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Structure of the outflow from super-massive black-hole seeds and its impact on
the cosmological scales

by Ignacio BOTELLA LASAGA

It is one of the biggest issues in black hole (BH) astrophysics how to precisely eval-
uate BH feedback to its environments. Previous work attempting to evaluate these
phenomena have been limited by lack of observation evidence, computational power
or other constrains. Aiming at studying the unique gas dynamics of super-Eddington
flow around supermassive black hole (SMBH) seeds at high redshift, we carried out
axisymmetric two dimensional radiation hydrodynamic simulations through our
Nested Simulation-Box (NSB) method. This novel method consists on dividing the
simulation box into individual simulation boxes each covering around 3 orders of
magnitude. This allows our NSB method to create a chain of simulations capable
of covering any region of space between the cosmological inner boundary and the
black hole boundary. For the cases we study in this thesis we used 2 distinct simula-
tion boxes, the first covering the inner zone at (2 — 3 x 10%)rsen (with rgen being the
Schwarzschild radius) and second covering the outer zone at (2 x 10% — 3 x 10°)rgq,.

In order for these 2 boxes to form a single larger simulation we need to create a
smooth connection between them. We perform such information exchange through
several overlapping radii between both boxes. By first performing the first stage
simulation, we can obtain the values for the physical quantities such as gas density,
velocity, and radiation energy density, at the outer edge of the inner zone. Then we
imprint this information onto the shared area of the outer zone in the 2" stage. This
guarantees a smooth connection of the physical quantities and thus a continuation
between the inner and outer zones. We can hence simulate the evolution of gas out-
flow over a wide spatial range from the BH scale, rin, = 2rgy,, to the cosmological
simulation scale, 7oy = 3.0 X 10%7g, (= 3 x 107* pc for a BH mass of 103M.,). The
use of a 3" stage is not necessary the cases studied in this work but it can be done
following the same scheme. The reason behind this 2 stage limit is due to the vari-
ables becoming smooth over the 2" stage and thus extrapolation of their behaviour
becomes trivial.

The detailed procedure of the NSB method is as follows: In the first stage we
start the calculation by injecting mass through the outer boundary of the inner zone
at a constant rate of Minj = 10%Lgqq/c?, where Lgqq is the Eddington luminosity and
c is the speed of light, with a small angular momentum (rgep ~ 1007sq,). At the
center of the simulation box we place a candidate for SMBH seed (i.e., a Population
III (Poplll) remnant) of mass Mpy = 10°M.,. Powerful outflows are generated in
the innermost region and they propagate from the inner zone to the outer zone. The
outflows are characterized by velocity of 0.02¢ (or 0.7c) and density of 10717 (10~1%)
g cm 2 for near the edge-on (face-on) direction.
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Even in the outer zone the outflow is gradually accelerated as it travels by accept-
ing radiation-pressure force. The final mass outflow rate at the outermost bound-
ary is Mout ~ 0.4 X Miy;. By extrapolating the outflow structure to a further larger
scale, we find that the momentum and mechanical energy fluxes at r ~ 0.1 pc are
~ 10 — 100Lgqq/c and ~ 0.1 — 10Lgq4q, respectively. Moreover, we find that the im-
pacts are highly anisotropic in the sense that larger impacts are given towards the
face-on direction than in the edge-on direction. These results indicate that the BH
feedback will more efficiently work on the interstellar medium than that assumed in
the cosmological simulations.

In the second model studied in this work we reduced the injected mass ratio to
Minj = 500Lgqq/c?, while keeping all the other initial conditions equal (i.e., low an-
gular momentum, PoplIl remnant). For this reduced injection model we find that
the accretion process becomes more efficient raising the accreted percentage from
~ O.4Minj to ~ 0.6Minj. As a result of this efficient accretion process the subsequent
generated wind is weaker, with velocity of 0.03c (or 0.7c) and density of 1078 (10~1%)
g cm 2 for near the edge-on (face-on) direction. Doing the extrapolation to the cos-
mological inner boundary (i.e., 0.1 pc) we obtain in this case the momentum and me-
chanical energy fluxes values are ~ 1 — 10Lg4q/c and ~ 0.01 — 10Lg4q. By adding
the contribution of the radiation force to the energy flux we see the value around
the edge-on direction rise, and we are left with a flux ~ 0.1 — 10Lggq. This means
that, for this model, the gas impact on the outer medium without the inclusion of
radiation (i.e., gas momentum flux, and mechanical energy flux) is comparable to
the ones assumed in cosmological simulations. However, when the radiation is ac-
counted for, it shows that cosmological models underestimate the impact from the
AGN feedback.



Acknowledgements

This project would not have been possible without the help of Prof. Shin Mi-
neshige, whose advice and comments were always helpful and encouraging. Prof.
Mineshige deepened my knowledge in the field of astrophysics and cosmology with
our weekly meetings and talks. He also taught me how to better myself as a re-
searcher, knowledge that I hope impart on my students when my time comes.

In addition, I am grateful to Prof. Ken Ohsuga, Tomohisa Kawashima, and
Takaaki Kitaki whose patience and invaluable advice helped me in innumerable oc-
casions. Thanks to them Ilearned about a side of numerical simulations unknown to
me, and provided me with much needed aid when the program would not properly
work.

I am deeply grateful to our department members. I was able to enjoy my Ph.D
life and discuss about various researches with them: Keiichi Maeda, Takanori Sasaki,
Shiu-Hang Lee, Norita Kawanaka, Yoshihiro Ueda, Tetsuya Nagata, Mikio Kurita,
Kotaro Moriyama, Takumi Ogawa, Eishun Takeo, Haruoh Yasuda, Yuh Tsunetoe,
Masayuki Furuno, Fumiya Maeda, Kohsuke Namekata, Ryoma Ouchi, Kazuma Wada,
Yuya Ishizawa, Mutsuko Inoguchi, Saeko Oda, Chika Miyazawa, Yuta Nakagawa,
Monica Imanishi, Yoshiki Toba, Shun Nagatomo, Satoshi Takeshige, Takashi Nagao,
Syota Notsu, Yuta Notsu, Ryo Sawada, Tomoyasu Hayakawa, Mariko Kimura, At-
sushi Tanimoto, Akihiro Yamanaka, Satoshi Yamada, Sanetaka Okada, Aki Machida,
Satomi Tokuda, Yuzi Kotani, Tomoki Matsuoka, Shoji Ogawa, Kazuma Suzuki, Takaaki
Seki, Ryosuke Kobashi, Kenta Setoguchi, Mei Maruo, Tomohiro Yoshitake, Ryosuke
Uematsu, Kohki Uno, Haruyuki Okinaka, Keiko Ohara, Takako Nishiyama, Miyuki
Kawamoto, Ayako Nagaoka, Noriko Itoh, Eri Okamoto, Yukiko Nakanisi and Shogo
Yoshioka.

I would like to thank the Ministry of Education, Culture, Sports, Science and
Technology of Japan for awarding me with the MEXT scholarship which made pos-
sible this project, and Cray XC50 at Center for Computational Astrophysics (CfCA),
National Astronomical Observatory of Japan (NAOJ) which carried out my numeri-
cal simulations.

Finally, I want to thank Simon "Lowko" Heijnen for providing endless hours of
entertainment that kept me sane and motivated thought the entire duration of the
project.



Contents

Declaration of Authorship
Abstract
Acknowledgements

1 Introduction

1.1 SMBHsathigh-z . ... ... ... ... ... .. .. ... .. ......

1.1.1  Definitionof SMBHs . . . ... ..... .. ... .. ... ..

1.1.2 Problems of SMBHs athigh-z . . . . ... ... ..........
1.2 Studying SMBHs through observation . . . . . ... ... ........
1.3 Studying SMBHs through cosmological simulations . . . . ... .. ..
1.4 Studying SMBHs through astrophysical simulations . . . . . .. .. ..
1.5 Super-Eddingtonflow . ... ... ... ... .. .. ... .. ... ...
1.6 Objectives and structureof ourwork . . . . .. ... ... .. ... ...

2 Models and Numerical Methods
21 RHDequations . ...............................
2.2 Nested simulation-boxmethod . . . ... ... ... .. .........
23 Initialset-up . ... ... ... ... ...

3 Fiducial model
31 Inflow . . . . . o . e
3.2 Outflowstructure . . . . . . . . . . ... .
33 Outflowimpact . . .. ... ... ... ... L
3.4 DiscussSion . . . . . . ... e e e e e e e
3.4.1 Benefitsof the NSBmethod . . . . ... ... ... ........
3.42 Inflow rate comparison . . ... ... ... ... ......
3.4.3 Outflow structure and impact relevance . . . . .. ... ... ..

4 Reduced injection model

41 Inflow . . . . . . . e
42 Outflowstructure . . . . . . . . . . ... e
43 Outflowimpact . . ... ... ... ...
4.4 DIiscuSSION . . . . . . v e e e e e e e e e e e

441 Inflow rate comparison . .. ... .................

442 Outflow structure and impact relevance . . . . . ... ... ...
45 Futurework . . . . . . ...

5 Conclusions

Bibliography

Vi



List of Figures

1.1

1.2

1.3

1.4

1.5

1.6

1.7

1.8

1.9

21

Original diagram from Rees (1978, 1984), outlining the possible for-
mation pathways for supermassive black holes. . . . .. ... ... ..
SMBH mass-luminosity plane of z > 5.8 quasars against the black hole
mass Mgy measured to date with Mg, (Onoue et al. 2019). . . . . . ..
The HSC images of the red quasar candidates at z > 5.6. “Q” and "N”
mark the quasar and nearby objects identified on the HSC. (Kato et al.
2020) ..o
Visual representations of some selected recent structure and galaxy
formation simulations. The simulations are divided in large volume
simulations providing statistical samples of galaxies, and zoom simu-
lations resolving smaller scales in more detail. Furthermore, they are
also divided in dark matter-only, i.e. N-body, and dark matter plus
baryons, i.e. hydrodynamical simulations (Vogelsberger et al. 2019). . .
Gas column density normal to main planes at the end of the simula-
tion. The left frame shows the inner edge-on disk (position delineated
by the white arrows) embedded in the outer disk. The middle frame
shows the same figure with the inner disk being face-on. The right
frame shows another projection of the inner edge-on disk and the in-
clined (toward the observer) outer disk (Shlosman et al. 2016). . . . . .
The projected gas density for the fiducial simulation (left) and the
run without AGN wind feedback (right) at a time just after the final
merger (t = 1.71 Gyr). Brighter color corresponds to higher density.
(Debuhr, Quataert,and Ma 2012). . . . . . . . . . . ... ... ...
Snapshot of disk structures for density (left) and radiation energy den-
sity (right) of black hole accretion disk based on first principle 3D ra-
diation MHD simulations (Jiang, Stone, and Davis 2014). . . . .. . ..
Result of the numerical simulation for a model of the mass outflow
driven by magnetic interaction between a protostar and its surround-
ing disk. Solid curves denote magnetic field lines. (Hayashi, Shibata,
and Matsumoto 1996). . . . . . . . . ...
Result of an RHD numerical simulation of gas being accreted into a
BH of mass Mpy = 108M.. Time averaged density map (top panel)

and the ionization parameter map (bottom panel) (Nomura et al. 2016).

Schematic example of the nested simulation box method. The initial
box (left) is separated into 2 smaller boxes (right), i.e., 15 stage (blue
delimited area) (2 < R/rgq < 3000) and 2% stage (red delimited area)
(2000 < R/7sq < 3 x 10°). The black marked area represents the con-
nection zone shared between 1% to 2"? stage as boundary condition
(2000 < R/rgen < 2500). The remainder of the shared space will be
used to determine the consistency between stages. . . . . . . ... ...

vii

9

11

13



3.1

3.2

3.3

34

3.5

3.6

3.7

3.8

3.9

4.1

Time variations of the mass inflow rate onto the black hole (Mgy).
The blue line traces the evolution of the inflow matter at the black
hole boundary (r = 2rgy,). The red dashed line represents the mean
value of the blue line but in the quasi-steady state. The green dot-
ted line indicates the mass injection rate at the outer boundary of the
simulation box in the inner zone (r =3 x 10%7gg). « « « . . v v o o ...
Radial trend of the mass inflow/outflow rate in the 1% stage simu-
lation. The mass inflow rate (v(r,0) < 0 ), the mass outflow rate
(v(r,0) > 0), the escaping mass outflow rate (v(r,6) > vesc) and the
net mass flow rate are indicated by the dark blue, green, red, and cyan
lines, respectively. . . . . . . ... .
Two-dimensional (2D) contours of matter density (top), radiation en-
ergy density (middle), and kinetic energy density (bottom) in the in-
ner zone (left) and outer zone (right). Note different color bars for
the left and right panels; they are adjusted to clearly visualize rapid
spatial variations of the physical quantities. . . . . ... ... ... ...
A typical snapshot of the two-dimensional (2D) contours of matter
density in the 1% stage (at t = 18000s) centered around the ‘bulge’.
The black arrows show the velocity vector map of each grid point. . . .
Density (top) and radial velocity (bottom) angular profiles near the
outer boundary of the inner zone. Notice that the radial velocity in
the inflow region (i.e., 0 ~ 71/2) diverges due to its negative values. . .
Angular profiles of the density (top left), the radial velocity (top right)
and the radiation energy (bottom) measured at the same radius r =
2.7 x 103754, in the inner zone (blue line) and the outer zone (green
line), respectively. This graph showcases the degree of fidelity in
which we can reproduce the previous zoneresult. . ... ... ... ..
Force balance between the accelerating forces (F,q, Feent and Fp) against
the gravitational pull (F) in the 2" stage simulation, averaged over
time. We have chosen 6 ~ 0.87rad ~ 50° as a representative value
of the outflow. This figure demonstrates acceleration of the gas in the
outerzone. . . . . .. L. e
Linear profiles of mass (top left), momentum (top right) and energy
(bottom) flux in the angular direction (0.0 < 6 < 1.4). Solid lines
indicate the flux at the outer boundary of the 2"¥ stage (i.e., 7 ~ 3 x
10°rg4,), while the dashed line shows the flux at the outer boundary
of the inner zone (i.e., ¥ ~ 3 X 10%7sen). - « v v v i
From top to bottom: Linear profiles of density, radial velocity, radial
mass flux (pv,r?), radial momentum flux (pv?r?) and energy flux in
the radial direction. Each panel shows both the 1% (dashed) and ond
(solid) stage lines. The energy flux panel (last) contains also the ra-
diation flux for the 1° and 2"? stages, indicated by a dotted and a
dot-dash line respectively. . . . .. ... ... ... .. .. ........

