feedback. Weaker super-Eddington feedback occurs either with lower Mjet ff/{ ADaZ, SO
lower MADness or spin magnitude, or with less massive BHs because of the smaller growth
rates Mpy & M3y (see Eq. 4.7). In theory, Rgso can also change with large-scale environmen-
tal effects, for example a significant cold inflow into the galactic centre might temporarily

I Apart from sEdd_+z_LM which has a less massive BH.
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decrease Rgso as the galaxy would feed the BH more efficiently than before.

To have a better understanding of the continued evolution of BHs in the 2 — Rgso plane,
we separate the discussion of the BH spin evolution into three separate regions depending
on the position of a BH in the 2 — Ryso plane: above, on and below the green curve.

For BHs above the curve, da/dIn Mgy < 0 (from Eq. 4.12) as the super-Eddington regime
dominates the BH spin evolution. As the BH gains mass, the spin will therefore decrease in
magnitude, which is exactly what happens for sEdd_0.05_y and sEdd_+z_LM until they
reach the green curve. We note that these BH spins evolve at almost constant Rys, until they
reach the green curve, due to weak AGN feedback that does not significantly change the gas
properties in the vicinity of the BHs.

As mentioned before, if the BH lies on the green curve, da/dIn Mgy ~ 0 (see Eq. 4.13)
and if there are no changes to its environmental conditions it will remain at fixed Rqso and
a. In the environment we have explored, super-Eddington phases become scarcer as the BH
grows with time, leading to an increase of Rqso- The decrease in super-Eddington phases
are caused by its powerful feedback, therefore when feedback is weak, Rqso increases slowly
and da/dIn Mgy remains small; consequently, the trajectory of the BH will remain close to
the curve, but with a tendency towards larger Rqso. This is the case for the low MADness
simulations (dotted lines): until the BHs have quadrupled their sizes (see Fig. 4.3), their
spin magnitudes remain moderately small (|a| < 0.3) and due to their low MADness factors
(fmap = 0.05), super-Eddington feedback is not powerful enough to disturb the BHs accre-
tion region. Cases with low spin and low MADness, limiting the strength of super-Eddington
teedback, are those that tend to remain closer to the conditions under which Eq. 4.13 was de-
rived, and can therefore be described with this equation during this period of growth.

Finally, when the BH finds itself below the green curve, da/dIn Mgy > 0 as spin-up due
to accretion in the quasar mode is more important to changing the spin than the occasional
spin-down during super-Eddington episodes. The quasar episodes tend to increase the spin
magnitude, meaning subsequent super-Eddington episodes have a more powerful feedback
which again increases Rqso and moves the BH further away from the green curve. We find
that after reaching the curve, all simulations shown in Fig. 4.4 eventually fall below the curve,
and then stay below due to this mechanism. From this point onward, their trajectories are
mostly driven by AGN feedback, which makes Eq. 4.13 insufficient to predict spin evolution,
since the effect of feedback cannot be included in a self-consistent way.

In conclusion, determining the evolution of a for a BH that undergoes both quasar and
super-Eddington regimes does not lend itself to a simple expression. However, we find
that with some limits (e.g. for slowly spinning BHs), the evolution can be described by
Eq. 4.13. At higher spins (|a| 2 0.3), the evolution is mostly driven by AGN feedback so the
relationship in Eq. 4.13 no longer holds. In our work, in addition to sub-Eddington accretion,
we find that coherent super-Eddington accretion coupled with relativistic jets, does not spin
down the BH efficiently : all of our BHs stop having super-Eddington accretion phases and,
as a consequence, inevitably spin up to a ~ 0.998.

For the analysis performed here, we used the super-Eddington spin-up parameter ssgqq
from McKinney et al. (2012) (Eq. 4.4). An alternative choice would have been to use the
spin-up rate from Narayan et al. (2022) (Eq. 4.5), shown in Fig. 4.1, which is more efficient at
spinning the BH down for low spin values in comparison to McKinney et al. (2012). If we
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had used Narayan et al. (2022), the stable equilibrium curve we would find using ssgqq =
smapN22 in Eq. 4.13 would have shifted slightly below the green curve of Fig. 4.4, for all
values of a. This would also lead to higher mass gained at a lower spin, i.e. more massive
BH in a similar amount of time. This would impact the spin evolution over long periods of
time, as can be seen using the additional simulation with spapn22 discussed in Appendix B.

