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Abstract

Active Galactic Nuclei (AGN) feedback plays a crucial role in galaxy formation
and evolution. AGN-driven winds, with large kinetic luminosities found observa-
tionally, could significantly impact the galaxies hosting the AGN. Radiation pres-
sure on UV absorption lines is a promising mechanism for driving these winds,

whose feedback effect remains to be explored.

In this thesis, I explore how AGN feedback influences the galaxy properties
using a state-of-the-art cosmological hydrodynamical code — SWIFT with COLI-
BRE subgrid physics. I implement a new subgrid model for AGN feedback that
couples feedback efficiency with the Eddington ratio by a power-law, based on
scaling relations for line-driven winds from the analytical model Qwind. I simu-
lated idelized Milky Way-like galaxies incorporating a black hole (BH), cold gas
disc, stellar disc, and hot circumgalactic medium (CGMs) within a static dark
matter halo potential. The black hole is assumed to accrete gas at the Bondi
rate. I explore the effects of varying BH masses, the slope and the normalization

in new coupling efficiency model.

I find that higher BH masses result in greater cumulative AGN energy in-
jection, higher AGN energy injection rates, which in turn lead to lower star
formation rates (SFR) and cold gas masses but higher gas outflow rates. When
comparing fiducial variable coupling efficiency model with default constant cou-
pling efficiency model, the former one produces weaker AGN feedback, character-
ized by reduced cumulative AGN energy injection, lower AGN energy injection
rates, and significantly smaller coupling efficiencies, but higher accretion rates.
This results in faster BH growth, larger SFR and cold gas masses, and lower gas
outflow rates, while enhancing BH self-regulation. These effects are due to the
coupling effeciency typically being lower in the variable efficiency model. Com-
pared to some previous simulations, our results exhibit weaker AGN feedback

and less suppression of SFR.
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CHAPTER 1

Introduction

Active galactic nucleus (AGN) feedback from supermassive black holes (SMBH)
residing at the centres of host galaxies are widely thought to be having large
effects on galaxy formation and evolution, especially in the regulating growth of
massive galaxies, by releasing significant amounts of energy into their surround-
ing gas (Kormendy & Ho, 2013; Fabian, 2012). While other feedback processes
including stellar feedback can account for the suppression of star formation in
dwarf galaxies, they cannot explain the quenching of massive galaxies. Imple-
mentation of AGN feedback helps us to address the gap, successfully suppress
star formation in massive galaxies (Harrison, 2017). However, while current mod-
els accounting for AGN feedback can reproduce key observational relations, such
as the stellar mass function and the stellar mass—black hole mass relation, their
success is based on simplified, phenomenological prescriptions for AGN feedback,
with adjustable parameters that are tuned to reproduce the above observations
(Schaye et al., 2015; Pillepich et al., 2018). Discrepancy might be shown when
comparing some properties that are not used to do calibration (e.g. quenching
fraction that potentially related to AGN feedback, Donnari et al., 2021) These
discrepancies suggest that our treatment of AGN feedback remains incomplete,
potentially due to missing feedback modes or gaps in understanding the under-
lying physical mechanisms. Consequently, accurately modeling of AGN feedback
as well as SMBH growth and dynamics has become essential in both observations

and simulations and worthy to be investigated.

Black holes (BH) grow either by accreting surrounding materials (mainly gas)
or by mergers with other BHs. Due to non-zero angular momentum of accreted
materials, an accretion disc is generally formed around BHs (Volonteri, 2010).
The nature of this disc, however, depends on the accretion rate normalized by

Eddington rate. Clearly, understanding the type of accretion discs and their
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models are essential when studying AGN feedback (Shakura & Sunyaev, 1973;
Narayan & Yi, 1994; Wang & Zhou, 1999). The following sections contain the

introductions of accretion discs and basics of black hole accretion physics.

1.1 Accretion discs

1.1.1 Basics of accretion physics

To study accretion physics, one needs to know basic BH properties. For given
BH mass Mpy, radius R, the size of BH, i.e. the gravitational radius, can be

characterized by
G Mgn

c2

R, (1.1)

where G is gravitational constant and c is speed of light. Note that typical BH
mass is 103M, corresponding to a size of 1.48 x 10'3cm or 4.8 x 10~ %pc.
The magnitude of the black hole’s physical angular momentum is defined as

_ GM?

Cc

J

a (1.2)

where a is the dimensionless black hole spin. The innermost stable circular orbit

(ISCO) is given by Risco = riscoRg and rsco depends on spin.

The bolometric luminosity Ly of a BH is related to its mass accretion rate
M by
Lbol = GrMC2 (13)

where for thin accretion disc, ¢, = 1 — /1 —2/(3rigco) is accretion radiative
efficiency of 0.057, if assuming spin is 0. The radiation force for scattering on
free electrons only, assuming pure ionized hydrogen gas, in spherical situation

due to this luminosity is

Lygor (1.4)

Fraa = dmer?

where o ~ 6.65 x 1072°cm? is the Thomson cross-section. While radiation force

push electrons and protons outward, they are also accreted by gravitational force

G(mp + me)MBH N GMBHmp

Faray = (1.5)

r2 r2
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I define Eddington limit as Flaq = Fyrav

ArGM
Ligad = ”TBHC ~ 1.3 x 10% My erg 57! (1.6)

where k >~ or/m; ~ 0.34cm?g~! is the electron scattering opacity and Mg =
M /108 M. The mass accretion rate with this limit is

Lraq . 471G Mpu

€:.C2 €:KC

(1.7)

The ratio between Mg and MEdd is called Eddington ratio 7 = MBH/MEdd-
Note the fact that not every particle in the gas contributes equally to the radiation
pressure. In that case, one needs to multiply Lgqq by a factor of p.. This
factor accounts for composition different from pure hydrogen. In a fully ionized
hydrogen plasma, every proton contributes one free electron, which means that
e = 1. However, in a plasma with heavier elements, fewer free electrons are

available per baryon, increasing ..

1.1.2 Types of accretion disc

Accretion disc models can be classified into three categories based on their ge-
ometry and r: thin disc (a-disc, 0.01 — 0.03 < 7 < 1, Shakura & Sunyaev,
1973), thick disc (m < 0.01 — 0.03, Narayan & Yi, 1994) and slim disc (2 1,
Abramowicz et al., 1988; Wang & Zhou, 1999). Note that the real accretion discs
might be more complicated and involve combinations of these models, but they
remain useful frameworks due to their simplicity and widespread use in studies.
For example, some models of the UV line driven wind used to explain some ul-
trafast outflows (UFOs) that I will introduce below are still based on standard
thin disc model but providing very useful insights (Quera-Bofarull et al., 2023).