Radial trend of the mass inflow/outflow rate in the 1% stage simu-
lation. The mass inflow rate (v(r,0) < 0 ), the mass outflow rate
(v(r,0) > 0), the escaping mass outflow rate (v(r,6) > vesc) and the
net mass flow rate are indicated by the dark blue, green, red, and cyan
lines, respectively. . . . .. ... ... L

viii

24

25

27

28

28

31

35



4.2

4.3

44

4.5

4.6

4.7

Time variations of the mass inflow rate onto the black hole (Mgy).
The blue line traces the evolution of the inflow matter at the black
hole boundary (r = 2rgy,). The red dashed line represents the mean
value of the blue line but in the quasi-steady state. The green dot-
ted line indicates the mass injection rate at the outer boundary of the
simulation box in the inner zone (r =3 x 10%7gg). « « « . . v v o o ...
Two-dimensional (2D) contours of matter density (top), radiation en-
ergy density (middle), and kinetic energy density (bottom) in the in-
ner zone (left) and outer zone (right). Note different color bars for
the left and right panels; they are adjusted to clearly visualize rapid
spatial variations of the physical quantities. . . . . . .. ... ... ...
Density (top) and radial velocity (bottom) angular profiles near the
outer boundary of the inner zone. Notice that the radial velocity in
the inflow region (i.e., 0 ~ 71/2) diverges due to its negative values. . .
Linear profiles of mass (top left), momentum (top right) and energy
(bottom) flux in the angular direction (0.0 < 6 < 1.4). Solid lines
indicate the flux at the outer boundary of the ond stage (i.e., v ~ 3 X
10°75e,), while the dashed line shows the flux at the outer boundary
of the inner zone (ie., 7 ~3 X 10%7g). - « « v v v i i
From top to bottom: Linear profiles of density, radial velocity, radial
mass flux (pv,r?), radial momentum flux (pv?r?) and energy flux in
the radial direction. Each panel shows both the 1 (dashed) and 2
(solid) stage lines. The energy flux panel (last) contains also the ra-
diation flux for the 1% and 2" stages, indicated by a dotted and a
dot-dash line respectively. . . . .. ... ... .. ... ... . L.
Two-dimensional (2D) contour of the mass density in the inner zone.

The high-angular momentum gas forms a circulating structure ("bulge")

far from the central object. . . . . . ... ... ... . oL

iX

36

38

40

43



List of Tables

2.1

2.2

51

Naming convention for the stages in the nested box method for the
simulation discussed in thispaper. . . . . .. ... ... .. .. ... .. 19
Initial condition set-up for the different models presented in this project. 22

Comparison between results form different studies using RHD & RMHD
simulations. Here we compare the box size (rout), the angular momen-

tum of the ipjected material (rkep), and the mass flux both at the BH
boundary (Mgp) and at the outer boundary (Moyyt). We also indicated
whether the Compton scattering effect is taken into account or not. . . 44



List of Abbreviations

BH
SMBH
AGN
SDSS
MHD
GRMHD
RHD
FLD
NSB

BlackHole

Super Massive BlackHole

Active Galactic Nucleus

Sloan Digital Sky Survey
MagnetoHydroDynamics

General Relativistic MagnetoHydroDynamics
Radiation HydroDynamics

Flux-Limited Diffusion

Nested Simulation Box

xi



Xii

Physical Constants

Speed of Light c = 2.99792458 x 109 cm s~ !
Gravitational constant G =6.67259 x 10712 cm3 g~ 1572
Solar mass My =1989 x 108 g

Schwarzchild radius rseh = 2.95 x 10° ( 1\1/\1/[> cm
Eddington luminosity Lpgq = 1.26 x 10% AI/\IA\ erg s
Proton mass mp = 1.6726 X 1072 g

Electron mass e =9.1094 x 1078 ¢

Thomson cross-section or = 6.6524 x 1072 cm?
Boltzmann constant kg = 1.3807 x 10716 cm? g s2K!
Stefan-Boltzmann constant  ogg = 5.670374 x 10~° erg cm2s 1K
Specific heat ratio v=>5/3

Radiation constant a, = 7.5646 x 1071% erg cm 3 K~*

Mean molecular weight u=05



xiii

List of Symbols

B magnetic field G

E total energy gcm 3
e internal energy gcm 3
E..q radiation energy gcm 2
F radiative flux ergss~! cm ™2
J current density Bi cm 2
M mass g

M mass flux gs !

p pressure Ba

r radius cm

rkep Keplerian radius Sch

v velocity cms!
z redshift

€ radiative efficiency

P gravitational potential erg g !
0 density gcm 3
Qkx  Keplerian angular velocity s7!



Xiv

Dedicated to. ..

I dedicate my dissertation work to my family and many friends. A special feeling
of gratitude to my parents, Luis Botella and Olga Lasaga, whom provided me with
exceptional role models to follow. Without their support I would never be where I
am today. Also to my siblings, Alex, Maria and Inés for making me a better person.

I also dedicate this dissertation to my very dear friends, who have supported me
throughout the process, and helped me be here today. I will always be thankful to
Marc Barroso, Laura Moreno, Sergi Terrades, Francesc "Cesc" Cunillera and Josep
Tous for all their help through the degree and master in Barcelona. To Jane Chang,
Christian Parraga and Seongchun Yang, without their moral support I would have
never finished this thesis.

I dedicate this work and give special thanks to my brothers in arms Ilia Sixtel
and Jan Pack. They helped me make of Kyoto my new home, and they will always
be family no matter where the future takes us.

Lastly I wanted to dedicate this work to a very special friend, Katarzyna Kasia
Mizerska for being there for me throughout the entire doctorate program. You have
been my best cheerleader and will always be my polish sister.



Chapter 1

Introduction

1.1 SMBHs at high-z

We will start this chapter by introducing the objects of study, i.e. supermassive black
holes (SMBHs), and their associated problems. There are multiple observational
studies conducted on SMBHs across the universe (e.g., Willott et al. 2010, Bafiados
et al. 2016, Jiang et al. 2016, Reed et al. 2017, Matsuoka et al. 2019, Yang et al. 2018,
Wang et al. 2019). Of these objects there are some that present very large masses (~
10°719M,) at a very early time (z ~ 6 — 7) (Fan et al. 2003, Bafiados et al. 2018). These
objects, which can be studied to a certain extend through observation (Paliya et al.
2019, Volonteri 2010, Natarajan 2011, Valiante et al. 2017, and Inayoshi, Visbal, and
Haiman 2020), can not be satisfactorily answered through our current knowledge.
But to understand better why do these particular SMBHs present a challenge to our
current understanding of physics we need to first introduce what a SMBH is.

1.1.1 Definition of SMBHs

We define a supermassive black hole (SMBH or sometimes MBH) as the largest type
of black hole (BH), with mass on the order of millions to billions of times the mass
of the Sun (M,)). These SMBHs are thought to exist at the centre of most large galax-
ies, including the centre of our own galaxy, the Milky Way, although we only have
confirmation of a handful of these objects (most are too far away to be observed).

For many years, astronomers had only indirect evidence for SMBHs, the most
compelling of which was the existence of quasars in remote active galaxies. Ob-
servations of the energy output and variability timescales of quasars revealed that
they radiate over a trillion times as much energy as our Sun from a region about the
size of the Solar System. The only mechanism capable of producing such enormous
amounts of energy is the conversion of gravitational energy into light by a MBH.

More recently, direct evidence for the existence of SMBHs has come from ob-
servations of material orbiting the centres of galaxies. The high orbital velocities of
these stars and gas are easily explained if they are being accelerated by a massive ob-
ject with a strong gravitational field that is contained within a small region of space
—i.e. a supermassive black hole.

Through our knowledge of black hole evolution we understand the important
role that SMBHs have on their embedded media. An example of this is the fact that
the mass of the black hole is correlated with the stellar mass (Mpy — Mypyge relation)
and velocity dispersion (Mpy — ¢ relation) of the bulge of the galaxy. These discov-
eries over the past 20 years have led to the popular idea that black holes and galax-
ies co-evolve and that feedback of active galactic nuclei (AGN) during the growth
phases of the black hole strongly affects the gas content and star formation in the
host galaxy (Ho 2004; Kormendy and Ho 2013). Understanding the formation and
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growth history of SMBHs, their influence on galaxy evolution, and the exotic phe-
nomena of stellar dynamics and gas accretion in the SMBH environment has become
a major theme in astronomy. How the SMBH feedback affects galaxy evolution re-
mains a major unanswered question in astrophysics.

There are many unknowns on the study of the impact that SMBHs can make on
their host environment. In recent simulations, while they demonstrated that it is
possible to tune phenomenological AGN feedback prescriptions to produce massive
galaxies that resemble the observed quiescent ellipticals (e.g., Pillepich et al. 2018,
Habouzit et al. 2019, M. Tremmel et al. 2019), they could not obtain a satisfactory
understanding of the actual physics of the AGN feedback. AGN jet powers are in
principle sufficient to offset the cooling observed in X-rays in ellipticals and galaxy
clusters (e.g., Mathews and Brighenti 2003, Gaspari, Ruszkowski, and Sharma 2012).
On more recent work (i.e, Richard-Laferriere et al. 2020) they also found evidence of
strong correlations between the radio mini-halos and the central AGN in clusters.
Which means that AGN feedback may also play a fundamental role in re-energizing
non-thermal particles in clusters.

However, this power is released in the very vicinity of the central SMBHs (on
scales on the order of a gravitational radius, i.e., ~ 20 AU for a billion solar mass
BH, which is comparable to the size of the Solar System) and must be distributed
over scales comparable to cooling radii, where the cooling time is comparable to the
Hubble time (~ 100 kpc). Thus, one major challenge is to unravel how the energy
released near the SMBH is distributed over nine orders of magnitude in distance
(Ruszkowski et al. 2019).

The origin of SMBHs also remains an open field of research. Astrophysicists
agree that black holes can grow by accretion of matter and by merging with other
black holes. There are several hypotheses for the formation mechanisms and ini-
tial masses of the progenitors, or "seeds", of SMBH. Some examples are stellar black
holes result from the collapse of massive stars or the collapse of massive clouds of
gas during the early stages of the formation of the galaxy. Another idea is that a stel-
lar black hole consumes enormous amounts of material over millions of years, grow-
ing to SMBH proportions. Yet another, is that a cluster of stellar black holes form and
eventually merge into a SMBH. These potential formation paths for SMBHs were
outlined in the Rees diagram Rees (1984) (see Figure 1.1).

Independently of the specific formation channel for the black hole seed, given
sufficient mass nearby, it could accrete to become an intermediate-mass black hole
and possibly a SMBH. That is, if the SMBH seed can keep this accretion process over
a long period of time uninterrupted.

Once these SMBHs have been formed they will continue to grow and evolve. The
majority of the mass growth of SMBHs is thought to occur through episodes of rapid
gas accretion, which are observable as AGNs or quasars. Observations reveal that
quasars were much more frequent when the Universe was younger, indicating that
SMBH formed and grew early. A major constraining factor for theories of SMBH
formation is the observation of distant luminous quasars, which indicate that SMBH
of billions of solar masses had already formed when the Universe was less than one
billion years old. This suggests that SMBH arose very early in the Universe, inside
the first massive galaxies. Most astronomers agree that accretion of material onto the
SMBH drives both AGN feedback and galactic jets making the study of these objects
a key component for the understanding of the early universe.

But if SMBHs in general are poorly understood, the evolution and effects of these
same object at high-z is even more problematic.
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1.1.2 Problems of SMBHs at high-z

It is now generally accepted that most galaxies harbor SMBHs in their centres (Mer-
loni and Heinz 2013; Graham 2016). This is true both for galaxies in the Local Uni-
verse and at high redshift, where almost 200 quasars have been discovered at z > 6
(Willott et al. 2010; Carnall et al. 2015; Matsuoka et al. 2016; Bafiados et al. 2016; Jiang
etal. 2016; Mazzucchelli et al. 2017; Reed et al. 2017; Wang et al. 2019; Matsuoka et al.
2018 a,b; Reed et al. 2019; Vito et al. 2019). These quasars are typically powered by
SMBHs with masses of order 1O9M@, yet are seen at lookback times > 13 Gyr, i.e.
when the Universe was less than 800 Myr old (see Figure 1.2). The most extreme
SMBH currently known is "Poniua’ena" with a mass of Mpy, = 1.5 X 10° M, seen at
z = 7.515 (Yang et al. 2020), corresponding to t = 700 Myr after the Big Bang. These
observations provide a rather tight constraint on the possible models of the origin
and early growth of SMBHs.
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FIGURE 1.2: SMBH mass-luminosity plane of z > 5.8 quasars against
the black hole mass Mgy measured to date with Mgy; (Onoue et al.
2019).