4.5 Discussion

An important constraint on models of SMBH growth is the observed mass-dependent spin
distribution. Observationally, low-mass SMBHs tend to be rapidly spinning, suggesting
growth via coherent accretion, whereas the more massive ones have modest to low spin
magnitudes, indicating chaotic accretion and/or merger driven growth (e.g. Reynolds 2013,
2021, Soares & Nemmen 2020). In this paper, we study coherent super-Eddington accretion,
and find that, regardless of the ability of super-Eddington feedback to spin-down BHs, it
only delays their spin-up by < 100 Myr. This is true for all initial BH spin magnitudes and
direction probed here, so we predict that super-Eddington feedback will not have a signifi-
cant impact on the global spin distribution.

Chaotic (or incoherent) accretion has been suggested to help BH seeds grow to > 10® M,
(e.g. King et al. 2005, 2008, Zhang & Lu 2019, Zhang et al. 2020, Zubovas & King 2021). De-
spite exploring only coherent accretion in this paper, we speculate that incoherent accretion
may not lead to efficient super-Eddington spin-down if the BH is already rapidly spinning.
For example, in Eddington-limited cosmological runs, spin-down induced by gas stripping
from gas-rich mergers or counter-rotating filamentary accretion (Dubois et al. 2014b, Bus-
tamante & Springel 2019) only decreases the spin magnitude to |a| ~ 0.7 (from |a| ~ 1),
as the direction of the BH spin realigns with the gas angular momentum before the spin-
down process is completed. If one of these events were to provide our BH with enough
misaligned gas to reach accretion rates above the Eddington limit, the spin-down process
would be less efficient than for the Eddington-limited BHs discussed before. The very pow-
erful super-Eddington jets produced at very high spins for our BH would completely shut
down accretion of the misaligned material and would leave the BH spin almost unchanged
(la|] ~ 1). In addition to this merger-driven gas misalignment effect, coalescence between
maximally spinning BHs also leads to a decrease in the spin of the BH remnant (Rezzolla
et al. 2008). While this effect can be dominant for setting up the spin of BHs in the passive
and most massive galaxies (Dubois et al. 2014b), it is not clear how this should affect the spin
evolution when super-Eddington accretion is included.

Our model for spin-up rate assumed that the MAD state obtained by McKinney et al.
2012 (or Narayan et al. 2022, see Appendix B, which tries to capture the effect on BH growth
of the uncertainties in spin-up rate) for sub-Eddington thick accretion discs can be extended
to the super-Eddington regime. Although the geometry of the two discs are similar, their
radiative efficiencies may differ significantly, and it remains to be tested through dedicated
GRMHD simulations whether the spin-up rates in the super-Eddington regime is signifi-
cantly different from the classical thick disc state.
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4.6 Conclusions

In this study, we explore the evolution of the BH spin a under the conditions of critical ac-
cretion above the Eddington limit in an isolated galaxy. Understanding the conjunction of a
magnetically arrested disc (MAD) in the super-Eddington regime with the thin disc for ac-
cretion comparable to the limit, as they both vary the BH spin differently, is the main focus
of this paper. Our main findings are as follows.

¢ The super-Eddington regime does not spin the BH down effectively, as a inevitably
increases towards ~ 0.998. It is only able to delay the certain spin-up of the BH from
thin disc accretion. (Section 4.4.1)

* MADness and spin play a key role in BH growth: the lower the MADness the greater
the growth. Similarly, the lower the spin magnitude, the greater the mass gained,
thanks to weaker jets at lower spins. (Section 4.4.2)

¢ The combination of super-Eddington and quasar regimes does not lead to a simple ex-
pression for the spin evolution. Relatively low spins |a| < 0.3 are able to follow Eq. 4.13,
but for higher spin magnitudes, AGN feedback makes the evolution not predictable.
(Section 4.4.3)
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Chapter 5

Conclusions and outlook

The main subject of this thesis revolves around the growth of supermassive black holes at
high-redshift. Many groups work on this vast subject, using different techniques, providing
insight on the different scenarios related to the origin of these compact objects. This thesis
aims at understanding if these supermassive black holes could have grown efficiently at crit-
ical accretion, in the so-called super-Eddington regime, by answering some of the following
questions. Is the super-Eddington feedback strong enough to prevent black holes from grow-
ing? Is it possible to have efficient super-Eddington growth? If so, what are the conditions
related to such growth? What is the global impact that this feedback has on the gas close and
far from the black hole accretion region?

The first step to study this was to implement the critical regime in the Ramses code
(Teyssier 2002), and investigate the role that local gas properties of an isolated collapsing
cloud play in the efficiency and duration of super-Eddington feedback (Chapter 2). In the
process of this analysis, we noticed that a short period of super-Eddington growth allowed
for the black hole to slightly increase its mass, and that less resolved simulations permit bet-
ter growth. This led us to explore the impact of the resolution on the outflow properties
of super-Eddington episodes, where we found that resolution in the super-Eddington jets
could play a major role in heating the gas at large scales, thus impacting black hole growth
altogether.