The thin disc solution is firstly proposed by Shakura & Sunyaev (1973) and
later Novikov & Thorne (1973) for its general-relativistic form. It describes a
geometrically thin (with negligible thickness compared to its radius), optically
thick (emitting blackbody-like radiation) and steady (constant accretion rate)
accretion disc where interactions between gas layers through viscous torques cause
gas inflow whilst maintaining almost Keplerian orbits. As a result, about 10 per
cent of the total mass-energy of the matter in thin disc is radiated as observed in

quasars (Yu & Tremaine, 2002; Davis & Laor, 2011). Thin disc is appearing at
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intermediate accretion rates (0.01—0.03 < v < 1) with strong radiative efficiency

but low jet efficiency.

When the accretion rate becomes super low (2 < 0.01 — 0.03), the accretion
disc will be transitioned to a geometrically thick and optically thin disc, i.e.
advection-dominated accretion flow (ADAF), proposed by Narayan & Yi (1994).
The gas motion is dominated by advection with energy releasing from the thick
disc close to the BH by very powerful relativistic jets (Blandford & Znajek,
1977) but weak and inefficient radiative feedback. Additionally, advection of
magnetic field is also thought to play an important role (Spruit & Uzdensky,
2005). Therefore, previous work typically use GRMHD simulations to model BH
spin, relativistic jets and magnetic field to study thick disc (McKinney et al.,
2012).

The final regime occurs at super-Eddington accretion rate (rm > 1), where
the disc exhibits properties from both previous models (Wang & Zhou, 1999). It
is optically thick, geometrically thick and advection dominated with both strong
jets if the BH is spinning (McKinney et al., 2014) and strong radiation pressure
dominant over gas pressure (Jiang et al., 2014). Although it is rarely used to
explain local observed AGN, some studies suggest that it might be applicable to
high redshift ultraluminous AGN (Gladstone et al., 2009; Jiang et al., 2014).

1.2 AGN feedback

Once different types of accretion discs are formed, they inject significant amounts
of energy into the surrounding gas, influencing their host galaxies through a pro-
cess known as AGN feedback. This feedback occurs in two main types: "wind
feedback" and "jet feedback". Winds are thought to be launched from accretion
disc mainly due to a combination of radiation pressure on dust, thermal pres-
sure, and magnetic forces, as observed in some luminous AGN (King & Pounds,
2015). These winds are generally isotropic or partly collimated and exhibiting
lower speeds and maybe lower energy outputs compared to jets, although some
UFO suggest that winds can be strongly collimated (less than jets, Tombesi et al.,
2010a). This will be discussed below. In contrast, jets are highly collimated, and
relativistic, delivering significant kinetic energy to the gas and push them into
circumgalactic or intracluster medium scale, as observed directly through radio

and X-ray observations of the central galaxies of cool core clusters (McNamara



1. INTRODUCTION 5

et al., 2005; McNamara & Nulsen, 2007). The detailed driving mechanism and
connection between these two feedback types haven’t been fully confirmed. But
from observations, these two feedback mechanisms are not completely indepen-
dent, and an SMBH may switch between them depending on accretion rateand

galaxy properties (Fabian, 2012).

As a consequence of AGN feedback, large-scale galactic outflows might be
driven. These outflows are thought to typically involve fast winds from the ac-
cretion disk interacting with the interstellar medium (ISM), creating an inner
reverse shock that slows the wind and an outer forward shock that accelerates
the swept-up gas. These outflows can be further categorized into "momentum
conserving" outflow or "energy conserving" outflow. For "momentum conserv-
ing" outflow, the shocks are rapidly cool to become effectively isothermal, which
making them very narrow, while only the ram pressure is interacting to the out-
flow (King, 2003, 2005). Here, energy is not conserved since most of the energy
released by the interaction of the AGN-driven wind with the ISM is radiated away.
But the momentum from ram pressure is conserved. Consequently, the impact on
the ambient medium is relatively localized and less energetic, resulting in a slower
expansion of the swept-up gas shell. For "energy conserving" outflow, cooling in
the shocked region is inefficient, leading to energy conserved, and the shocked
regions are much wider (King, 2005; King et al., 2011). This allows both the
thermal pressure and ram pressure to contribute to driving the outflow. Since
energy is approximately conserved, the outflow injects a significant amount of
heat into the swept-up gas shell, which can drive a more substantial and faster
expansion of the swept-up gas shell. This creates a larger and more dynamically
impactful influence on the ambient medium, potentially clearing larger volumes

of gas from the galaxy.

Although both wind feedback and jet feedback are thought to play vital im-
portant roles in regulating galaxy growth (Kormendy & Ho, 2013; Fabian, 2012),
the details of how AGN feedback operates remain debated (Harrison & Ramos
Almeida, 2024). The feedback may potentially be either negative (suppress star
formation, Di Matteo et al., 2005; Sijacki & Springel, 2006; Bower et al., 2006;
Hopkins et al., 2008; Booth & Schaye, 2009) or positive (trigger star forma-
tion, Silk, 2005, 2013; Zubovas et al., 2013; Ishibashi et al., 2013), potentially
depending on whether outflow is "energy conserving" or "momentum conserv-
ing" described above (Zubovas & King, 2012; Costa et al., 2014; Silk et al.,
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2024), as well as the time scale involved after the AGN feedback event. Ini-
tially, momentum-conserving outflows might dominate, creating turbulence that
promotes star formation, while "energy conserving" outflow will take over as
cooling becomes ineffective over time, and when the shocks move further from
AGN (King, 2005; King et al., 2011; Silk et al., 2024). The shocks generated by
"energy conserving" outflow expand adiabatically and expel the gas by releasing
energy of the wind to the outflow, depleting the gas reservoir and suppressing star
formation. Note that such explanation including the effect and the happening

time, is from some models, which haven’t fully proved to be true.