The mechanism by which such massive BHs formed within 1 Gyr after the big
bang remains poorly understood. Generically, these SMBHs are thought to have
assembled by mergers with other BHs and/or by gas accretion onto less massive
BHs. If the first (seed) BHs are the ~ 10°M;, remnant BHs of the first generation
of stars (e.g., Heger et al. 2003), they must be in place well before redshift z = 6.
If accretion onto BHs is limited at the Eddington rate with radiative efficiency e,
defined as the fraction of the rest-mass energy of matter falling onto the BH that is
released as radiation, then 1 — € of the matter is accreted and the growth of the BH
mass Mgy is given by

dlnMBH . 1—¢ _ 47'L'G}H’I”lp

dt € orc (1.1)

where G is the gravitational constant, ¢ is the speed of light,  ~ 1.15 is the mean
atomic weight per electron for a primordial gas, and oy is the Thompson electron
cross section. The e-folding timescale for mass growth is tgqq ~ 4.4 x 107 yr for
€ = 0.1. In the concordance cosmological model, the time elapsed between redshifts
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z = 30 (when the first seeds may form) and z = 6.4 (the redshift of the most distant
quasar) is &~ 0.77 Gyr, allowing for a mass growth by a factor of ~ 1077. Therefore,
individual ~ 100M, seeds can grow into the SDSS detected quasar BHs through
gas accretion alone, provided the accretion is uninterrupted at close to the Edding-
ton rate and € < 0.1. A higher efficiency and/or a lower time-averaged accretion
rate will require many seed BHs to merge together; the number of required mergers
increases exponentially for lower time-averaged accretion rates.

In general, these models fall broadly into two groups (see Inayoshi, Visbal, and
Haiman 2020, for a review). One group considers SMBHs growing from massive
seeds: objects with masses ~ 10* — 10° M, (Ferrara et al. 2014) that form via direct
gas collapse (Loeb and Rasio 1994; Begelman, Volonteri, and Rees 2006; Dijkstra, Fer-
rara, and Mesinger 2014; Chon et al. 2016; Wise et al. 2019), an intermediate super-
massive star stage (Regan and Haehnelt 2009; Volonteri and Begelman 2010; Begel-
man 2010) or due to rapid mergers of stars and/or individual stellar-mass black
holes in a dense cluster (Portegies Zwart and McMillan 2002; Portegies Zwart et al.
2004; Devecchi and Volonteri 2009). These seeds can then grow the required four or-
ders of magnitude in mass over several hundred Myr even if the radiative efficiency
of accretion is € 2 0.1.

The second kind of model suggests that SMBHs grow from stellar mass seeds
(Madau and Rees 2001) via luminous accretion with a rather low radiative efficiency.
Low efficiency may be achieved if accretion rates are hyper-Eddington; they create
conditions where the photons emitted by the accreting gas cannot escape the ac-
cretion flow and are dragged into the black hole (Alexander and Natarajan 2014;
Sadowski et al. 2015; Pacucci, Volonteri, and Ferrara 2015; Inayoshi, Haiman, and
Ostriker 2016; Sakurai, Inayoshi, and Haiman 2016; Takeo, Inayoshi, and Mineshige
2020). Even if accretion consists of Eddington-limited thin disc episodes, a radia-
tive efficiency € ~ 0.06 may be achieved if the spin of the black hole is kept low
(e.g. King, Pringle, and Hofmann 2008). Since the black hole mass depends expo-
nentially on (1 — €) /e, this difference is enough to allow for the growth of SMBHs
powering even the most extreme high-redshift quasars. The super-Eddington accre-
tion flow theory is more supported since in the early Universe the conditions for this
type of accretion onto BH (i.e, gas density and metallicity) are thought to have been
favorable (Brightman et al. 2019).

Unfortunately, the limited data, and complexity of the studies, makes discerning
the origin of these objects still a mystery. To understand to what degree the study of
the origin of SMBH at high redshift is, we need to talk about the 3 different methods
we have to “observe” these objects.

1.2 Studying SMBHs through observation

High redshift quasars, as the most luminous non-transient objects in the early uni-
verse (as shown in Figure 1.3), are the most promising tracers to address the history
of cosmic reionization and how the origins of SMBHs are linked to galaxy formation
and evolution. The huge amounts of energy released by the active SMBHs can have
an impact on the life and evolution of their entire host galaxy. This has made AGNs
relevant for an even broader community of astronomers. The study of AGNs in the
context of their feedback effects has brought a number of unexpected discoveries
(some of them described in this review) about the physical conditions of the gas in
the surroundings of an active nucleus. Thus, the value of SMBH surveys, or to be
more precise AGN feedback surveys, is vastly reaching. Its capability of opening a
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window to study, not only the growth and evolution of the central object but also
the conditions of the gas at certain times in the Universe is crucial.

J0233-0318

FIGURE 1.3: The HSC images of the red quasar candidates at z > 5.6.
”Q” and “N” mark the quasar and nearby objects identified on the
HSC. (Kato et al. 2020)

For decades, quasars have been detected and studied at increasingly high red-
shifts, owing to their extremely high luminosities. Wide-area surveys, required
by the rarity of luminous, high-redshift quasars, provided an almost continuous
progress of breaking redshift records. Since the first few z ~ 6 quasars were de-
tected through (early) SDSS observations (e.g., Fan et al. 2003), the trickle has turned
into a steady stream of detections. The current redshift record holder is the quasar
ULAS J1342+0928 at z = 7.54 (Bafiados et al. 2018a), and there are over 170 quasars
known atz 2 6, in addition to over 300 at z ~ 5 — 6 (see King, Pringle, and Hofmann
2008). The vast majority of these systems have been selected in various wide-field,
multi-band optical-IR surveys, through elaborate colour based criteria. Indeed, es-
sentially every imaging survey with sufficient area and depth has identified samples
of z & 5 quasars (for some of the largest relevant samples see, e.g., Willott et al. 2010a,
Bafiados et al. 2016, Jiang et al. 2016, Reed et al. 2017, Matsuoka et al. 2019, Yang et al.
2018, Wang et al. 2019a). The quasar selection criteria are constantly improving, al-
lowing to recover highly complete (or, at least, well-understood) samples that cover
an ever expanding range in flux, redshift, and/or colour (e.g., Carnall et al. 2015,
Wang et al. 2016, Reed et al. 2017). The recent, publicly accessible compilation by
Ross and Cross (2020) provides an impressive and up-to-date status report on this
still-growing population of quasars, as well as references to some of the important
follow-up observations. Most importantly, several teams have been accumulating
a rich collection of multi-wavelength data for these systems, which allow to study
a multitude of phenomena related to the quasars and their central engines, to their
host galaxies, and indeed to their large-scale environments.

While capable of determining certain parameters of the AGN, observations of
SMBHs can not study the conditions of the gas in a high-z scenario. Not only that but
observation of these SMBHs can only be done through their hosts, the MeV blazars.
These are the most luminous persistent sources in the Universe and emit most of
their energy in the MeV band (Hopkins, Richards, and Hernquist 2007, Harrison et
al. 2013). For these reasons the study of the accretion physics, the growth rate or the
outflow structure on high-z SMBHs can not be obtained solely from observational
data. That is, we need to introduce some tools, in addition, to fully understand the
growth history of the SMBHs in the early Universe.
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1.3 Studying SMBHs through cosmological simulations

The first one of these tools that we need to introduce are the cosmological simu-
lations. Over the last decades, cosmological simulations of galaxy formation have
been instrumental for advancing our understanding of structure and galaxy forma-
tion in the Universe. These simulations follow the nonlinear evolution of galaxies
modeling a variety of physical processes over an enormous range of scales (Figure
1.4 gives us an idea of the range these studies cover). A better understanding of the
physics relevant for shaping galaxies, improved numerical methods, and increased
computing power have led to simulations that can reproduce a large number of ob-
served galaxy properties. Modern simulations model dark matter, dark energy, and
ordinary matter in an expanding space-time starting from well-defined initial condi-
tions. The modeling of ordinary matter is most challenging due to the large array of
physical processes affecting this matter component. Cosmological simulations have
also proven useful to study alternative cosmological models and their impact on the
galaxy population.

4 dark matter-only (\-body) dark matter + baryons (hydrodynamical) Y

zoom (details)

large volume (statistics)

Romulus2s

Bolshoi EAGLE “Horizon-AGN

.

FIGURE 1.4: Visual representations of some selected recent structure

and galaxy formation simulations. The simulations are divided in

large volume simulations providing statistical samples of galaxies,

and zoom simulations resolving smaller scales in more detail. Fur-

thermore, they are also divided in dark matter-only, i.e. N-body, and

dark matter plus baryons, i.e. hydrodynamical simulations (Vogels-
berger et al. 2019).

Dark matter builds the backbone for the formation of galaxies, which are ex-
pected to form at the centers of dark matter overdensities, so-called halos. The con-
tinuum limit of non-interacting dark matter particles is described by the collisionless
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Boltzmann equation (1.2) coupled to Poisson’s equation (1.3). This pair of equations
has to be solved in an expanding background Universe dictated by the Friedmann
equations, which are derived from the field equations of general relativity.

df _of  of o®If _
it ot Vor arov ¥ (1.2)

V20 — 470G / fav, (1.3)

where f is the distribution function of dark matter and ® is the collective gravi-
tational potential.

As explained in Vogelsberger et al. (2019), most cosmological simulations employ
Newtonian rather than relativistic gravity, that provides a fairly good approximation
since linear structure growth is identical in the matter dominated regime in the two
theories, and non-linear large-scale structure induces velocities far below the speed
of light. That is not to say that cosmological simulations dismiss completely rela-
tivistic factors such as the expansion effects of the Universe which they implement
through the cosmic scaling factor, a(t). Cosmological simulations are also typically
performed with periodic boundary conditions to mimic the large-scale homogeneity
and isotropy of the matter distribution of the Universe, i.e. the cosmological princi-
ple.

The N-Body method: N-body methods are often employed to follow the colli-
sionless dynamics of dark matter, where the phase-space density is sampled by an
ensemble of N phase-space points. N-body methods therefore solve the collisionless
Boltzmann equation by the method of characteristics.

Simulating baryons is therefore crucial to make predictions for the visible Uni-
verse. Initially, the baryon component is solely comprised of gas, mostly hydrogen
and helium. Some of this gas eventually turns into stars during structure formation.
Astrophysical gases in cosmological simulations are typically described as inviscid
ideal gases following the Euler equations, which can be expressed in different forms
leading to different numerical discretization schemes.

d
zTP +V-(ov) =0, (1.4)
t
opv
= TV (vev+p) =0, (1.5)
dpE
Tgt + V- (pE+p)v =0, (1.6)

where E = ¢ + v2/2 is the total energy per unit mass, ¢ is the internal energy, p is
the matter density, v is the velocity vector, and p = (7 — 1)pe with v = 5/3 is the
pressure.

Hydrodynamics in cosmological simulations is numerically demanding due to
the large dynamic range, highly supersonic flows, and large Reynolds numbers. The
hydrodynamical equations can be discretized in different ways employing meth-
ods that roughly fall into three classes: Lagrangian, Eulerian or arbitrary Lagrange-
Eulerian techniques. The Lagrangian specification of the field assumes an observer
that follows an individual fluid parcel, with its own properties like density, as it
moves through space and time. The Eulerian specification, on the other hand, fo-
cuses on specific locations in space through which the fluid flows as time passes. In
addition, numerical approaches can also be distinguished between mesh-free and
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mesh-based algorithms. Mesh-free methods do not require connections between
nodes, but are rather based on interactions of each node with its neighbors.
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FIGURE 1.5: Gas column density normal to main planes at the end of

the simulation. The left frame shows the inner edge-on disk (position

delineated by the white arrows) embedded in the outer disk. The

middle frame shows the same figure with the inner disk being face-

on. The right frame shows another projection of the inner edge-on

disk and the inclined (toward the observer) outer disk (Shlosman et
al. 2016).

Cosmological simulations include models for supermassive black holes, and nu-
merically seed them typically in dark matter haloes with masses > 101 — 10" M,
since the true seeds cannot be resolved, and their origin is not yet fully understood.
They then accrete mass often based on an Eddington-rate-capped Bondi-Hoyle-like
accretion rate: Mpy = (47G*M2yp)/ (2 + v%,)%/?, where p and c; are the gas den-
sity and gas sound speed, respectively, and v, denotes the relative velocity between
the gas and the black hole. Depending on the numerical resolution this accretion rate
is sometimes artificially increased, possibly in a density-dependent fashion, to com-
pensate for the inability of simulations to resolve the multi-phase structure of gas
(Booth and Schaye 2009). The problem with these simulations is that due to their
large scale, the resolution power of the central object is limited. We can see that a
galaxy-size simulation (shown in Figure 1.5) can only trace the gas tor ~ 0.1pc. Con-
tinuing to trace the gas further would result in a simulation to taxing to compute.
The method these simulations use then, is to place a "sink" particle of size equal to
the minimum resolution where all matter that passes that threshold is considered
accreted.

This presents a few challenges, the first being that an assumption of a 100% ac-
cretion rate efficiency, will lead to an overestimation of the growth rate of the central
particle. Not only that, but we also have the fact that assuming no outflow, implies
no AGN feedback. From observations (see last section), we have discussed how
SMBHs at the center of galaxies present some of the most bright MeV quasars. Thus
the assumption of not outflow, no feedback, from the central particle is not very
realistic.

This is further supported by other cosmological studies like Debuhr, Quataert,
and Ma (2012), where they assume a simplified model of the wind produced by the
AGN and compare the changes to the simulation. We can see from Figure 1.6, that in
a sub-Eddington accretion flow model, the outflow produced is enough to clear the
gas out of the orbital plane. He have already mentioned that in high-z scenarios the
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super-Eddington flow is more likely, thus this simplified flow will not be adequate
in this study.

FIGURE 1.6: The projected gas density for the fiducial simulation

(left) and the run without AGN wind feedback (right) at a time just

after the final merger (t = 1.71 Gyr). Brighter color corresponds to
higher density. (Debuhr, Quataert, and Ma 2012).