Thanks to this study, we were able to have a better understanding on the role of jetted
feedback in a very idealised simulation. Applying this research to a more realistic simulation
would allow the investigation of the role that super-Eddington plays in the evolution of
supermassive black holes over long periods of time. This was initially studied in Chapter 3,
by performing simulations of a galaxy in an isolated dark matter halo and adding a 10® M,
black hole to its center. Our main findings (Massonneau et al. 2022b) suggested that due to
super-Eddington feedback, the black hole reached self-regulation within a few Myr even in
an environment favorable for super-Eddington accretion. The surroundings of the black hole
were heated to very high temperatures (= 10%K), preventing the compact object to accrete
at high rates for ~ Myr. The repeated succession of these episodes reduced the amount of
time the black hole spent in the super-Eddington regime, with < 1 per cent of the time spent
accreting at critical rates by the end of the simulations. However, black holes which had
weaker super-Eddington feedback efficiencies, provided a slightly larger black hole mass
evolution over ~ 80 Myr than that for a black hole constantly accreting at the Eddington
limit. We concluded that there may be a window of opportunity for mildly super-Eddington
mass evolution, with the right combination of black hole spin and super-Eddington feedback



Chapter 5. Conclusions and outlook 108

efficiency.

The natural follow-up to this study was the investigation of another property of black
holes: their spins. Since spin plays a key role in feedback efficiencies, we combined super-
Eddington accretion with sub-Eddington phases and follow for the first time the black hole
spin evolution (Chapter 4 and Massonneau et al. 2022a). Our results indicated that, due to
the low frequency of super-Eddington episodes, relativistic jets in this regime were not able
to decrease the magnitude of the spin effectively, as thin disc accretion in the quasar mode
inevitably increased the black hole spin. Super-Eddington phases were only able to delay
the spin-up of the black hole. We confirmed that black holes initially spinning slowly had
significantly greater growth, due to weaker jets at lower spin magnitudes. While studying
the spin evolution is essential to understand if the super-Eddington regime can efficiently
contribute to black hole growth, it is also important to note that the spin-up rate in this
regime has not been studied extensively in GRMHD simulations. Further constraints on this
parameter in the future would be required to better assess super-Eddington growth. After
investigating an other parameter that plays a role in the super-Eddington feedback efficiency;,
we also concluded that the lower the MADness of the disc, the greater the growth.

Whether super-Eddington accretion would be a potential solution to the issue of explain-
ing high-redshift supermassive black holes remains a debated topic. The interest in this field
of research has drastically increased in the past decades, as more discoveries of high-redshift
quasars are made. The takeaway with the investigation performed in this thesis leads to
the belief that unless super-Eddington feedback is weak, or that the black hole accretes gas
incoherently, thus remaining more easily at a low spin magnitude; then super-Eddington
episodes would hinder black hole growth. Whilst our work provides hints to the impact of
super-Eddington accretion and a better understanding to the study of this critical regime in
a realistic galactic environment, simulations performed were idealised, as no galaxy/black
hole merger events or filamentary inflow found in cosmological setting were taken into ac-
count. The next step for such study is to launch a cosmological zoom-in simulation, and
find out if super-Eddington accretion can help black holes grow up to the observed and esti-
mated masses at z ~ 6. Ramses users who studied the high-redshift Universe have been able
to find black holes accreting at the Eddington limit at z > 6 (e.g. Pfister et al. 2021), mean-
ing that starting with the same initial conditions would provide a great tool for comparing
Eddington-limited and super-Eddington growth.

Besides numerical simulations, the study of high-redshift quasars has been (and will con-
tinue to be) boosted with the recent launch of the JWST telescope. Upcoming observations
with JWST will provide a unique opportunity to detect fast-accreting black hole seeds that
offer an evolutionary pathway toward the very massive population of supermassive black
holes at z > 6. Hu et al. (2022b) predict that in the most optimistic case, JWST can reveal
these rapidly growing black holes up to z ~ 17, but it remains complex to determine the
nature of the black hole seed (whether Poplll remnant or massive seed). Inayoshi et al.
(2022b) focus on the observational signature at the early black holes early growth stage be-
fore reaching Mgy ~ 10° Mg, and model their spectral energy distribution. They find that
super-Eddington growth produces extremely strong Balmer lines, which could be detected
in the MIRI filters.