Given uncertainties above in AGN feedback, and the importance of AGN feed-
back to galaxy formation and evolution, numerous researches has been conducted
over the past two decades. In recent researches, the AGN feedback and accretion
disc modeling have been explored in cosmological hydrodynamical simulations,
simulations of BHs and their accretion discs, and analytical or semi-analytical
models, although they are still simple. Each approach offers different insights
but also faces limitations. In some cosmological simulations, e.g. EAGLE, AGN
wind feedback is simply implemented as the deposition of thermal energy into the
surrounding gas isotropically, representing wind feedback. This is because most
cosmological simulations lack enough resolution to distinguish radiative thermal
feedback and kinetic feedback but this method is physically reasonable since the
kinetic energy released by winds can eventually present as thermal energy by ther-
malizing and interacting with gas through shocks and turbulence. Then rapid
gas cooling can be prevented and furthermore star formation suppressed. While
this model is simplified, it can lead to excellent agreement with both optical and
detailed X-ray observations of groups and clusters (McCarthy et al., 2010, 2011,
Le Brun et al., 2014). Such simulations include Magneticum (Hirschmann et al.,
2014), EAGLE (Schaye et al., 2015) and ASTRID (Bird et al., 2022). Other simu-
lations, such as Illustris (Vogelsberger et al., 2014), HlustrisTNG (Springel et al.,
2018; Marinacci et al., 2018; Nelson et al., 2018; Pillepich et al., 2018; Springel
et al., 2018), SIMBA (Davé et al., 2019), Horizon-AGN (Kaviraj et al., 2017) and
New-Horizon (Dubois et al., 2021), also consider kinetic feedback, with a transi-
tion dependent on accretion rate and BH mass. Specially, SIMBA, Horizon-AGN
and New-Horizon employ a bipolar kinetic jet feedback while Illustris and Illus-
trisTNG use thermal hot bubble and kinetic isotropic feedback to represent the
effect of kinetic jets, respectively (Sijacki et al., 2015; Weinberger et al., 2018).
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Figure 1.1: The wind mass outflow rate (left panel) and wind energy outflow rate
(right panel) as a function of the AGN bolometric luminosity. Molecular winds,
ionized winds, BAL winds and X-ray winds are represented by blue, green, black
and red, respectively while different markers represent different observations. The
dashed lines in the left panel are their best fit relations. Solid, dashed and dotted
line in the right panel represent the correlations Eig,(OF) = 1,0.1,0.01Lpc).
Figure is taken from Fiore et al. (2017).

While cosmological simulations offer valuable insights into galaxy evolution
on large scales, their treatment of AGN feedback remains simplified due to res-
olution limitations as well as missing physics. In contrast, simulations of BHs
and their accretion discs capture additional physics in accretion disc including
general relativity, radiative transfer or magnetohydrodynamics (Narayan et al.,
2012; Higginbottom et al., 2014; Nomura et al., 2016; Yuan et al., 2018; Jiang
et al., 2019; Higginbottom et al., 2024). However, they lack the contribution
from galaxies and their environments when studying evolution of BHs. Besides,

expensive computation time is another problem.

AGN can also be simply modeled by galaxy semi-analytical models (Lacey
et al., 2016; Henriques et al., 2020) which populate dark matter haloes from
N-body simulations with galaxy properties obtained from empirical or theoret-

ical relations. Similarly, in semi-empirical model (Behroozi et al., 2019; Zhang
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et al., 2023), they obtain BH properties by using empirical relations instead of
direct modeling from AGN feedback. While they are less time-consuming than
cosmological simulations, these models are constrained by current observations
which can only capture limited properties of BHs and AGN feedback, similar
to cosmological simulations. There are also some analytical and semi-analytical
models for AGN only (Dittmann & Cantiello, 2024; Risaliti & Elvis, 2010; Quera-
Bofarull et al., 2020, 2023). Although they are computational cheap compared to

GRMHD, they can only consider a few cases of accretion disc with assumptions.

Consequently, a comprehensive understanding of AGN feedback requires bridg-
ing the gap between these different treatments, integrating the strengths of them
while mitigating their limitations. To build more unified AGN framework in
galaxy and cosmological content, some studies have attempted to implement de-
tail AGN simulation or (semi-) analytical AGN and accretion disc models into
idealized galaxy simulations or zoom-in cosmological simulations (Costa et al.,

2020; Koudmani et al., 2024), which is one of motivations of this thesis.

In this thesis, I study feedback by AGN winds. Observationally, AGN winds
are categorised into molecular winds, ionised winds, broad absorption line (BAL)
winds and X-ray winds, which are connected by wind parameters, AGN properties
and spatial scales (Fiore et al., 2017). Physically, X-ray and BAL winds observed
at small galactic radii may well drive ionized and molecular winds observed at
larger radii. All of them show strong correlation between AGN bolometric lu-
minosity and AGN wind mass outflow rate, as can be seen in Fig. 1.1. At the
same bolometric luminosity, molecular wind show highest wind mass outflow rate,
while other winds lie below the correlation found for molecular winds. Higher
differences with respect to molecular winds are shown at lower bolometric lumi-
nosities. But for kinetic energy outflow rate, similar values exhibited for X-ray
and molecular winds, but BAL and ionized winds generally lower, at the same
AGN bolometric luminosities. When comparing their maximum wind velocity,
Umax, and relate it with bolometric luminosity, strong correlations are also found
for all winds, as shown in Fig. 1.2. X-ray winds can be divided into two groups
in this diagram, warm absorbers with lower velocities and UFOs with higher ve-
locities (vmax > 10% km s~1). Although, both of them show correlation between
bolometric luminosity and vpax, the warm absorber is more close to molecular
winds, ionized winds and BAL, whose vpax is abut 100 times smaller compared

to UFOs . When compare their wind momentum load in Fig. 1.2 (outflow mo-
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Figure 1.2: AGN bolometric luminosity (left panel) and wind momentum load
(outflow momentum rate divided by the AGN radiation momentum rate Ly, /c,
right panel) as a function of the maximum wind velocity, vyax. The black dahsed
lines in the left panel mark a v),. scaling while magenta and cyan solid line
represent best fit from other observations. In the right panel, the red dashed line
mark the expectations for a momentum conserving outflow driven by radiation
pressure with 100% efficiency of converting momentum of radiation from the AGN
accretion disk into momentum of the outflow. The two blue solid lines mark the
expectations for pure energy conserving outflows from other observations. The
color scheme is the same as Fig. 1.1.

mentum rate divided by the AGN radiation momentum rate Ly/c), molecular
winds are observed to have momentum load in the range 3-100, about half have
momentum load >10, suggesting that such massive-extended outflows are energy
conserving winds (POF / PacN & VUFO /vor), extended on the host galaxy scales.
For most BAL and X-ray winds, they have momentum load <1, suggesting that

they could be radiation-driven outflow.