The problem that cosmological simulations have, is their limitation in resolution
close the the central BH. And due to that these studies need to resort to approxima-
tions and assumptions for and around the AGN. This can work for certain studies,
but to shed a light on the processes behind SMBH formation and evolution, they are
not sufficient.

1.4 Studying SMBHs through astrophysical simulations

The other tool, to analyze the evolution of SMBHs, that we need to introduce are
astrophysical simulations. These simulations are focused on the study of accretion
gas dynamics around the AGNs (e.g. Eggum, Coroniti, and Katz 1987, Matsumoto
1999, Hawley and Choptuik 2000, Machida and Matsumoto 2000, Dubois et al. 2015).
These ones provide information of the infall and outflow structure though radiation
hydrodynamic (RHD), magnetohydrodynamic (MHD) or general relativistic mag-
netohydrodynamic (GRMHD) physics. Starting with the MHD simulations, due to
their capacity to offer an approach based on unified view of various common ac-
tive phenomena, such as jets, outflows, flares, bursts, they are crucial tools in astro-
physics (see Figure 1.7).

Like any model there are some approximations that need to be taken for MHD
simulations to work. First is the so-called hydrodynamic approximation, where the
characteristic length (L) needs to be much larger than the mean free path (A), or
ion Larmor radius. By requiring this they can speed the process by disregarding
kinetic treatment of local perturbations of the medium. The second requirement that
must be met is a slow timescale, where the displacement current is neglected (i.e.
non-relativistic approximation). In this approximation the characteristic timescale
(t) must be much larger than the collision time (f.y). Lastly, they must satisfy the
Quasi-Neutrality condition, where the particle number density > Goldreich-Julian
density > ng (n = V - (v x B)/e). With these approximations taken one can then
solve the set of MHD equations:

The mass equation
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FIGURE 1.7: Snapshot of disk structures for density (left) and radi-
ation energy density (right) of black hole accretion disk based on
first principle 3D radiation MHD simulations (Jiang, Stone, and Davis

2014).
)
L +V(o0) =0, (1.7)
t
the momentum equation
dv 1
n +Vp = E] X B, (1.8)
the energy equation
d p _1n
pE<(7_1)p)+pV v="_J" (1.9)
and lastly the induction equation
JB c
EZVx(szB—(—T}). (1.10)

here B is the magnetic field and | is the current density defined as ] « V x B.

However, for the purpose of the study of BH accretion physics and AGN feed-
back MHD simulations are not enough. There are several reasons for why the ideal
MHD equations do not suffice:

* Light speed does not appear explicitly, thus we can not know if the jet near the
black hole (BH) is relativistic or not.

* No energy and mass equivalency.
* No Lorentz contraction and momentum of energy and fields.

* No of general relativistic effects, e.g. extremely strong gravity, frame-dragging
effect, and gravitational red-shift.
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Thus a modification to introduce the relativistic effects near these objects must
also be considered. By introducing some changes to the ideal MHD equations (e.g.,
gravitational red-shift, solution of Einstein equation through Schwarzschild or Kerr’s
metric, ...) one can obtain a new set of equations that include the relativistic be-
haviour. This allows for much closer simulations of gas accretion in to the central
particle (see Figure 1.8) .
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FIGURE 1.8: Result of the numerical simulation for a model of the

mass outflow driven by magnetic interaction between a protostar

and its surrounding disk. Solid curves denote magnetic field lines.
(Hayashi, Shibata, and Matsumoto 1996).

The problem with MHD and GRMHD simulations, when used for the study of
AGN accretion and outflow impact, is that they do not include the gas/radiation
interaction. To estimate the importance of radiation in fixing the local properties of
a radiating fluid, we can use the ratio R of the material internal energy density ¢ to
the radiation energy density E; for a perfect gas-radiation equilibrium:

R =¢é/E = (3kp/2a,)(N/T?). (1.11)
We should note that R also gives a measure of the relative importance of gas
and radiation pressure because p = %é for a perfect gas, and P = %E for radia-

tion. Clearly radiation is most important at high temperatures and/or low densi-
ties. In the particular case of accretion disks and AGN jets, due to the small density
(o < 1071% cm~3) and high temperatures (T > 10*K) radiation is overwhelmingly
important. Even more, gas-radiation interaction should be critical in the particu-
lar case of super-Eddington accretion, that inevitably appears when the mass of BH
seeds are small, and as we have already discussed should be even more prevalent in
a high-z scenario.
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This leads us to the last of the astrophysical simulations to appear and the ones
this project will center around are the radiation hydrodynamic simulations (RHD). A
fluid interacting with electromagnetic radiation gains or loses energy and momen-
tum through the emission, absorption and scattering of photons (see Figure 1.9).
Radiation hydrodynamics is a set of techniques used to model the resulting flows.
The intensity of the radiation field and the optical depth of the fluid determine many
basic properties of the composite system, and are key factors to consider in choosing
a modeling approach.
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FIGURE 1.9: Result of an RHD numerical simulation of gas being ac-
creted into a BH of mass Mpy = 108 M. Time averaged density map
(top panel) and the ionization parameter map (bottom panel) (No-
mura et al. 2016).

In these simulations the interaction between the gas and the radiation field drives
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the evolution of the study in addition to the magnetic fields like in the aforemen-
tioned studies. Because we will be using an RHD code for our project, these sim-
ulations will be explained in more detail in Chapter 2. Through RHD simulations
we create highly precise images of the gas interaction with the central object (e.g.
Eggum, Coroniti, and Katz 1987, Eggum, Coroniti, and Katz 1988, Kley 1989, Okuda,
Fujita, and Sakashita 1997, Fujita and Okuda 1998, Kley and Lin 1999, and Okuda
and Fujita 2000). Through them we can calculate the more precise rates of mass
growth for the AGN as well as the strength of the outflow. RHD simulations were
done first in Newtonian dynamics (e.g. Ohsuga et al. 2009, Ohsuga and Mineshige
2011; Kawashima et al. 2009; Jiang, Stone, and Davis 2014, Jiang, Stone, and Davis
2019) and later general relativistic treatment was introduced (e.g. McKinney et al.
2014; Sadowski et al. 2015, Sadowski and Narayan 2016; Takahashi et al. 2016). These
simulations due to not including the magneto-hydrodynamic interaction need to
rely on the phenomenological a-viscosity model.

But similarly to the other types of simulations, these also suffer from resource
limitations. Due to resolution limitations, we cannot solve the small-scale and large-
scale structure simultaneously with good accuracy. This is due to the need to resolve
the RHD equations (see Chapter 2) numerically. The larger the simulation box size
is, and/or the smaller the resolution, the longer the simulation time becomes. In
addition, to study the gas dynamics far enough from the central AGN, one needs
to consider the change in the chemistry of the gas (e.g. Takeo et al. 2019; Takeo,
Inayoshi, and Mineshige 2020), which adds extra complexity to the equations.

Lastly, we have the more complete BH simulations which are the RMHD and
even GR-RMHD simulations. These studies as the name indicates combine the mag-
neto(or general relativistic magneto)hydrodynamics with the radiation feedback.
This method was previously used in some works (e.g., Turner et al. 2003, Hirose,
Krolik, and Stone 2006) with some limitations. Later this method was expanded in
Ohsuga et al. (2009) and Ohsuga and Mineshige (2011) to make multi dimensional
RMHD simulations around the BH. These studies offer an indepth view on the ac-
cretion and outflow structure and evolution near the BH. However, if the RHD were
limited on the size of the box, these more complete RMHD simulations are even
more costly. Beyond that, since we are interested, not in the physics near the AGN
but its impact in the cosmological scale the magnetic(or general relativistic magnetic)
part becomes irrelevant.

Due to all these factors mentioned above, BH simulations, as their cosmological
counterpart, are also rendered inadequate for tackling the SMBH growth question.

1.5 Super-Eddington flow

We have mentioned how in the early universe we have the ideal conditions for
super-Eddington flow to occur. This is crucial since, if we want to study SMBH
growth and the wind they generate, we need to study these AGN under the condi-
tions we would find them at. Thus we need to understand better the implications of
the Super-Eddington flow.

The Eddington luminosity, also referred to as the Eddington limit, defined as
the value the force of the outward acting radiation must have to balance the inward
acting gravitational pull. This is hydrostatic equilibrium gives us an pseudo-upper
limit for the intensity of the accretion rate into a BH. This limit however can be
overcome through relativistic effects when the conditions are met. In the scenarios
when this limit is breached we have what is know as Super-Eddington flow.
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The concept behind this higher accretion flow, is that due to a very strong accre-
tion process, the optical depth of the disk becomes larger. This means that photons
diffusion will take longer and at a certain limit these photons can be trapped within
gas flow and swallowed by a central black hole together with gas. This is what
we call the photon-trapping effect, and it is one way to enhance accretion past the
Eddington limit.

To implement this concept in the RHD simulations we will use what is known as
the slim disk model. The slim disk model is a numerical model, obtained by Watarai,
Mizuno, and Mineshige (2001), in which the photon-trapping effect is included as
the advection of the photon entropy in the energy equation.

Super-Eddington accretion flow also has an impact on the outflow produced by
the central object. Having a super-Eddington luminosity means, that the radiation
force is greater than the gravitational force, which, as mentioned before, leads to
radiation-pressure driven outflow (Shakura and Sunyaev 1973). This is a very im-
portant effect since such an outflow will have an inevitable impact on the environ-
ments far from the central black hole.

The last important effect of a BH under super-Eddington flow that we will talk
about here is the Compton scattering. We can see in Kawashima et al. (2009) that
when including Compton scattering in the RHD simulations, the outflow, but not
the inflow, is modified. In particularly they found, that due to the presence of the
scattering temperatures of the outflow dropped, together with the density. This in
turn created a weaker outflow rate with a slightly increase in the accretion rate.

These are not the only effects super-Eddington accretion flows introduce but are
some of the more relevant to the discussion. And we can see why is it so important
for the discussion of growth and outflow structure around SMBH at high-z. And in-
troducing this effect to the study adds complex radiation-matter interactions which
can only be solved numerically.

1.6 Objectives and structure of our work

The main objectives of this project are two-fold: the first one is to study the growth
of SMBH at high-z under different conditions to better understand the mechanisms
involved, and the second one is to obtain a complete model of the escaping outflow
from these AGN and study the impact they will make on the surrounding medium.

The motivation behind this project is to be able to bridge the gap between cos-
mological and astrophysical simulations. As we have discussed the former ones are
capable of a very large simulation boxes covering entire sections of the universe.
They fail, however, since they cannot resolve the flow structure in the BH vicinity.
Their inability of following the gas down to a certain distance from the central object
leads them to take assumptions. The latter ones (astrophysical simulations), on the
other hand, can obtain very precise and reliable models of the gas behaviour near
the BH. But extending such precise simulations, to the cosmological scale, concurs a
tremendous computational cost. Thus there is no clear way (beyond approximations
and rough extrapolations) of combining both results. In this project we wish to cover
this information void and obtain a more realistic accretion rate and outflow impact
by AGN at high-z.

In order to perform such a study, we need to perform a simulation capable of
tracing the gas between the BH boundary (i.e. ~ rsg,) and the inner cosmological
boundary (i.e. ~ 10°710 rgy, for Poplll star seeds). Covering ~ 9 — 10 orders of
magnitude in radius in a single simulation box, while having enough resolution, is
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impossible. Through non of the aforementioned simulation methods (cosmological,
GRMHD or RHD) can one created such an intricate scenario.

Previous work trying to bridge the gap between BH accretion and galactic simu-
lations has been attempted before but with limitations. The simulations performed
in Yuan, Wu, and Bu (2012) obtained a 2D mapping of hydrodynamics and MHD
evolution of the gas. These simulations covered around 4 orders of magnitude in
length scale by iterating the results between different-size simulation boxes. Ressler,
Quataert, and Stone (2020) performed the 3D-GRMHD simulations of Sgr A* by
solving simulation from larger scale to smaller scale covering over 3 orders of mag-
nitude, but they did not include the radiation impact.

Since the purpose remains to have a simulation capable of covering gas dynam-
ics until the BH boundary RHD codes offer us the best tools. With that in mind we
will need to develop a new method to use the RHD code in a manner to both sim-
ulate such a large box (we will see in Chapter 3 that we can, in fact, use a smaller
simulation box), and maintain the simulation cost at a reasonable range.

We will explain how the RHD code works in more detail in Chapter 2, where
we will also show and explain the modifications needed to adapt the original code
to this problem. In Chapter 3 we will showcase this new tool by applying it to our
fiducial model. In Chapter 4 we will present how the results are affected when the
injection rate is modified. And lastly in Chapter 5 we will present the conclusions
that we can draw from this project.
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Chapter 2

Models and Numerical Methods

For this study we will use the simulation code developed by (Kawashima et al. 2009,
Ohsuga et al. 2005 (Oshg+05)) as a basis to build our tool. In this code a full set
of axisymmetric two-dimensional RHD equations including the viscosity term are
solved. The flux-limited diffusion (FLD) approximation is adopted (Levermore and
Pomraning 1981; Turner and Stone 2001). We also adopt the a-viscosity prescription
(Shakura and Sunyaev 1973). General relativistic effects are incorporated by adopt-
ing the pseudo-Newtonian potential ¥ (r) = —GM/ (r — rsc) (Paczynisky and Wiita
1980). Here, we assume that intermediate mass black holes are appropriate seeds of
SMBHs, so that the mass of the central black hole is set to be 103 M.

In this chapter we will explain in detail the basic equations to solve the gas-
radiation interaction and evolution through Oshg+05 RHD code. We will also ex-
plain what our new method entails and how we modified the boundary conditions
according to the nested-simulation box method.