Finally, super-Eddington studies are not limited to the high-redshift Universe, as there
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are other applications to this regime in the nearby galaxies. Exploring accreting transient
systems like tidal disruption events, or sources displaying sustained super-Eddington accre-
tion like ultra luminous sources, allows the study of the properties of this extreme process
and better assess its relevance for the growth of supermassive black holes.
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Appendix A

Initial conditions for the isothermal
sphere

In this Appendix, we describe the procedure to find a set of initial conditions for the isother-
mal sphere setup (see Section 2.5.1) that would lead to super-Eddington accretion as soon as
the collapse of the isothermal sphere begins. The sphere has a radius of R = 10 pc and a mass
of Mgph =2 X 10 M. As described in Section 2.5.1, several physical and numerical param-
eters can be played with, such as the sphere temperature T, BH mass Mpy and refinement
level lnax-

Firstly, we start with investigating the accretion rate Macc, and look for initial conditions
that would allow for accretion above the limit. Fig. A.1 shows Mace (in units of Mggq to
follow when the BH accretes above the limit) as a function of Mgy for different temperatures
of the sphere T € [102 K; 10*K; 10° K] (shown in dashed, dotted and solid respectively) and
different refinement levels Imax € [7; 9; 11] (shown in green, red and blue respectively). We
note that the increases/decreases are linear with respect to Mgy, as accretion rates are given
in units of Mgqq. We have three scenarios:

* For a fixed temperature T and refinement level /., the normalised accretion rate peaks
at a given Mgy, where MgH1, ~ Mpoor- Below the peak, the accretion is calculated with
Mgpr; whilst above, the BH accretes at Mqop. Such setup allows to study simulations
with similar accretion rates for different Mgy.

* For a fixed Mgy and Imax, increasing T leads to decreasing Mppyr. Therefore, a sphere
with initially high values of T will tend to have BHs grow at lower accretion rates.

* Finally, if T and Mgy are fixed, having a more refined environment, i.e. increasing /max,
leads to increasing Mppy, due to the higher densities in the surroundings of the BH.

Secondly, we would like to have a sphere that collapses onto the BH, while the super-
Eddington feedback is visible. For example, if the binding energy of the sphere Ugpn > Eggad,
the sphere will completely collapse, uncountered by the AGN feedback. On the other hand,
if Uspn < Esgqq, the initial super-Eddington feedback episode will blow away the entire
sphere of gas, which will result in no more matter infalling towards the BH, preventing the
whole purpose of this simulation. We show in Fig. A.2 the ratio of the feedback energy from
the first super-Eddington episode Esgqq against the binding energy of the sphere Ugyy, as a
function of the BH mass Mpgy. The colours and linestyles are the same as Fig. A.1 to simplify
interpretation. The peak discussed previously now corresponds to a turnover in this Figure.
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FIGURE A.1: BH accretion rate M, as a function of its mass Mpy. Different values of T €
[102 K; 10*K; 10° K] (dashed, dotted and solid respectively) and refinement levels Imax € [7; 9; 11]
(green, red and blue respectively) are also shown.
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FIGURE A.2: Similar as Fig. A.1, but for the ratio of the super-Eddington feedback energy Esgqq
against the binding energy of the sphere Ugpy, as a function of the BH mass Mpp.
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Case n® MBH T lmax Macc EsEdd BHL
(inMg) (in K) (in Mgqq) (in Ugpn) resolved?
1) 10° 102 11 10 10 v
2) 100 102 11 103 10 v
3) 103 10 7 10? 107!
4) 10 102 9 10° 1071 ~
5) 103 104 11 10° 1 v
6) 10° 10* 9 10* 10? v
7) 10 10° 7 10? 1
8) 10* 10° 9 103 1 ~
9) 10* 10° 11 10* 10 v

TABLE A.1: Table summarizing the different sets of parameters that will be used in the simulation

of an isothermal sphere with Ry, = 10 pc and Mgpp = 2 X 10° M. Each column, from left to right

corresponds to the case number, the black hole mass Mgy, the initial temperature of the sphere T,

the refinement level /nax, the accretion rate for the first timestep Mace, the super-Eddington feedback

energy of this first timestep Esgqq and whether or not the BHL radius rgyy, will be resolved. See text
for explanations on the Cases.

BHs below the turning point accrete at Mg, while above, they accrete at Mfioor. Once again
we have three scenarios:

¢ For a fixed T and Inax, less massive BHs will produce weaker feedback, unless they
already accrete at Mg, at which point, regardless of Mgy, the feedback energy Esgqq
is the same. Therefore, if a BH accretes at Mgy, one can study a large range of feedback
energies by only changing the BH mass Mgy.