Specifically, the most powerful of these winds, i.e. highly ionized UFOs, ex-
hibiting high velocities (v ~ 0.1 — 0.3¢) and large kinetic luminosities (Lyj, ~
0.1% — 10%Lgqq or ~ 1% — 50%Ly1), is the most interesting wind and the mo-
tivation in this thesis. They are observed in 20-40% of local AGN (e.g. Tombesi
et al. (2010b)) and in a handful of higher redshift objects (e.g. Chartas et al.,
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2009; Lanzuisi et al., 2012), made by highly ionised gas which can be detected
only at X-ray energies, e.g. blueshifted Fe K-shell absorption lines in X-ray spec-
tra of AGN (Tombesi et al., 2010a; Gofford et al., 2015), which likely originating
from close to the accretion disc around SMBH. A promising mechanism to drive
these UFOs is radiation pressure on UV absorption lines, where there are multiple
strong atomic transitions in low ionization material (Proga et al., 2000). With
absorb enough photon momentum, strong winds will be launching as similarly
seen from O-star photospheres (Castor et al., 1975). Such large kinetic luminosi-
ties (Lyin ~ 0.1% — 10%Lgqq or ~ 1% — 50% L)) imply that these winds could
have important feedback effects, e.g. remove significant amounts of gas from the
host galaxies and regulate star formation. This kind of wind is called UV line
driven wind. Some (semi-) analytical models and simulations of BHs and their
accretion discs aim to model the launching of UV line driven winds (Nomura
et al., 2016; Risaliti & Elvis, 2010; Higginbottom et al., 2014; Quera-Bofarull
et al., 2020, 2023; Higginbottom et al., 2024) but no work attempts this into
hydrodynamical cosmological code to study their influence on galaxy evolution
in cosmological context. Therefore, in this thesis, our aim is to incorporate these
predictions for line driven winds into a new model for AGN feedback in ideal-
ized galaxy evolution simulation, and investigate the effects on the evolution of
galaxies and their SMBHs.

1.3 Thesis outline

In this thesis, I implement a new model for the coupling efficiency (the fraction
of Ly that can be transferred to AGN energy), which as a power law of Edding-
ton ratio, into AGN feedback module of SWIFT code (Schaller et al., 2024) and
simulate a series of isolated MW-like galaxies using COLIBRE subgrid physics
model (Schaye et al, in prep.) to investigate the influence of this model on galaxy
properties, i.e. star formation history, outflow rate, etc. I demonstrate that in
Chapter 2, I briefly introduce the driving mechanism of line driven winds by us-
ing semi-analytical or simplified numerical model Qwind (Quera-Bofarull et al.,
2023) and show how I motivated by scaling relations from Qwind. The SWIFT
code and COLIBRE model will be illustrated in Chapter 3 where I also describe
our implementation of new coupling efficiency model. I also list initial conditions

(ICs) for all components of the simulations I have run and discuss how their
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parameters were chosen. Chapter 4 contains our analysis for our results whereas

Chapter 5 contains our our conclusions and prospecting for future improvements.



CHAPTER 2

Line Driven winds

Observations show that UFOs are likely launched from accretion discs around
SMBHs. These outflows typically exhibit high hydrogen column densities of ap-
proximately Ny ~ (10?2 — 10%*)cm ™2, moderate to high ionization parameters of
approximately & ~ (103 —10%)erg cm s~! (dominated by extremely highly ionized
species including Fe XXV and Fe XXVI), and reach velocities of approximately
v ~ (0.1 —0.3)c (King & Pounds, 2015). Such high outflow velocity result in
large kinetic luminosity, which means that they are likely to have have important
feedback effects on the host galaxies by injecting large energy into gas around
SMBHs. UV line driving is one of promising mechanisms to explain UFQOs, as
the typical AGN accretion disc spectrum peaks in the UV range. It was firstly
applied in O-star study by CAK formalism (Castor et al., 1975), and later ex-
tended to AGN studies, through analytical models (Murray et al., 1995; Risaliti
& Elvis, 2010; Quera-Bofarull et al., 2020, 2023) and radiation hydrodynamic
(RHD) simulations (Proga et al., 1998; Nomura et al., 2016; Higginbottom et al.,
2014, 2024). However, RHD simulations are computationally expensive due to
complicated radiative transfer processes, which require solving a network of equa-
tions at each timestep. In this chapter, I will introduce driving mechanism for
UV line driven winds especially how to calculate radiation force, and use the ana-
lytical model Qwind to show scaling relations predicted by UV line driven winds.
I will also explain how these scaling relations motivate the implementation of

new AGN models in cosmological hydrodynamical codes, e.g. SWIFT.

12
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Figure 2.1: A schematic diagram of the UV line driven wind scenario
for UFOs. The wind is launched from the accretion disc at ~ 10'6cm and is
driven by UV radiation from the disc. The shielding gas, i.e. failed wind located
at the base of the overionized wind blocks the X-ray radiation from the X-ray
corona around SMBH and prevents the successfully launched wind from being
overionized. Figure taken from Luo et al. (2013).

2.1 Driving mechanism

The reason why gas can be pushed outward from the SMBH scale to the galaxy
scale is straightforward: the radial force generated by radiative pressure exceeds
the radial gravitational force of the SMBH after the wind is launched!. The
gravitational force can be easily calculated using Newton’s law of gravitation,
provided the gas is not too close to the SMBH. However, the calculation of out-
ward forces varies across different models, depending on the source, e.g. thermal
driving, radiative driving or magnetic driving, being considered when explaining
AGN winds. In the case of UV line-driven winds, the outward force is from UV
continuum, which will be discuss later. The radiation force can be divided into
two components: X-ray and UV, as illustrated in Fig. 2.1. These components
have contrasting effects: X-ray photons ionize the gas by interacting with ac-
cretion disc material via bound-free transitions with outer electrons, while UV

opacity increases when the gas is not overly ionized, allowing UV photons to

'Here, I ignore hydrodynamic forces, as they are expected to be only comparable to gravity
during the launching phase



2. LINE DRIVEN WINDS 14

1000

L1 S—
109 7

il
r 75 v,
800 y /l” IIE

[ 50 A//Ill’ ll
600-— 25 ’M/’/!!-'!,lll
.Q_:t.m L
N 400:—
200:—

7
,,,iiillllllll I
antiil
200 400 600 860 1000 1200 1400 16600
R [R,]

Figure 2.2: Results of a wind simulation, using Qwind code assuming Mpyp =
10Mg and i = 0.5. The inner failed wind, escaping wind, and outer failed
wind regions are coloured in green, blue, and orange, respectively. The inserted
panel represent the same quantities but for the zoom-in regime from R = 25R,
to R = 160R,. The inner wind failed because strong ionization while outer
wind failed because the amount of UV photons decreases significantly. This
figure visualizes inner failed wind, outer failed wind and escaping wind
launched at different radii.

excite electrons to higher energy states and transfer momentum to the gas.