2.1 RHD equations

This 2D-RHD code solves the axisymmetric two-dimensional radiation hydrody-
namic equations in the spherical coordinates (x,y,z) = (rsinf cos ¢, rsinfsin ¢,
r cos ), where the azimuthal angle ¢ is set to be constant. We put a black hole with
mass of BH at the origin. This coupled with other assumptions, non self-gravitating
flow, reflection symmetric relative to the equatorial plane (with 6 = 7/2), and ax-
isymmetry with respect to the rotation axis (i.e., 9/d¢ = 0) creates a complete sim-
plified set of the basic equations.
The continuity equation is:

d
ait) +V - (pv) =0. (2.1)
Here, p is the gas mass density and v = (v;, vg, V) is the velocity of gas.

The equations of motion are:

2 52
Aovr) L g (o) = - 2P 4 o (v‘" + 2 GMBH) + %Fo,r, (2.2)

ot or r r (r—rsm)?
9(prvg) I X
™ + V- (progo) = 50 + pvg, cotf +r . Fop, (2.3)
d(prsinbv,) , 10 ,5.
—y T V - (prsinfuyv) = 235 (rsinbt,y) . (2.4)
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Here p is the gas pressure, x = x + por/mp is the total opacity, x is the free-free
and bound-free absorption opacity (Rybicki and Lightman 1986), ot is the cross-
section of Thomson scattering, n1,, is the proton mass, and Fy = (Fo, Fo9, Fo,¢) is the
radiative flux in the comoving frame, where the suffix 0 represents quantities in the
comoving frame. We set Fyy = 0 because of the axisymmetry.

The radiative flux, Fy, is connected to the radiation energy density in the comov-
ing frame, Eo, by the flux-limited diffusion approximation (Levermore and Pomran-
ing 1981; Turner and Stone 2001), defined as:

A
Fy = —2VE,, (2.5)

X

with the flux limiter, A as:
2+R
_ + KFLD — (2.6)
6 + 3Rrp + R p
|VEo|

R = — 2.7
FLD Eo (2.7)

We assume that only the r-¢ component of the viscous-shear tensor is nonzero,
and it is prescribed as

d ¢
tr,qy - Wrg (7) s (28)
with the dynamical viscous coefficient being:
+ AE
iyr:pv:(xp a 0, (2.9)
K

Here, « = 0.11is the « parameter (Shakura and Sunyaev 1973), Q) is the Keplerian
angular speed.
The energy equation of the gas is:

)
a—i + V- (ev) = —pV - v — 47k B + ckEg + Dyis — T'comp, (2.10)
and the energy equation of the radiation is:
dEy
= +V - (Eqw) = =V -Fo — Vv : Py + 471k B — ckEg + T'comp- (2.11)

Here, ¢ is the internal energy density which is linked to the thermal pressure by
the ideal gas equation of state, p = (v — 1)e = pkpTgas/ (pmyp) with v = 5/3 being
the specific heat ratio, kg the Boltzmann constant, » = 0.5 is the mean molecular
weight (we assume pure hydrogen plasma), and Ty, is the gas temperature. B =
o Tg4as / 7t is the blackbody intensity where ogp is the Stefan—Boltzmann constant, P
is the radiation pressure tensor, ®y;s is the viscous dissipative function written as:

o —n 2 (2] 2.12
Vls—77r 7’g (7) . ( )
The Compton cooling/heating rate I'comp is described as
kg(Tgas — T,
T comp = 4aTc—B( B rad) (p) Eo. (2.13)
MeC mp
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For these equations, 1, is the electron mass and T,q = (Eo/ ar)l/ 4 is the radiation
temperature with the radiation constant a, = 4ogg/c.

The radiation pressure tensor, Py, in the flux-limited diffusion approximation is
represented by:

Py = fE, (2.14)
C1—f 3f-1
f= 5 I+ > nn, (2.15)
VE,
= 2.1
n VEo| (2.16)
f=A+AR: (2.17)

2.2 Nested simulation-box method

Now that we have a better understanding of the physics involved in the 2D RHD
simulation code, we can introduce the method developed in this project named:
Nested Simulation-Box method.

As we have mentioned the objective for the development of this method is to
study the gas and radiation produced by an AGN onto the galactic medium. In
order to quantitatively address the effects of the mechanical and radiative feedback
the cosmological scale fluid, the outer boundary should be placed at r ~ 0.1pc ~ 10°
rsch(Mpp /103 M) 1. This is obtained by the innermost limit on galactic simulations
(e.g., Shlosman et al. 2016), where the studies can no longer follow the gas evolution
(see Chapter 1). We will, however, set the outer boundary at r = 1067g,. This is
because we found that this value for the radius is far enough from the black hole to
evaluate the feedback effects (see Chapter 3 for the extended explanation).

Since the simulation box still covers an enormous length scale, a single simula-
tion box is incapable of computing the gas dynamics in a reasonable time. Thus, we
need to implement a suitable method by extending our RHD code, i.e. the Nested
Simulation-Box method. Our method consists of a series of simulation boxes tied to-
gether to give a sense of zoom-out/zoom-in. How this zooming effect works is that
the information is passed from one simulation box to the next one through bound-
ary conditions. This allows us to trace the evolution of the inflow and outflow at
different scales with maximum resolution and minimum computational cost.

For the cases discussed in our work we prepared two zones: inner and outer
zones (Table 2.1 and Figure 2.1), and perform simulations in these two stages.

Stage | Zone | 7iy [rsch] | Tout [fscn] | Simulated flow
15t Inner 2 3 x 10° | inflow & outflow
2nd T Quter | 2 x 103 3 x 10° outflow

TABLE 2.1: Naming convention for the stages in the nested box
method for the simulation discussed in this paper.

The boundary conditions of these 2 simulation boxes are as follows:

* 15 stage inner boundary: Absorbing inner boundary (see Ohsg+05).
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FIGURE 2.1: Schematic example of the nested simulation box method.
The initial box (left) is separated into 2 smaller boxes (right), i.e., 1%
stage (blue delimited area) (2 < R/rgq, < 3000) and ond stage (red de-
limited area) (2000 < R/rgq, < 3 x 10°). The black marked area rep-
resents the connection zone shared between 1% to 2"? stage as bound-
ary condition (2000 < R/rsq, < 2500). The remainder of the shared
space will be used to determine the consistency between stages.

* 15! stage outer boundary: Free boundary (i.e., gas can escape the box), with
inflow input through the equatorial plane as explained in the previous section
(see also Ohsg+05).

e 2" stage inner boundary: Connection zone to incorporate the results of 1%
simulation (will be discussed next)

e 2" stage outer boundary: Free boundary (i.e., gas can escape the box).

The Nested Simulation-Box method however is not limited to 2 boxes, we can
technically keep placing simulation boxes to extend the total computational box.
However, for the cases studied here this is not needed. It is also important to notice
that the sizes of each simulation are not chosen at random, we will see in Chapter 3
how for some scenarios smaller /bigger boxes would affect the results.

So, how do we create a smooth connection between the two stages? The first
step in this connection process is to take a set of time dependent variables of the gas
and radiation (i.e., density, velocity vector, gas and radiation energy) at the moment
when the 1 stage simulation has achieved quasi-steady state (tys). We then time-
average the physical variables (o, v, Egas, Eo) for 200075, < r < 25007s., for 0 < 6 <
7t/2. This is to ensure a smooth connection between stages.

Because of how the simulation boxes are chosen, and the fact that we are only
concerned with outflow properties to study AGN feedback, we do not consider in-
flow gas in the 2" simulation. This can be done without a problem due to 2 reasons:

* By choosing r% >> rkep the gas falling from the outermost boundary will pass

in a free-fall like scenario through the 2" stage. (Here, TKep s the Keplerian ra-
dius, at which the centrifugal force, with a given specific angular momentum,
is balanced with the central gravity) Thus making this stage irrelevant.
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* Due to the very large density gap between the inflow disk and outflow gas
(~ 4 orders of magnitude), outflow does not alter the inflow process in the 2
stage.

By eliminating the inflow region from the 2"? stage we also can save on the com-
putational cost. But how do we eliminate the inflow region, in a natural way;, if the
inflow region is present on the connection region?

The technique we used to eliminate the inflow section in the 2" stage was a re-
scale of the physical values in the connection zone (i.e., the black marked area in
Figure 2.1 covering 2000rs., < r < 250075.,). What we do is re-define the azimuthal
angle (0) for 6 > 0,, with 6,,, defined as the angular height of the inflow-outflow
interface in the connection zone defined by 6|v,(8) = 0. We set a gradual remapping
of the values in the connection zone such that at the inner boundary of the 2" stage
(atr = r; = 2000rgep):

x2(r1,0) = x'4(r(,0) for 0 < 0 < 71/2, (2.18)

but at the outer boundary of the connection zone (at r = r,, = 2500rg.,):

x2nd(7n,9*) = x1%(r,,0) for 0 < 0 < 71/2 (2.19)

Here 0% = 7m/2(0/604), x represents the time-averaged hydrodynamic variables
(0,7, Egas) and the super-index indicates the stage. This eliminates the inflow area by
"stretching" the surrounding outflow values thus effectively remapping the inflow
to grid points outside the simulation box.

The same method is employed for the radiation energy. The inner boundary
condition in the 2" simulation is set so as to also recreate the radiation profile seen
in the previous stage (i.e., we no longer adopt the absorbing boundary used in the
1st simulation). The radiation flux is then solved from radiation energy through the
FLD method.

Outside the connection zone of the 2 simulation boxes, we also need to imple-
ment other changes to the core program to better adapt it to this 2" stage.

One of the things we also need to consider is that, the farther away from the black
hole one places the gas, the colder it will be. This basic radiation trend means the
gas may cool down bellow the T = 10*K. This means that the approximation taken
previously of the gas being fully ionized no longer stands true. This introduces new
dispersion factors with the introduction of b-f interactions. In order to introduce this
new factor to the code we added a modifier to the opacity factor:

tanh (M) +1

T

2 7

K =K x

(2.20)

where T, = 10*K, and T = 2 x 10°K is a transition factor between the f-f and the b-f
phase. This is necessary since when T < 10*K the hydrogen is not-ionized. There-
fore, the amount of the free electrons is smaller in this scenario, and the effective
scattering opacity should become small.

2.3 Initial set-up

We assume an atmosphere that is hot, optically thin, isothermal and in hydrostatic
equilibrium in the radial direction, with negligible mass around the black hole, in
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a similar fashion to the results presented in Ohsg+2005. The coronal gas is set in
such a way that its atmospheric pressure does not impede gas flow, thus we start the
simulation with Ty, = 10" Kand p = 107"g ecm 3.

In the 1st stage simulation, the matter is injected from the outer boundary near
the equatorial plane with 1.5 < 8 < 71/2. The cases presented here are characterized

by different initial conditions (see Table 2.2).

Model Angular Momentum | Mass Accretion Rate | Chapter
Low-Angular Momentum 100 [rscnl 1000 [Lgqq/ c?] 3
Reduced Injection 100 [rsch] 500 [Lgqq/c?] 4

TABLE 2.2: Initial condition set-up for the different models presented
in this project.

In the 2" stage simulation, the initial conditions of the coronal gas are taken
as a thinner and much colder gas (0 = 107?!g ecm™ and Tgos = 10* K). The mass
and radiation are injected from the connection zone near the inner boundary as is
described in the section 2.2.

Before moving onto the results section it is worth explaining why we only use 2
stages with the outermost boundary placed at r = 3 x 10°rgy,. We found that for the
particular cases discussed here, any outflow wind that reaches this distance will be
from the influence of the BH. Once this happens we can confidently extrapolate that
the structure will follow the same radial trends from that point on. This makes sub-
sequent further simulation boxes redundant and unnecessary (as will be discussed
in Chapter 3).
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Chapter 3

Fiducial model

In this section we will present the results from the simulations performed with the
nested simulation-box method for the first model in Table 2.2. This is the first model
we tested out method with. The low angular momentum provides a very fast evolv-
ing framework that accelerates simulation time. One important thing to understand
through this first set of results is that, while it may be a more idealistic model it still
provides a strong setting to test our method.

The results will be presented starting with the inflow part and then the outflow
part. For the following results we will use the naming convention established in
Table 2.1. To save computation time, we assume symmetry of the flow structure
with respect to the equatorial plane; namely, we have chosen 6 € {0 — 7/2} , in
which 0 = 0 (or 71/2) corresponds to the rotation axis (the equatorial plane).

3.1 Inflow

In the first stage, the injected gas from the outer boundary rapidly falls unimpeded
in a free-fall. This will continue all the way down to the region around the Keplerian
radius, rkep = 10075.,). Then, viscous (slow) accretion process starts. Because of this
free-fall nature down to the Keplarian radius, the gas can be initiated at the 1% stage
without altering the results.