¢ Fixing Mgy and Imax has a similar effect on the feedback: when the temperature T in-
creases, BHs will more likely accrete at Mgy, and therefore produce less powerful feed-
back. Therefore, simply changing the temperature T leads to another way of studying

Espad / usph :

¢ Finally, in the case when both Mgy and T are fixed, varying Imax can also lead to a study
of Esgdd / Uspn- For example, if accretion is at Mgoor, the higher the refinement, the lower
the ratio Esgqq/ Usph. This is the contrary for Mppr, as the higher the refinement, the
higher the ratio Esgqq/ Usph.

With the plethora of possibilities, we have summarized in Table A.1 several sets of Mgy,
T and Imax to use to study super-Eddington accretion. We summarize the different options
below:

< 10 Mgqq. Ei-

~

* Itis very difficult to find setups which have accretion rates Mggq < Macc
ther Mgy is too small and leads to very weak feedback, or the BH is very massive (even
more massive than the isothermal sphere itself) and releases a too strong feedback if
the simulation is not refined enough. We can only have highly resolved simulations
with very massive BHs (2 108 My,) in the center of the collapsing sphere to investigate
feedback processes of BHs accreting barely above the Eddington limit. This scenario
corresponds to Case 1).
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e For accretion rates 10Mggq < Mace < 10° Mpgq, there are more options. Still, it is not
possible to probe very low Mgy or T as they would result in low feedback energies.
However a setup where Mgy = 10°Mg, T = 10?K and Ijax = 11 (Case 2)) could be a
good candidate for studying moderate super-Eddington accretion. With a smaller BH
and lower resolution, we have Case 3) which gives a weaker feedback but allows to
study Mace >~ 10> Mgqq.

* The highest accretion rates give the most options. To accrete at Maec > 10° Mgqq, we
need to make sure that the sphere is not completely blown off by feedback. Further-
more, gas needs to be cold T < 10°K to reach such accretion rates. Finally, due to
Mgioor, We can only probe BHs with Mpy < 10° M. With 3 additional cases (Cases 4),
5) and 6)), we have a large range of Mpy and Esgdqq / Usph-

¢ The study of the impact of the resolution is discussed in Section 2.5.2. To investigate
this, we choose a specific set of Mgy and T and will only vary the refinement level /nax.
Cases 7), 8) and 9) correspond to the desired setup. The AGN feedback should not
blow the sphere away and we will be able to investigate moderate super-Eddington
accretion. This choice also allows to have an unresolved (Case 7)) and well resolved
(Case 9)) rpyL. Finally, the difference in terms of feedback energies can also be looked

into.
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Appendix B

Comparison of two different spin-up
rates

In Section 4.2 are introduced different spin-up rates coming from McKinney et al. (2012)
(Eqg. 4.4) and Narayan et al. (2022) (Eq. 4.5) to compute the spin evolution of a BH producing
jets. In the main body of the paper, we opt to use Eq. 4.4 from McKinney et al. (2012) in
our isolated galaxy setup. We here investigate the differences between both spin-up rates,
by performing a simulation similar to our fiducial run sEdd_0 (see Table 3.2), only differing
in the prescription of the spin-up parameter in the super-Eddington regime ssgqq. For this
run named sEdd_0_N, we used the spin-up rate of Narayan et al. 2022 (see Eq. 4.5) and we
compare the BH spin and mass evolution with our fiducial simulation in Fig. B.1.

The final mass of the BH reaches almost 107 M, in the sEdd_0_N (solid green) simulation,
twice as massive as sEdd_0 BH (solid blue). This faster and sustained growth is owed to
much more frequent super-Eddington accretion episodes (lower Rgso), triggered more often
due to the low spin magnitude that stays close to (a lower) a, = 0.035 (see Fig. 4.1, solid
green) for close to 75 per cent of its evolution, driven by the corresponding lower AGN
teedback efficiencies. Because of this lower AGN feedback efficiency, it requires more mass
for the BH to self-regulate, and to reach a state where Rgs, is sufficiently high to drive the
BH spin up, and, hence, the rise of the BH spin is significantly delayed. Another way to see
this is that the equilibrium curve da/d In Mgy = 0 is lowered in the a — Rgso plane (Fig. 4.4),
and, hence, the lower spin values.
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FIGURE B.1: Top: Evolution of the spin parameter a for the sEdd_0 (solid blue) and sEdd_0_N (solid
green) simulations, from the moment super-Eddington was allowed (t = 206.4 Myr). Bottom: Evo-
lution of the BH mass Mgy for the same simulations. For comparison is added the Eddington limit

Mgqq (dashed red).
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