If the gas is not too close to the X-ray corona, sufficient momentum from
UV photons will be transferred to the gas, enabling it to reach the gravitational
escape velocity and create an outflow. However, if the gas is too close to the
X-ray corona, it becomes overionized, reducing the radiation force below the
gravitational force. In this case, the gas will fall back to the disc as a failed wind,
as shown in Fig. 2.1 and green lines shown in Fig. 2.2. The gas cannot be too far
from the central region, as the amount of UV photons decreases significantly at
larger radii, which can be seen in orange lines in Fig. 2.2. This process is known

as UV line driving.

The mechanism that launches gas upward is similar: the vertical radiation
force from the UV-emitting disk, countering both vertical gravitational and hy-
drodynamic forces. Here the hydrodynamic force is not ignorable and X-ray

component in radiation force is very weak. Therefore, nearly all gas at different
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Figure 2.3: Upper panel: Best fit values for the force multiplier parameters k and
Nmax as & function of ionisation parameter £, from Stevens & Kallman (1990).
Lower panel: force multiplier as a function of the ionisation parameter and the
effective optical depth. Note that ¢ in the figure refers to 7. in this thesis. Figure
is taken from Quera-Bofarull et al. (2020). This figure indicates how force
multiplier and its component change with ionisation parameter, which
is related to the radii of the wind.

radii can be launched, although some of them will eventually fall back.

2.2 Simplified model - Qwind

In this section, I will further reveal the physical rationale of line-driven winds,
particularly focusing on the radiation force, using the Qwind model. I will show
some results by running Qwind with different black hole properties. Qwind is an
simplified and non-hydrodynamical model originally developed by Risaliti & Elvis
(2010), and further developed in Quera-Bofarull et al. (2020) and Quera-Bofarull
et al. (2023). The core idea is that Qwind calculated the ballistic trajectories of
gas blobs launched from an accretion disc and illuminated by both UV and X-ray

flux. It neglects the contribution of hydrodynamical force except in the launching
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phase, making the code computationally much cheaper than full hydrodynamical
simulation with radiative transfer and allowing for quick exploration of wind
properties across a wide parameter space. In the next subsection, I will explain
how radiation forces are calculated in Qwind, and demonstrate how both X-ray

and UV flux contribute to these forces to drive the winds.

2.2.1 Radiation force

The radiation force can be decomposed into an X-ray component and a UV
component as discussed previously. From CAK formalism (Castor et al., 1975),
the total radiation force is amplified by line opacity, i.e. Kijne = Mk, where M
is force multiplier related to X-ray properties and k. is opacity due to electron

scattering. The total radiation opacity therefore will be (1+.M )ke, corresponding

es

to a total radiation acceleration of ay,q = (1 4+ M)ads,.

From Stevens & Kallman (1990), The force multiplier can be parametrized as

04
M (7o, €) = k (€) 7200 (H(fizma"g;oﬁl M n k(g2 (2.1)

where k and npax are two fitting functions in Stevens & Kallman (1990), & is
ionization parameter representing effect of X-rays and 7.g is the effective optical
depth parameter defined below. The dependences of M, k and nmmax on & are
shown in Fig. 2.3. As can be seen, higher £ will lead to lower k and nyax and
therefore lower M. This is happening when gas is too close to the centre. If £ is
not too large, one will see larger 7.¢ lead to lower M. With X-ray flux Fx and

number density n of the gas, i.e. total number density, £ is defined as

_ AmFx
on

3 (2.2)
The X-ray flux is treated as coming from point source at centre of disk (repre-
senting corona). Therefore, at the position (R, z) in cylindrical polar coordinates,

it is spherically symmetric and computed as

_ Lxexp(—7x)

Py = 278 A
X7 4n (RZ+ 22)

(2.3)

where Lx = fxLpol is the X-ray luminosity as a X-ray fraction fx of bolometric
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Figure 2.4: UV fraction as a function of disc radius with different black hole
mass but fixed 72 = 0.5 (left panel) or different Eddington ratio but fixed Mpy =
108 M (right panel). Figure taken from Quera-Bofarull et al. (2023). This figure
shows UV fraction is higher at some radii, which related to Mpy and

m

luminosity Ly and 7x is the X-ray optical depth.

The other variable in force multiplier, 7., is defined as

dv,_
Toff = JTm)th|a] 1 (2.4)

determined by thermal velocity vy, = /kpT'/(11mp) where mean molecular weight
for fully ionized gas p = 0.61, kp is the Boltzmann constant, and velocity gradient

along the light ray dv/dl.

Next, I need to calculate ag} ;, radiation acceleration due to electron scatter-
ing, to get total radiation force. Shakura & Sunyaev (1973) model is adopted for
the emitted UV radiated power per unit area by a disc patch, which is

3G MpuM

Fuv = 5 fuv (Ra) fnT (Ra, Risco) (2.5)
8T Ry

where Rq and Risco is the radial position of the gas and the innermost stable
radius of the black hole, respectively. fyv is the UV fraction at this position and
fnt is the Novikov-Thorne relativistic factor (Novikov & Thorne, 1973). When
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considering non-rotating BHs, it can be expressed as

fnr(a=0)

2 — /37 [2v2 +1n (3+2v2) +1n (v3rg — 3) —In(v3rq +3)]  (2:6)
B 2(rq — 3)

which increase from 0.11 to 0.88 when rq increase from 10 to 1000. Here rq =

es

Rq/Rs. With Fyy, the radiative acceleration due to electron scattering agsy can

be calculated by

R — R4 cos¢q
s (R —C Juv/NT . AR o7
Arad ( s Z) =Lz W exXp —Tuv —Rd sin ¢d d ¢d ( . )
d=d
z
where C = 3GMBHM/€6/(87T2C), A2 = R?+ 22 — 2RRq cos ¢q and Tyy is the UV
electron scattering optical depth. The UV fraction fyy is calculated by

"2 B(E, T(Ry))dE

By
fuv (Ra) = B (B, T(Ra))dE

(2.8)

where B(E,T) is the blackbody spectral radiance, £y = 0.0038keV and Ey =
0.06keV, which are corresponding energy of the UV band (ZOO—SQOOA). The UV
fraction as function of disc radius with different black hole mass or Eddington
ratio is shown in Fig. 2.4. As one can see, all models have low fyyv when increasing
radius since there are too low temperatures at large radii. Note that blackbody
spectral radiance is a simplified approximation, which is not necessary true and
realistic. Different SED models can be applied here to calculate more realistic

UV fraction (Hagen & Done, 2023, Liang et al. in prep.).