From Figure 3.1 (which shows time variations of the mass accretion rate onto
the BH) we can see how the BH mass grows over time. While the mass flux shows
fluctuations over time, we see that its time average settles down in a constant value
at later times, indicating that a quasi-steady state is achieved. Since the flow must be
in the quasi-steady state before proceeding to the next stage simulation, we need to
confirm if it is indeed the case. This can be done by looking at the mass flux profiles
calculated as follows:

. /2
Min(r) = 47'(/ sin @ x r*o(r,0)min{v,(r,0),0}d6, (3.1)
0
. /2
Mout(r) = 47'[/ sin@ x r2p(r,8)max{v,(r,6),0}d6, (3.2)
0
. /2
Mesc (1) = 471/ sin@ x r2p(r,0)v.d6, (3.3)
0
Mnet(r) = Min + Mout/ (34)

where Min, Mout, Mesc and Mgt are the inflow rate, the outflow rate, the escape rate,
and the net accretion rate, respectively, and v; is defined as v, = v, for v, > Vesc and
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FIGURE 3.1: Time variations of the mass inflow rate onto the black
hole (Mgg). The blue line traces the evolution of the inflow matter
at the black hole boundary (r = 2rg.,). The red dashed line repre-
sents the mean value of the blue line but in the quasi-steady state.
The green dotted line indicates the mass injection rate at the outer
boundary of the simulation box in the inner zone (r = 3 x 103rgg,).

v} = 0 otherwise. (Note that the BH mass accretion rate corresponds to Mpy(t) =
‘Min(r = 2rsch, t) ‘)

In order to plot the integrated mass flux we average the integral over time (in-
stead of integrating the time averages), in accordance to Stone, Pringle, and Begel-
man (1999). For the quasi-steady state to be completely achieved in a simulation
we should see that Mt ~ cnst, however this is not realistic (since it would require
more than a year of computational time) nor completely necessary. We see, in Fig-
ure 3.2, that the net rate presents 2 distinct flow patterns, inside and outside the
Keplerian radius. First we show how mass flows at a rate of M ~ 1000(Lgqq/c?),
which then gets divided in the two flows: inflow (~ 400(Lggq/c?)), and outflow
(~ 500(Lgqq/ CZ)). While the total simulation has not reached the quasi-steady state
(i.e., circulating flow region net flux is not constant), the inflow and outflow regions
have (Mpet(r < 100) ~ cnt & Mpet(r > 1000) ~ cnt).

In Figure 3.2 we can also observe that the mass accepted by the BH is only a frac-
tion of the injected mass per time. The remaining part will be circulated or ejected
as outflow (see below).

Time averaged inflow-outflow structure in the 1% stage simulation is summa-
rized in the left panels of Figure 3.3: from top to bottom, two-dimensional (2D)
distributions of the gas density, the radiation energy density (Ep), and the kine-
matic energy, respectively. In the upper left panel we see a ‘bulge” (or puffed-
up) structure, which is created by a small-scale circulation of gas formed between
10075y, < r < 10007, (see Figure 3.4). It is important to note that such an inflated
structure is created when the Keplerian radius is relatively small, as was demon-
strated by Kitaki et al. (2021). We also observe low-density atmosphere surrounding
the bulge structure, although it is not a static atmosphere but is composed of outflow
(explained later).
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FIGURE 3.2: Radial trend of the mass inflow /outflow rate in the 15

stage simulation. The mass inflow rate (v(r,0) < 0), the mass outflow

rate (v(r,0) > 0), the escaping mass outflow rate (v(r,0) > vesc) and

the net mass flow rate are indicated by the dark blue, green, red, and
cyan lines, respectively.

3.2 Outflow structure

Once the gas flow has reached the innermost region, outflow processes begin to
produce powerful winds. In this section, we will trace the outflow in the 1% stage
simulation.

There exists circulating flow patterns extending close to the outer boundary in
the 1% stage simulation, although it is not always visible in the time-averaged plots
of Figure 3.3 but we can confirm its presence in Figure 3.2, since a large bump in
the Mgyt curve and a large hollow in the M, curve are formed by the large-scale
circulation flow(see also Figure 3.4 for the inner portions of circulating gas flow). It
is thus important to note how to choose the outer radius of the 1st stage simulation.
If the radius of the outer boundary is chosen to be smaller than the circulating zone,
mass will flow out of the simulation box and be lost, leading to an underestimation
of Mpy. While a bigger simulation box could contain the larger scale phenomena,
we would then be obliged to adopt coarse grid-point spacing to perform simulations
within a reasonable time. This would then result in missing details in the flow struc-
ture. Considering these facts, we have fixed the outer boundary of the 1st simulation
to be at 30007g,.-

In the middle left panel of Figure 3.3 we see that the radiation energy density
monotonically decreases outward in a nearly spherically symmetric fashion. More
precisely, the constant Ey contours show a bit elongated in the vertical direction,
which indicates radiation is going out more dominantly in the vertical (z) direction.
The kinetic energy distributions displayed in the lower left panel, by contrast, show
somewhat distinct patterns. First of all, the inflow (disk) region is clearly visualized,
since not the radial velocity but the rotational (vy) velocity is dominant and is com-
parable to the free-fall velocity. Second, outflow region, in which large E,, is found,
is rather elongated in the vertical direction. Third, the kinetic energy is at minimum
above the disk region at large radii. To summarize, kinetic energy is released pre-
dominantly in the perpendicular direction to the disk plane. This feature will further
be examined in the next subsection.

We can study the outflow properties near the outer boundary of this inner zone
(r ~ 3000rg), to understand what to expect in the next stage. To do this, we look
at the azimuthal profiles of hydro-dynamical variables near the outer boundary (as
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FIGURE 3.3: Two-dimensional (2D) contours of matter density (top),
radiation energy density (middle), and kinetic energy density (bot-
tom) in the inner zone (left) and outer zone (right). Note different
color bars for the left and right panels; they are adjusted to clearly
visualize rapid spatial variations of the physical quantities.
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FIGURE 3.4: A typical snapshot of the two-dimensional (2D) contours

of matter density in the 15! stage (at + = 18000 s) centered around the

‘bulge’. The black arrows show the velocity vector map of each grid
point.

shown in Figure 3.5), where we see 3 distinct regions:
¢ Inflow region (0., < 6 < 71/2): high density gas with negative velocity.

* Uncollimated outflow region (0.4 < 6 < 6,3,): constant density p ~ 107! g
cm 3, non-relativistic velocities (0.01 < v,/c < 0.03).

* Collimated jet region (6 < 0.4): low density gas capable of achieving relativis-
tic velocities (v, ~ 0.7¢).

Let us proceed to the 2" stage simulation to see how outflow propagates further
in the outer zone. Let us overview the flow structure, as well as radiation properties,
calculated in the 2" stage simulations in the right panels of Figure 3.3. We see rather
smooth distributions of quantities in the right panels. One may thus think that the
flow structure and radiation properties in the outer zone could be simple extrapo-
lations of those in the inner zone. It is not precisely the case, however, as will be
shown later.

Since we only follow the escaping gas in this stage, we only simulate the outflow
structure. This means that, due to the elimination of the inflow region by re-scaling
the simulation box on the 2% stage (see subsection 2.2), all the results and conclu-
sions drawn in this stage will cover only the region at 6 < 6,, ~ 1.5rad. This value
is the limit for which v,(6) < 0, as seen in the bottom panel Figure 3.5. In the top
panel of the same figure we can confirm that 6 ~ 1.5rad delimits the inflow region
from the almost 4 order magnitude drop in density.

In Chapter 2 we discussed the challenges regarding how the program must be
adapted and modified for this stage to work. Given these approximations, it is im-
portant to showcase the accuracy of our method to connect 2 stages. For this reason,
we show some of the physical quantities measured in both of 1% and 2"¢ simulation
boxes at the same radius. Figure 3.6 shows the density profiles, along with radial
velocity and radiation energy density, measured in the connection zone shared with
the inner and outer zones. This ensures the smooth connections between the two
stages.
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FIGURE 3.5: Density (top) and radial velocity (bottom) angular pro-
files near the outer boundary of the inner zone. Notice that the radial
velocity in the inflow region (i.e., § ~ 7/2) diverges due to its nega-
tive values.
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FIGURE 3.6: Angular profiles of the density (top left), the radial ve-
locity (top right) and the radiation energy (bottom) measured at the
same radius r = 2.7 x 103rgy, in the inner zone (blue line) and the
outer zone (green line), respectively. This graph showcases the de-
gree of fidelity in which we can reproduce the previous zone result.

In this stage we can also perform a study on the the mechanism of acceleration of
wind along the simulation box. For this we can use equation 2.2, which shows that
the forces involved in the gas acceleration are: the radiation force (i.e., x/c Fo,), the
internal force (i.e., dp/9r), and the centrifugal force (i.e., p(v3 + vi) /7). We see in Fig-
ure 3.7 that when compared with the gravitational pull, the other forces dominate.



Chapter 3. Fiducial model 29

If we break down the contribution we find that the radiation force is responsible for
90 — 99% (from 103 — 10° rs.,) of the push and that the rest comes almost entirely
from the centrifugal force.
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FIGURE 3.7: Force balance between the accelerating forces (F,q, Feent

and F,) against the gravitational pull (Fy) in the 2" stage simulation,

averaged over time. We have chosen § ~ 0.87rad ~ 50° as a repre-

sentative value of the outflow. This figure demonstrates acceleration
of the gas in the outer zone.

We have mentioned that the minimum length scales which cosmological simula-
tions can reach is approximately  ~ 10%rsy,, whereas our 2" stage simulation can
cover the range up to 7 ~ 10°rs4,. Hence there is a gap between them. However, we
will demonstrate that the outflow properties can well be extrapolated to even larger
radii. This will be attempted in the next subsection.

3.3 Outflow impact

As mentioned in Chapter 1, it is our main objective to provide information regarding
what impact the outflow can give to the environmental gas. This is because such
impacts are simply assumed or modeled without justification in most cosmological
simulations. For this reason, those cosmological simulations tend to miss such an
important physical process. But thanks to our nested simulation-box method we
can precisely evaluate the mass, momentum, and energy fluxes generated by the
outflow winds.
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FIGURE 3.8: Linear profiles of mass (top left), momentum (top right)

and energy (bottom) flux in the angular direction (0.0 < 6 < 1.4).

Solid lines indicate the flux at the outer boundary of the 2" stage

(e, r ~ 3 x 10°rgy,), while the dashed line shows the flux at the
outer boundary of the inner zone (i.e., 7 ~ 3 x 10°rgg,).
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In Figure 3.8 we show the angular profiles of the mass, momentum, and energy
fluxes (all multiplied by r?) at the outer boundaries of the 15 and 2" stage simula-
tions. Here we calculate not only the total luminosity but also the isotropic X-ray
luminosity and the isotropic mechanical luminosity defined as:

L3°(0) = 4mr?F', (3.5)
LSO (9) = 271 p0%0,, (3.6)
where v = /02 4+ 05 + vé, F" is the radiation flux in the laboratory frame and we

assume that radiation is emitted predominantly in the X-ray band, since the ratio
between the X-ray luminosity to the bolometric luminosity is ~ 71 — 98% from Kitaki
et al. (2017) and Narayan, Sadowski, and Soria (2017).

In Figure 3.8 we find that the mass flux profile is nearly flat, but the momentum
and energy fluxes tend to grow as the azimuthal angle (0) decreases (towards the
rotation axis). That is, we expect much larger impacts to the environments located
in the face-on direction. This is because the gas mass density rapidly decreases (with
decreasing ), while the radial velocity increases. These results are consistent with
those of Kitaki+20 (see their Fig. 14).

We have pointed through this paper the importance of moving away from the
BH scale to the cosmological scale in order to paint the better picture for the outflow
structure. This can be exemplified when comparing the dashed lines with the solid
ones in each panel of Figure 3.8. From the top panel, we can understand that if we
would study the outflow structure solely in the inner zone (i.e., calculations only in
the 1% stage simulation box), we would overestimate its impact by a factor of ~ 2,
at most. This is due to the gravitational pull of the central object; that is, the outflow
with velocity being less than the escape velocity cannot reach the infinity. This is
what we called failed outflow (see section 3.1 discussion).

In the middle panel of Figure 3.8 we can see that radial momentum flux far ex-
ceeds the other components. We also find that the 8- and ¢- momenta decrease
outward, but these can be easily understood from the viewpoints of the angular mo-
mentum conservation. In fact, they are about 3 orders of magnitude larger in the 1%
stage (measured at 3 x 103rg.,) than in the ond stage (measured at 3 x 10°7g.,).

In the last panel (bottom), we see how the energy impact is mostly dominated
by the mechanical flux, except near the equatorial plane. We can also see how the
impact from radiation flux increases towards the rotation axis (with a decrease in 6).
At the same time its impact is reduced as we increase the radius, and becomes almost
spherically symmetric near r ~ 3 x 10°rg, (i.e., the radiation flux in the 2" stage (see
the solid green line) has a nearly flat profile and, overall, it is smaller than the same
flux in the 1% stage (see the dashed green line)). This radial decrease in the impact
caused by the radiation flux predicts a mechanical dominated energy impact at the
cosmological boundary (r ~ 108~%rg4,). It is important to point that the mechanical
energy flux, in the outer zone, is by over one order of magnitude greater at large 6
than that in the inner zone, indicating that it does increase radially as the outflow
propagates outward. This is due to the continuous acceleration of outflowing gas by
receiving radiation pressure force.

In order to more explicitly demonstrate the acceleration of outflowing gas and
the continuous increase of mass outflow rate at small  we show the radial profile
of the gas density, radial velocity, as well as those of mass, momentum, and energy
fluxes for fixed angles of § = 0.2 (~ 11°), 0.8 (~ 46°), and 1.4 (~ 80°) in Figure
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3.9. These plots not only demonstrate the smooth connection of physical quantities
between the two stage simulations but also show rather uniform structure in the 2"¢
stage simulation. In this sense, the results of the 2" simulation can be predicted by
those of the 1st simulation, but there is one important exception. That is, the me-
chanical energy flux (shown in the bottom panel) shows a clear tendency of increase
with an increase of radius for the nearly edge-on case (with 6 = 1.4). This is the di-
rect evidence of continuous acceleration of outflow travelling in the nearly edge-on
direction.
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FIGURE 3.9: From top to bottom: Linear profiles of density, radial

velocity, radial mass flux (pvrrz), radial momentum flux (pv%rz) and

energy flux in the radial direction. Each panel shows both the 1%

(dashed) and 2" (solid) stage lines. The energy flux panel (last) con-

tains also the radiation flux for the 1% and 2" stages, indicated by a
dotted and a dot-dash line respectively.