Fig. 2.5 shows the radiation force due to electron scattering and force mul-
tiplier as function of radius. As one can see, the largest radiation force due to
electron scattering and force multiplier occurs in the intermediate range, where
winds are successfully launched. In contrast, for failed winds originating from
the inner regions, the force multiplier is significantly weaker due to strong ioniza-
tion. For failed winds from the outer regions, the radiation force from electron
scattering is much weaker because of too few UV photons. In both cases, the
total radiation force is insufficient to overcome the gravitational force. At this
point, the radiation force can be determined to solve equations of motion for gas

blobs and used to compute wind properties. Note that there are many details
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Figure 2.5: Maximum radiative force and force multiplier as a function of the
initial radius of each streamline. Launched winds are within two vertical grey
lines, require a balance between a sufficiently high-force multiplier (thus low
ionization parameter) and a high radiative force. Gas trajectories originating at
the green and orange radii will fall back to become failed winds. The radius at
which the gas on the base of the wind becomes optically thick (7 = 1) to X-rays
and UV is denoted by the dotted blue and the dashed purple lines, respectively
Figure taken from Quera-Bofarull et al. (2020). This figure indicates at which
radii the radiative acceleration is large enough to launch the wind
succesfully and at which radii the wind failed due to small radiation
force and small force multiplier.

such as initial setup and parameters, gas launching, numerical method in calcu-
lating optical depth and solving equation of motions, as well as the construction
of density interpolation grid, are omitted in this thesis since they are not directly

related to the physical mechanism of line-driven wind.

2.2.2 Scaling relations

Using Qwind model, one can get several wind properties as output including
mass outflow rate Mwinda kinetic luminosity Lyin, momentum outflow rate pyind,
average outflow velocity (v,), etc. Mwind is calculated by summing outflow rate
for all streamlines that escape to infinity, which can be integrated from Rj, to

Rout by R
Miying = 2 / 2m R pmpn (R') v (R') dR/ (2.9)
Rin

where n(R) and v(R) are density and velocity when wind launched from sur-
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Figure 2.6: Wind mass-loss rate normalized by the mass accretion rate (first
panel column), kinetic luminosity normalized by bolometric luminosity (second
panel column), momentum loss rate normalized by Ly /c (third panel column),
and average velocity (fourth panel column) as functions of m for different Mpy.
The dashed grey lines show the scaling expected from the initial conditions and
final velocity scalings. The solid grey lines in the first panel column delimit
the maximum amount of mass that the wind can carry, given by the initial
conditions. Figure taken from Quera-Bofarull et al. (2023). This figure reveals
that different BH properties are correlated to 7n by power laws.

face of disk. The factor of 2 accounting for both sides of the accretion disc.
With the outflow velocity of each streamline solved by equations of motion, one
can get Ly, by summing MWind,ivz’i/Z and Pwinda by summing Mwind,ivr’i for
all streamlines, where v, is radial velocity at infinity. Then (v,) can be ob-
tained by 1/2Lyin/ Mying. Normalized Myind, Lkin, Pwind, and (vr) as functions
of rh with different My and R;, are shown in Fig. 2.6. As one can see, nor-
malized wind properties are in power-law correlation with m when m > 0.2.
They drop dramatically below this value because low initial density which cor-

related with 1 (ng o m!/®

where a = 0.6 is the slope, see Quera-Bofarull
et al., 2023). As a consequence, the X-ray shielding would drop dramatically

and strongly suppressing the wind. The dependence on Mgy is mainly from
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Figure 2.7: Comparison of Qwind results of mass-loss rate, kinetic luminosity, and
momentum rate with the observations presented in Gofford et al. (2015) (dashed
lines). The blue shadowed regions represent 90 per cent of the inferred posterior
probability distribution parametrized following Nomura & Ohsuga (2017). Fig-
ure taken from Quera-Bofarull et al. (2023). This figure shows that different
properties predicted by Qwind lie in the range estimated from obser-
vations.

UV fraction as shown in Fig. 2.4 and the reason why Myind / M is in power-law
correlation with 7 can be understood by using scaling relations of initial den-

sity and initial velocity. The initial density profile scales with 1 as ng o m!/@

and the initial wind velocity scales with r as vy o< m!/8. They imply that

Mying o novgR2 oc i/t ~ ml/®, where I ignore 1/8 in the power since it
is very small compared to 1/a. Then one can derive that Myind / M x mt/et
With final velocity of the wind scales approximately vy o< 72, one can get scaling
relations for Lyin/Lbol and Pyina/(Lbor/c), although the detailed reason why I
have such scaling relation for final velocity is still waiting to be found. The most

26 gince Lyin/Lpol represents

significant scaling relation is that Ly, /Lpe o< 1m0
the coupling efficiency of AGN feedback. Currently, cosmological simulations
such as EAGLE and IustrisTNG calibrate coupling efficiency to try to repro-
duce observed stellar mass function of galaxies and assume a constant value of
0.15 (Schaye et al., 2015) or 0.1 (Weinberger et al., 2018) where the value of the
constant is obtained by calibration. However, Qwind and other simulations (No-
mura & Ohsuga, 2017) illustrates that this is not necessarily true. Although the

slope and normalization of this scaling relation might depend on the details of
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the simulation and parameters, it is clear that Ly, /Ly as the coupling efficiency
should be correlated with . This insight motivates the implementation a new
AGN feedback model, where the coupling efficiency is no longer constant but in-
stead varies with 70, following the form found in Qwind, though allowing different
normalizations and slopes. Details of new implementation will be discussed in

the next section.

Fig. 2.7 shows the comparisons of normalized Mwinda Lyin, Pwind as functions
of Lyo with observational data (Gofford et al., 2015). As one can see that most
of results are consistent with observation and RHD simulation, although they
are slightly lower especially when R;, = 25R, or R;, = 50Rs;. This is because
higher Rj, will decrease the amount of mass that can be potentially launched
from disc due to smaller launching region and initial density. This parameter
should be dependent on the structure of the accretion flow. The reason why it
is treated as a free parameter is because Qwind lack such modeling, which can
be implemented in the future. Note that this figure also suggest that normalized

properties are dependent on Mpy and as a power law on 1, not just L.

2.2.3 Bug fixing and scaling relations revised

While Qwind successfully produces scaling relations which can be reasonable in-
terpreteted and matched with observational data, I found several bugs. Although
most of these issues involve missing or incorrectly added factors in the calculation
of physical quantities, even minor errors can systematically shift the entire set
of scaling relations. Therefore, the bug fixing is necessary in this work. Below, I
present the identified bugs and the correction I made. Then I show the revised

scaling relations compared with RHD simulation and observational data.

1. When defining Eddington luminosity Eq. (1.6), the code omit a factor of
le, where p is set as 1.17 corresponding to a fully ionized gas with solar
chemical abundance (Quera-Bofarull et al., 2023). Missing this factor would
increase the value of the quantities that normalized by Eddington luminos-
ity or Eddington accretion rate. The same issue arises when calculating the

effective optical depth parameter.

2. When calculating wind properties, the both side of accretion disc should
be accounted and multiply a factor of two wherever it needs. However,

in Qwind, this factor is missed in some places such as such as mass loss
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Figure 2.8: Myinq normalized by the M (first panel), Ly, normalized by Ly
(second panel), pying normalized by Lye/c (third panel), and average velocity
(fourth panel) as functions of m for different Mpp. The dotted lines with stars
represent the Qwind version from (Quera-Bofarull et al., 2023) while the solid
lines with circles represent revised Qwind version using the same Rji, (25 Ry).
Cross symbols stand for observational data from Mestici et al. (2024) and the
black solid line is the best fit using all data. Colors mark different BH masses.
This figure indicates that the corrected version of Qwind show steeper
relations and observations show flatter relations compared to the orig-

inal version of Qwind.

calculations Eq. (2.9) and when applying the mass loss kernel to compute

line ranges. Correcting this ensures accurate estimates of wind properties.

3. When computing wind properties, there are inconsistencies in the coordi-

nate system. For example, when calculate mass loss Eq. (2.9), the code

should integrate the 2D projected radial position R instead of 3D radial

position r. A similar error also exists when using mass conservation to

calcualte number density in the streamlines. While the impact is minimal

if the height above disc is negligible, I corrected this for accuracy.

4. In principle, the total number density should only be used when calculating
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Figure 2.9: Similar to Fig. 2.8 but I compare Qwind result with the RHD simula-
tion from Nomura & Ohsuga (2017) instead. This figure shows that original
Qwind results show similar slope in scaling relations as the RHD sim-
ulation while the corrected version of Qwind shows steeper slopes.

ionization parameter while electron number density should only be used for
other places. However, Qwind occasionally confused this with the electron

number density, leading to errors in various calculations.

5. When computing ionisation parameter, a relativistic correction to the flux
is missed. Although this correction is very small, it is better to keep it for

physical completeness.

Using the corrected version of Qwind, I recalculated the wind properties and
present the comparisons in Fig. 2.8, Fig. 2.9, and Fig. 2.10. As shown in Fig. 2.8
and Fig. 2.9, fixing the bugs significantly alters the scaling relations, leading scal-
ing relations to be steeper and the normalization to be smaller. This means that
the winds become weaker for the same black hole mass and the same Eddington
ratio and more strongly correlated with rin. Furthermore, the minimum value
of 7 required to launch winds become higher (~ 0.2) and there is no wind for
black hole mass with 106M,. Compared with RHD simulation in Fig. 2.9, it is



2. LINE DRIVEN WINDS 25

1028 p=r—rrrm—rrrrm—rrrrm

—— Gofford+15
PEm=m Nomura+17 Posterior
o[~ Nomura+17
- Quind
6 —@= Quind (fixed)

o
= Red
oy ‘*?{ 2
:

Puing/g cm 52

. 3
.
¥ L TR N il il ol
T g g G 107 T g e g e
Lyo/erg s™ Lyolergs™ Lyo/erg s™ Lyo/erg s™

Figure 2.10: Comparison of scan results of mass-loss rate, kinetic luminosity,
and momentum rate, velocity from different Qwind version with the observations
presented in Gofford et al. (2015) and RHD simulation from Nomura & Ohsuga
(2017). The dotted lines with stars represent the Qwind version from (Quera-
Bofarull et al., 2023) while the solid lines with circles represent revised Qwind
version. The blue shadowed regions represent the observational estimates from
Gofford et al. (2015) which parametrized following Nomura & Ohsuga (2017)
while the dash lines with squares represent their RHD simulation results. The
grey dash lines represent the median relations from Gofford et al. (2015). This
figure indicates that when relating BH properties with Li,, RHD sim-
ulation shows a good agreement with observation while original Qwind
result within the range estimated from observations. As for fixed ver-
sion, it show much lower values and steeper relations.

surprisingly to see that revised version failed to match them well especially for
normalized Mwind, Lyin, Pwind, but the original version can. As seen in Fig. 2.10,
the original Qwind results and RHD simulation data fall within the distribution
of observational data, while the revised version of Qwind can only predict smaller
value for all quantities. In addition, they also show steeper relations with Ly;.
These findings suggest that while the bug fixes improve internal consistency, the
Qwind model still lacks crucial physical ingredients. If no more bugs exist in
Qwind, these discrepancies highlight the need to incorporate additional physical
processes to produce more realistic predictions, which shall be the future work.
Compared with observation data in Fig. 2.8, one can see that while the Qwind
results can match (v;)/c, the observation actually is showing negative slope in

other relations especially for Ly, /Lo — 1 relation.

2.2.4 Future work

Although revised Qwind results show the qualitatively similar trends with the
original Qwind results, the RHD simulation (Nomura & Ohsuga, 2017) and ob-

servational data (Gofford et al., 2015), revised Qwind results do not reproduce
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them well. Therefore, it is worth noting that there are some simplified assump-
tion which could possibly influence the results. Firstly, Qwind assume constant
fx. However, observation show that this could be coupled with Eddington ratio
by fx = 0.02/rm (Kubota & Done, 2018). The implementation of this can lead
higher fx at low r regime and lower fx at high 7 regime, which will make
scaling relations steeper. Secondly, black body spectral radiance is too simple for
accretion disc. The implementation of more sophisticated SED model will make
the code more physical. Thirdly, the code assume the spin of BH is zero and
the influence of non-zero spin can also be studied. The spin mainly influence the
radiative efficiency and fxT, potentially will lead to different scaling relations.
Finally, from Fig. 2.6 Fig. 2.7 the normalization and slope is not the same for
different Mpy and 7h and maybe fx, a, if I consider different values of them.
In principle, one can get other scaling relations with varying normalization and
slopes by exploring parameter space. These improvements will be done in my

future work



CHAPTER 3

Idealized simulations of disc

galaxies

In this chapter, I will briefly introduce the simulation code and the subgrid physics
used to run the idealized simulations. I will then explain how the new AGN model
is implemented, motivated by the previous chapter. Finally, I will describe the

initial setup for the idealized runs.