To accurately establish the impact of the outflow into the outer medium, it is
also important to know what the total mass flux is at the outermost boundary (i.e.,
the outer boundary of the outermost box). If we proceed in a parallel manner as
Equation (3.2), we obtain that Mout(r = 3 x 10%7gq,) ~ 317.5Lgqq/c? ~ 0.3Minj(r =
3 x 1037’Sch)- This implies that from the input material, we are losing 30% of it as
outflowing wind.

We can use the 2" stage data to extrapolate to cosmological scales (~ 0.1 pc).
This is because, inside the computational box in this stage, Mout = Mesc is reached
at r ~ 60007sq,, thus the outflow measured at the outer boundary will contain no
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failed outflow. The radius at which this condition is met seems to depends on several
factors (Min]-, rkep, MpH), but we need further studies to specify which factor is most
essential. For this we can use the profiles shown in Figure 3.9, where we can see how
the density and velocity (first 2 panels) trends become smooth for r > 10°rgy,. In
particular we see how at the larger scales p o r~2 and v 1. Using these trends, we
obtain that p(10%7s4,) ~ 1072 —10~®g/cm3, v,(10%rgy,) = 3 x 10° =2 x 101%cm s},
for =0—1.5.

This is particularly important, since it allows us to compare our results with cos-
mological studies that assume a certain outflow from the central particle (Debuhr,
Quataert, and Ma 2012 Dbr+12). In their study they assume a sub-Eddington out-
flow defined by v, ~ 10*kms~! = 10°cms~1, momentum flux ~ 7,L/c and energy
flux ~ 0.017,L, where 7, = 1 — 10 and the luminosity L = min(0.1Minc?, Lggq)-
From Figure 3.9, by contrast, we find momentum flux ~ 10 — 100L/c and energy
flux ~ 0.1 — 10L (where our luminosity is obtained from the last panel of Figure 3.8
as L ~ 0.25Lgq4q) with stronger impacts produced towards the nearly face-on direc-
tion than in the nearly edge-on direction. Our model predicts in overall stronger
impacts on the environments, with a similar radial speed (i.e., v, ~ 10°cms—!) and
energy to momentum flux relation (i.e., energy flux about 100 times smaller than
momentum flux) for 0.7 < 6 < 1.5, for the super-Eddington accretion scenario. The
presence of a stronger wind in our model is expected from our super-Eddington
scenario (which is effective when the black hole mass is relatively small) when com-
pared to sub-Eddington scenarios, but our model can account for the presence of a
collimated relativistic jet, which produces a bigger impact in the azimuthal direction.
This anisotropy in the velocity is not found in wind models in other studies.

3.4 Discussion

With the analysis of the results completed, we can proceed to discuss the implica-
tions of these accretion rate, outflow profile and its impact. Before that, we need to
mention the importance that the NSB method had in producing this simulation.

3.4.1 Benefits of the NSB method

In Chapter 1, we presented the shortcomings of both cosmological and astrophysical
simulations. We remarked the difficulty in solving the bridge between them due to
enormous computational times. In our project the inner zone (i.e., 2rsp, < r <
3000rg.) took approximately 3 weeks to simulate for the lower angular momentum
models. The simulation time increases drastically with the Keplerian radius, which
at the time of writing this thesis has taken around 5 months without reaching the
quasi-steady state.

Increasing the radius of the outer boundary by an order of magnitude, while
keeping the inner boundary position and the number of grid points constant, would
make the simulation cost increase enormously. Not to mention that if we would in-
crease the radius of the outer boundary, while keeping the same grid point number,
we would also be losing resolution in the smaller scale. This would result in a grid
size incapable of resolving correctly the circulating structure thus being incapable of
correctly accounting for outflow or inflow values. Which would mean that for exam-
ple, we would not be able to see the filamentary structure of the outflow, nor being
able to see the distinction of the wind generation mechanisms between models. The
only way to overcome this would be to increase the grid point density together with
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the outer boundary which would increase the computational time too much, making
it unfeasible.

By using the Nested Simulation-Box method, by contrast, we can save time. In
fact, the 2"? stage (i.e., 2000rse, < r < 3 x 10°754,) took only 5 days or so. In total
the simulation cost of by using our method allowed us to reduce an impossibly long
simulation to simply one month, for the low angular momentum models.

By using our NSB method in different models we have demonstrated that be-
yond fast it is also a consistent method. We saw prove of that in subsections 3.3,
where the smooth connection between hydro and radiation variables was done smoothly
outside the connection area, where we no longer impose the values (see Figures
3.6). This represents a very important step towards creating more realistic models
of galaxy evolution, in particular in the early universe where visual information is
scarce as we previously discussed.

3.4.2 Inflow rate comparison

Using the results we obtained from Figures 3.1, we find that, our model predicts a
mass growth of Mgy ~ 0.4Mip; for this higher injection rate models. By studying the
Mout/ Mpp ratio and comparing our results with those by past studies (see a Table
5.1). We can see that, for this 15 model, the outflow rate over the accreted flux ratio
is only larger than the case studied in Kitaki et al. (2021). This fits with what we have
explained of models with low Keplerian radius under super-Eddington flow.

The behaviour of this 1% model is explained due to the low-angular momen-
tum with high accretion rate, which generate a very powerful wind but somewhat
unrealistic. By comparison in Kitaki et al. (2021) where we see higher angular mo-
mentum models they obtain a lower percentage of the mass being expelled by the
central object.

3.4.3 Outflow structure and impact relevance

Besides the inflow study, our method, as we showed, also allowed us to trace the
jet and outflow structure of such bodies. Powerful outflow, if exists, would collide
with inflow gas stream, thereby being able to suppress the gas inflow motion. Such
effects were not properly considered in the cosmological simulation (e.g. Shlosman
et al. 2016). In fact, these studies either do not include AGN feedback or adopt just
a simplistic model. The extension of the outflow effects on such scales is dependent
on the pressure exercised by the accretion structure.

We have explained how we can extrapolate our results to higher scales, in partic-
ular at a radius ~ 0.1 pc. The relevance of being capable of doing this extrapolation
was to compare our results with more simplistic wind models used in other projects
(e.g., Dbr+12). If we compare the magnitude of the impact generated by the wind
produced in our models we can see that for the 15! model the impact is lager by a
factor of around x10. When we reduced the injection rate (i.e., 2" model), we see
that the wind power is reduced and the impact is x... the one assumed in Dbr+12.

This difference stems from much larger velocities and highly anisotropic velocity
profile (see the middle panel in Figure 3.6), whereas they assumed the spherical sym-
metric non-relativistic velocity profile. From Dbr+12 we see that momentum fluxes
2 3L/c are expected to produce AGN-driven galactic outflows capable of suppress-
ing star formation and accretion in the host galaxy. Given the results obtained in our
model, where momentum flux 10 — 100L/c, we expect a larger impact of the global
interstellar gas, than that assumed in cosmological simulations.
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It is relevant to note that larger velocities in the present simulation may be due to
small rgep = 10075, which may lead to larger outflow rates (see discussion in Kitaki
etal. (2021), where they assumed relatively large Keplerian radius (i.e., large angular
momentum of the injected gas), and find no puffed-up structure and significantly
smaller mass outflow rate). We are currently performing a larger keplerian angular
simulation to confirm this results.
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Chapter 4

Reduced injection model

We can now apply the NSB method to the case with lower injected rate (i.e., Minj =
500 Lggq/c?). By simulating this model we want to better understand a few factors:
How does Mpy change with the injected rate, how does the outflow impact change,
and how does the outflow profile change.

For an easier comparison we will proceed on a parallel manner to the 15 model,
that is starting at the inner simulation box, extending the outflow to the outer box,
and then extrapolating the results to the cosmological boundary.

41 Inflow

Just as before, due to the low value of the Keplerian radius, the gas evolves freely
until it reaches the 100rgy, mark.

By using the mass flux equations presented in the previous section (i.e., Equa-
tions 3.1-3.4), we can study whether the quasi-steady state has been reached.
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FIGURE 4.1: Radial trend of the mass inflow /outflow rate in the 15

stage simulation. The mass inflow rate (v(r,0) < 0), the mass outflow

rate (v(r,0) > 0), the escaping mass outflow rate (v(r,0) > vesc) and

the net mass flow rate are indicated by the dark blue, green, red, and
cyan lines, respectively.

We can see in Figure 4.1, that both inside the Keplerian radius and in the outflow
region Miet is mostly constant. This as before is enough for us to study the inflow
and outflow properties. Before that, we can compare this figure with Figure 3.2,
where we see that the circulating flow or "bulge" is larger. Not only that we can
see that in the reduced inject model, there is almost no failed outflow outflow at the
outer boundary.
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FIGURE 4.2: Time variations of the mass inflow rate onto the black
hole (Mgg). The blue line traces the evolution of the inflow matter
at the black hole boundary (r = 2rg.,). The red dashed line repre-
sents the mean value of the blue line but in the quasi-steady state.
The green dotted line indicates the mass injection rate at the outer
boundary of the simulation box in the inner zone (r = 3 x 103rgy,).

Just as before we can check in Figure 4.2 the accretion rate at the boundary of the
central object. We see that the accreted mass flux presents some fluctuations around
a constant value (Mg = 282.1 Lgyq/c?). This means that a bit less than 60% of the
injected gas is being accreted into the central object. This is a significant increase
compared to our previous simulated case, where less than 40% of the total injected
mass was successfully accreted.

4.2 Outflow structure

As we have seen in the previous case, once the gas falls on the BH we have can distin-
guish 2 types of structure: the "bulge" and the outflow. We can see these components
of the structure clearly in Figure 4.3.

Some important differences to notice is that the over-dense circulating flow is
similar in size when compared to the higher injection rate model, but the long range
circulation is extinguished much faster. This similar accumulation of matter around
the central particle helps us understand the difference in inflow and outflow flux be-
tween models. Because the mass acceptance rate of the BH is below the injected rate,
an over-accumulation of material forms in either model, allowing the accretion rate
to be maximized. On the other hand, because the lower input the gas that formed
the outflow previously is considerably reduced.

This reduction of the outflow can be confirmed in the bottom left panel of Figure
4.3, where previously we could not distinguish outflow coming from the collimated
azimuthal direction, and dragged outflow from the circulating flow (see bottom left
panel of Figure 3.3). But in the lower injection model we can clearly see that the out-
flow component that has been severely reduced is the one coming from the "bulge".

Lastly if we take a look at the middle panels, we can see that the radiation energy
(Eo) presents a very similar profile in the inner zone, when compare to the higher
injection rate model. The radiation energy similar to the hydro-dynamic variables
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also presents an overall smaller value for the outflow region specially noticeable in
the azimuthal direction. In this case it translates to a profile closer to spherically
symmetric than what we saw in the inner zone of the previous case studied.

Now the last thing to do in this 1% stage to better understand the properties of
the outflow flux is to look at the #-profiles of the hydro-dynamical variables of the
wind near the end of the simulation box.
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FIGURE 4.4: Density (top) and radial velocity (bottom) angular pro-

files near the outer boundary of the inner zone. Notice that the radial

velocity in the inflow region (i.e., § ~ 7/2) diverges due to its nega-
tive values.

We can see from Figure 4.4 that our preliminary analysis of the outflow winds
was correct. In particular we see a drop of almost an order of magnitude in both
the uncollimated outflow region (i.e., 0.4 < 6 < 8,,) and the collimated region (i.e.,
6 < 0.4) of the density. In the radial velocity plot, we can see how the wind speed
near the inflow region (i.e., negative velocity region) has increased compared to the
higher injection case. The rest of the profile smoothly converges to the previous
model at 8 ~ 0. This lower density curve, but higher velocity profile behaviour
shows that this model indeed produced weaker outflow flux but with less failed
outflow included.

We would be remiss if we would not subject this model under the same scrutiny
as before. We need to prove the consistency of our NSB method, and we can do
that by comparing the density, radial velocity and radiation energy profile between
both simulation boxes. We perform the same analysis as before, by showing each
variables angular profile in the shared area between simulation boxes, but outside
the control area (i.e., area where variable values are imposed, see Chapter 2 for in-
depth explanation).
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4.3 Outflow impact

The last thing we have to do in this section is to check and analyze the impact that
this lower injection model presents at the outer boundary of its outermost stage.
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FIGURE 4.5: Linear profiles of mass (top left), momentum (top right)

and energy (bottom) flux in the angular direction (0.0 < 6 < 1.4).

Solid lines indicate the flux at the outer boundary of the 2" stage

(e, ¥ ~ 3 x 10°rgy,), while the dashed line shows the flux at the
outer boundary of the inner zone (i.e., ¥ ~ 3 X 1037gap).-

Same as before we will see in Figure 4.5, how the mass, momentum and energy
fluxes angular profiles behave. Note that in each panel, the solid lines belong to the
flux measured at the outer boundary of the 2" stage and the dashed ones belong to
the 1% stage.

Starting our analysis on the mass flux panel, we see a very similar profile as we
did in the higher injection case. That is, a nearly flat line, that presents a decay on
the area belonging to the relativistic wind (i.e., # > 0.4). The main difference comes
in the magnitude of the flux, when compared to the previous model we see that in
this case the mass flux has been reduced by almost and order of magnitude. This
is consistent with the results from the density profile of the wind which showed a
similar decrease.

The second pane, the momentum flux profiles, presents an almost identical be-
haviour as the previous model with only two different features. The first and less
impactful is that the angular momentum flux profiles present a smaller decrease
with 6. This implies that when the wind power decreases, the relativistic jet region
of the outflow carries more of the angular momentum from the disk than its stronger
counterpart. This, while being an interesting feature, is not crucial to the study of the
wind at higher scales due to the fast loss of momentum with the radius (see section
3.3 for the discussion on this decay). The other difference between models is found
in the r-component of the momentum, where we have the decrease in intensity that
we also saw in the mass flux panel.

Lastly we need to talk about the energy flux. As was the case for the rest of
the panels we do not see any remarkable changes in this panel either. We see that
the radiation energy profile of the 1% simulation box was slightly lower than in the
previous model and the same for the mechanical flux. And that in the 2"¥ simulation
box, the profiles match those of the higher injection case, but with a smaller impact
in the case of the gas energy.
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The last important thing to talk about all these plots is how the dashed and solid
blue lines (i.e., mass flux, r-momentum flux, mechanical energy flux) are closer than
those we saw in the last model. This points again to the concept that under lower
injection rate the wind is less capable of dragging material from the bulge creating
what we called "failed outflow". Because of the lower percentage of outflow being
failed in this case, the density and radial velocity profiles between boxes are closer,
thus their flux counterparts also show the same trends.
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FIGURE 4.6: From top to bottom: Linear profiles of density, radial

velocity, radial mass flux (pvrrz), radial momentum flux (pv%rz) and

energy flux in the radial direction. Each panel shows both the 1%

(dashed) and 2™ (solid) stage lines. The energy flux panel (last) con-

tains also the radiation flux for the 1% and 2" stages, indicated by a
dotted and a dot-dash line respectively.

With the flux impact at the outer stage analyzed we only have a couple thing
left to check in this model. One is to confirm that even for this lower impact wind,
the 2 stage simulation was needed. We can check this like before, i.e., by studying
the different variables (p, v, mass, momentum & energy fluxes) behaviour over the
total length of both simulation boxes together. We perform this study as we did
previously in Figure 4.6. Once again we can see just how precise the connection
between stages is, thus confirming the validity and strength of out NSB method. We
also see once again how most of the variables continue, in the outer simulation box
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(solid lines), the trends that presented in the inner zone. With the exception being
the variables near the equatorial plane (red lines).

We can also better calculate now the integrated mass flux at the outermost bound-
ary. This will tell us how much of the injected mass leaves the simulation in the form
of escaping wind. By using Equation (3.2) on the first panel of Figure 4.5, we get that
Mout(r = 3 X 10%7gq,) ~ 104.3Lgqq/c? ~ O.21Minj. For comparison, in the higher
injection rate we got that the total escaped outflow at the outermost boundary was
~ 30%.

We now arrive to the last part of the analysis of this simulation, that is extrapo-
lating the results until the inner boundary of cosmological simulations. To do this
we use the tendencies shown in Figure 4.6. Following the almost linear trends of
density and velocity, seen in the first 2 panels, we obtain that p(10°rgy,) ~ 1072* —
107®g/cm?, v,(10%754,) ~ 10° — 2 x 10%m s71, for § = 0 — 1.5. The values are
similar to what we obtained before with slightly lower values in both density and
velocity as we already have discussed. The important thing is that now the un-
collimated flux velocity is closer to the one presented in Dbr+12. This will allow
us to closer compare the values of the impact with those found in their study. We
see in fact, in this case our momentum and energy flux are ~ 1 — 10Lgqq/c* and
~ 0.01 — 10Lgqq/c*. This is very significant for 2 reasons, first we see that now our
momentum flux matches the one proposed in Dbr+12. Which shows that the as-
sumed increase in flux is due to the anisotropic profile of the velocity, and it does
not need to be imposed. The second is that the energy profile while similar in the
edge-on direction, it is 10 times larger in the face-on direction.

There is one last important thing to point out in this impact discussion. That
is, that in Dbr+12 they never mention where the energy impact comes from. Since
they do hydro-only simulations, in the previous model we used only the mechanical
energy flux impact as point of comparison. This was in part because it was overall
larger than the one presented in the cosmological study, thus a distinction between
mechanical and radiation was redundant. That is no longer the case in this model.
The reason is because while it may seem like the impact of the energy flux on the
edge-on direction is similar this is only if we do not take into consideration the ra-
diation energy. If we now calculate the energy flux by using the max(Lmec, Lx) we
obtain ~ 0.1 — 10Lggq/c?. This is important because now we get a similar 6 de-
pendency, but 10 times as large overall. This shows that by adding the impact of
radiation into our study, even when the wind speeds are comparable, and the mo-
mentum flux impact is similar, our energy flux impact around an order of magnitude
larger.

4.4 Discussion

As was the case for the previous model presented, we will use this last section to
summarize the analysis and discuss the repercussion of our results. Since we previ-
ously discussed in extend the benefits that the NSB method provided to the study,
we will be much more brief. Once more the NSB method allowed us to calculate a
simulation box of more than 6 orders of magnitude in roughly a month. Which is
not surprising given that between the models the only difference is the injection rate,
we expected the same simulation cost.
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44.1 Inflow rate comparison

In this new scenario we see that the accretion efficiency has risen from the Mgy ~
0.4Minj that we had in the previous model to Mgy ~ 0.6Min]-. Not only that but if
we also compare the M/ Mgy ratio, in this model the flux rate presents an inverse
trend to that seen in the other cases studied where Mgy is larger than Mout. By
comparing the values of accretion rate and outflow rate to the once obtained in the
1%f model, we see that reducing the injection rate modifies the outflow rate twice as
much as the accretion rate.

This behaviour is most interesting, since it shows that by reducing the inflow
rate, we have increased the accretion efficiency (not the accretion rate) and reduced
significantly the outflow power. This lower outflow will in return cause less disrup-
tion in the medium, thus resulting is a much more efficient BH growth.

By studying these different simulated models we can agree that an accretion ef-
ficiency rate of 100% mass growth, which most cosmological simulations assume,
is still overestimated. Thus, any conclusion on the capability of raising a super
sized SMBHs, produced by those studies, is circumstantial. It is important to note
that higher accretion rates still could be feasible, if RHD simulations would include
some relativistic accretion mechanisms (e.g. the Blandford-Znajek process Kono-
plya, Kunz, and Zhidenko (2021)).

We have also had to modify the opacity function at large scales to include the
recombination of hydrogen at low temperatures. We used a simplified formulation
to include this factor when temperature drops below T < 10*K. This needs to be
included since, as seen in Takeo et al. (2018), the impact of the gas chemistry in the
medium is non-negligible.

4.4.2 Outflow structure and impact relevance

Regarding the outflow an its impact on the cosmological scale, we can do a paral-
lel discussion to the one done in the previous Chapter. In this lower injection rate
model, which is closer to the sub-Eddington assumption of Dbr+12, we obtained a
similar but weaker outflow. We can see that the velocity is still highly anisotropic,
but the values at the equatorial plane (i.e., edge-on direction) is now much similar
to the one assumed in their study.

The weaker wind generated in this case leads to a momentum flux impact that
is comparable to the one assumed in the cosmological simulations, thus showing
that the anisotropy in the flux appears naturally due to the similar behaviour in the
velocity. However, this is not the case for the energy flux, which is higher than the
one considered in their study. In particular we see that the mechanical component
of the energy flux is comparable to the one in Dbr+12 around the equatorial plane
(uncollimated outflow, means lower velocities). Yet this is not the case when we
move towards the azimuthal direction, finding an almost 10 fold difference between
our model and theirs. What is more, since our simulation include radiation feed-
back, we see that in the equatorial plane the radiation component is stronger than
the mechanical one. This means that the total energy flux in our model, is overall
larger than the one assumed in the cosmological simulations(see Figure 4.6). This is
particularly interesting because of the fact that without the radiation component, we
would have a very similar feedback profile.
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4.5 Future work

Lastly, we are currently performing a third simulation by increasing the angular
momentum of the infalling gas, as we pointed in Table 2.2. Although the simula-
tion has not reached the quasi-steady state, thus we can not do a proper outflow
discussion, we can add some of the preliminary infall results here. In the first stage,
the injected gas from the outer boundary rapidly establishes an unstable orbit at the
region around the Keplerian radius, rgep = 10007s4. Once there it slowly forms
a circulating structure that expands until » ~ 15007, (see Figure 4.7). This struc-
ture is slowly pulled by the central object, the inflow and outflow before the bulging
structure reaches the AGN is negligible. Once the gas reaches the center we see a
similar viscous (slow) accretion process that we saw in the 15/ model.
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FIGURE 4.7: Two-dimensional (2D) contour of the mass density in
the inner zone. The high-angular momentum gas forms a circulating
structure ("bulge") far from the central object.

As we stated, the inflow takes much longer to initiate in this case (facc ~ 8 X 10*
s). Once it starts we see an initial peak due to the accumulation of mass at the edge of
the circulating structure. This is quickly settled and, while the mass flux fluctuates
over time like before, we see that its average settles down in a constant value Mgy =
412LEdd / C2.

In future, we wish to continue improving the Nested Simulation-Box method. As
previously mentioned, our method was applied to a simplified case as a framework
to develop and test our methodology. We certainly need extensive parameter studies
to clarify the dependences of the results on several parameters, such as the alpha
parameter and the Keplerian radius. It will also be interesting to vary BH mass,
keeping the mass injection rate, since the outflow properties may possibly depend
on the Eddington ratio; i.e., weaker impacts may arise in the sub-Eddington regime.
There is also the need to incorporate the general relativistic (GR) effects, as well as
to analyze and develop a better physics environment for the even larger simulation
box. Specifically, we wish to introduce a better approach to the energy diffusion due
to b-f collisions when the gas passes the ionized temperature threshold.
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Chapter 5

Conclusions

We started this study by introducing the extreme difficulty of performing a thorough
study the gas dynamics around the high redshift AGN. In particular we focused
on the disconnection between the studies of these objects in BH astrophysics and
cosmology. Through the implementation of the Nested Simulation-Box method we
have managed to bridge that gap. In this method we first calculate inflow-outflow
structure in the inner zone and follow the outflow propagation in the outer zone
with smooth connection between them. The nested simulation-box method allows
us to follow the evolution of outflow structure in a self-consistent fashion from astro-
nomical scale to cosmological scale, while maximizing the computational efficiency.
We used the NSB method on two different models which we can compare with other
similar studies:

Method Compton Tout TKep Mpy Mout
Study [Yes/No]  [rse]  [rsch] [Leda/c?] [Lgda/c?]
Newtonian-2D
Ohsuga+11 No 105 40 ~ 100
Kitaki+21 Yes 300 2430 ~ 180 ~ 24
Ohsuga+05 No 500 100 ~ 130
Kitaki+18 Yes 3000 300 ~ 280 ~ 300
Hashizume+15 No 5000 100 ~ 150 ~ 500
Botella+22 Yes 3x10° 100 ~ 380 ~ 320

Reduced Ingection Yes 3x10% 100 ~ 280 ~ 100
Newtonian-3D

Jiang+19 Yes 800 40 ~ 250
GR-2D
Sadowski+15 Yes 2500 21 ~ 420 ~ 7000
GR-3D
Jiang+14 No 50 25 ~ 220 ~ 400
Takahashi+16 No 125 17 ~ 200
Sadowski+16 Yes 500 20 ~ 180 ~ 520

TABLE 5.1: Comparison between results form different studies using

RHD & RMHD simulations. Here we compare the box size (rout), the

angular momentum of the injected material (rkep), and the mass flux

both at the BH boundary (Mpy) and at the outer boundary (Moyt).

We also indicated whether the Compton scattering effect is taken into
account or not.
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After our thorough analysis of these models what we find with this method, can
be summarized as follows:

Under an inflow rate of M = 103Lgqq/c?, the accretion rate onto the central
object is Mgy ~ 0.4Mipj (see Figure 3.1). That is, about 60% of gas is lost as
outflow.

When lowering the inflow rate to M = 500Lgqq/c?, the accretion rate onto the
central object becomes Mgy ~ 0.6Minj (see Figure 3.1). Showing that under
lower injection rates the system becomes more efficient (i.e., lower percentage
of infalling mater is lost as outflow)

We confirm the presence of failed outflow, which is launched at smaller radii
but falls back to the disk at larger radii (top and bottom panels of Figure 3.3).
Due to the presence of such a large-scale circulating flow we need to take suf-
ficiently large simulation box in the inner zone. This component of the wind is
less prevalent when the injected flux is reduced.

Outflow structure is much simpler in the outer zone and can be extrapolated
beyond the outmost boundary of our simulation (r ~ 10%rsy,) (see Figure
3.3). The possible impacts of the outflow on the cosmological scale are demon-
strated in Figures 3.8 & 4.5.

Simple extrapolations of the physical quantities calculated in the inner zone do
not work (see Figures 3.9 & 4.6).

For the fiducial model we find an anisotropic near relativistic outflow with
density of 10717 — 107 [g cm 3] and velocities of 0.02 — 0.7 c. With the lower
densities and higher velocities belonging to the azimuthal jet.

The momentum (energy) impact expected on the cosmological scale (~ 0.1 pc)
from the wind from the fiducial model is ~ 10 — 100Lggq /¢ (~ 0.1 — 10Lgqq).
This is around 10 times larger than those assumed in the cosmological sim-
ulation studies (as discussed in Chapter 4), all be it under our large super-
Eddington accretion rate.

The wind impact when the injection rate is reduced is comparable to that seen
in cosmological studies, but still highly anisotropic p ~ 1078 — 1071 [gcm ™3]
and v, ~ 0.03 — 0.7 c.

In this second model the momentum flux is now comparable with the studies
mentioned previously (i.e., ~ 1 — 10Lgqq4/c). When we compare the different
components of the energy flux impact, we see that the mechanical energy flux
is also closer, ~ 0.01 — 10Lgq4. But when we also account for the presence of
radiation our model presents once more a higher value, ~ 0.1 — 10Lgqq (see
bottom panel of Figure 4.6).

In this work we applied our method to two accretion models. But in order to
draw a clearer picture of accretion rates and AGN feedback profiles we need
to conduct studies with other parameters. We are currently in the process of
performing a simulation with a higher angular momentum.

In order to make it easier to develop, we used some approximations that will
be improved in future work. More extensive parameter studies remain to be
performed.
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