3.1 SWIFT-COLIBRE code

The idealized simulations in this thesis use the open source simulation code
SWIFT! (Schaller et al., 2024). SWIFT is a fully public code that integrates cos-
mology, gravity, hydrodynamics, and galaxy subgrid model such as radiative
cooling, star formation, chemistry, and feedback from stars and black holes, us-
ing task-based parallelism. The equations of hydrodynamics are solved using the
smoothed particle hydrodynamics (SPH) method (Monaghan, 1992) and the de-
fault hydrodynamical scheme is SPHENIX (Borrow et al., 2022). The gravitational
force is computed by using fast multipole method (FMM Greengard & Rokhlin,

1987) coupled with a particle-mesh method solved in Fourier space.

The updated subgrid models from the COLIBRE project (Schaye et al., in
prep.) are implemented in SWIFT and will be used in this thesis. Below, I will
provide some details of its BH model and briefly introduce subgrid models for

other compoenents.

The radiative cooling and heating rate are taken from tabulated tables

L www.swiftsim.com

27
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(Ploeckinger & Schaye, 2020), using radiative transfer code CLOUDY (Ferland et al.,
2017), combing with with non-equilibrium chemical network (CHIMES, Richings
et al., 2014a,b, 2022), covering wide range of density, temperature, chemical
composition and redshift of gas. The star formation model in COLIBRE com-
bines a Schmidt law with a gravitational instability criterion (Nobels et al., 2024)
rather than relying on traditional density and temperature thresholds. The core-
collapse supernova (CCSN) feedback model in COLIBRE (Chaikin et al., 2023)
builds upon stochastic kinetic and thermal models used in OWLS (Schaye et al.,
2010) and EAGLE (Schaye et al., 2015) simulation, respectively. The energy re-
lease from Type-la supernova (SNIa) feedback is following the same algorithm
as the CCSN feedback but operates only through thermal channel. The im-
plementation of early stellar feedback will be detailed in Ploeckinger et al (in
preparation) accounting for processes including Hyy regions, stellar winds, and
radiation pressure using the Binary Population and Spectral Synthesis (BPASS)
tables (Eldridge et al., 2017; Stanway & Eldridge, 2018). The stellar evolution
and chemical enrichment models for CCSN, SNIa, stellar-winds and asymptotic
giant branch stars are based on Wiersma et al. (2009) as well as neutron star
mergers, common envelope jets supernovae and collapsars channels are consid-
ered in COLIBRE to track the evolution of 12 elements: H, He, C, N, O, Ne, Mg,
Si, Fe, Sr, Ba, Eu.

3.1.1 Black holes and AGN feedback

The model of supermassive black hole (SMBH) growth and AGN feedback in
COLIBRE is based on Booth & Schaye (2009) with several developments includ-
ing BH repositioning, nibbling (Bahé et al., 2022), variable heating temperatures.
It also includes spin-driven jet feedback (Husko & Lacey, 2023a,b; Hugko et al.,

2024) as an optional choice, although not used in this work.

In COLIBRE, as in most of other simulations, a SMBH with mass mgeeq
is seeded by converting the densest gas particle when the host halo reaches a
total mass exceeding a threshold Mpop. The choice of mgeeq and Mpor depend
on resolution and have a large effect in low-mass galaxies, which need to be
calibrated. Note that in our idealized simulations, black hole seeding is not used

since 1 only need to place a SMBH with inputed mass.

After initialising a BH, it grows continuously by accreting gas from their
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surroundings. In COLIBRE, Bondi-Hoyle-Lyttleton model (Hoyle & Lyttleton,
1939; Bondi & Hoyle, 1944) limited by Eddington rate is adopted

. A7 G2 M2 .
M = min [aBH7T]3HpgaS M dd] (3.1)

(2 +v2) "

where ¢ is the sound speed of the ambient gas and vg,s is the bulk velocity of the
gas relative to the SMBH. The boost factor apy is dependent on the gas density
by

QpH = max {a(nH/nﬁ)B, a} (3.2)

where njy, o and (3 are free parameters. Note that in our idealized simulations, I
set nj; = 1019 cm™3, =1 and o = 0.2 to force apy = 0.2. This accretion model
lead to a growth of SMBH with a minimum e-folding time (for BH accreting at
Eddington limit) of 45Myr. A fraction ¢, = 0.1 of total accreted mass over
timestep At is converted to energy and the left will be added to SMBH mass by
nibbling algorithm (Bahé et al., 2022).

COLIBRE models AGN feedback by an isotropic thermal mode and a jet
kinetic mode. The jet mode is not included here because I only want to study
winds behaviours. Therefore, I simply introduce thermal mode here, which is
intended to represent effect of small-scale, fast winds from AGN since the kinetic
energy released by winds can eventually present as thermal energy by thermal-
izing and interacting with gas through shocks and turbulence. In thermal mode,
the SMBH inject energy with a rate E = e,nMc? into the surrounding gas with
coupling efficiency n = 0.1 (for the standard COLIBRE model). AGN heat gas

particles by a temperature increment ATxgn corresponding to a energy

kBATAGN (Mngh)
v—1 Hmp

AE1heat,AGN = (33)

where (mungp) is the mean mass of gas particles within the BH kernal. Typically

LHN Edt < APFEhpeat, AGN, the model store ftH_At

until Egg > Nheat AFheat, AgN Where At is a single BH timestep, Nyeat is the

Edt in energy reservoir Epy

minimum number of heating event in a AGN feedback event as a free parameter
and large value lead to more explosive and bursty feedback. If this is satisfied,

SMBH will heat up surrounding particles by ATagN-

There are some parts of the COLIBRE BH evolution model that are not used
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in this work. First, in addition to gas accretion, the other way to allow SMBH
to grow in cosmological simulation is merger. When two SMBHs approach each
other, they lose orbital energy through dynamical friction or three-body encoun-
ters. Since there is only one BH in idealized simulation, the BH cannot grow by
this way. Another update to SMBH model is repositioning (Bahé et al., 2022).
This model select surrounding gas calculate the lowest gravitational potential
in that region and move SMBH to that position if its current potential larger
than the value. Note that repositioning is not used in our idealized simulations.

Instead, I force the black hole to stay in the box centre.

3.2 Implementation of new AGN model

Motivated by Qwind model and observation that discussed in Chapter 2, I im-
plement a new model for coupling efficiency in COLIBRE. Instead of directly
adopting the normalization N, and slope «a; from Qwind, I keep these two as
free parameters. This is due to the potential dependence of these parameters on
the specifics of the line-driven wind model, which would benefit from calibration.

The variable coupling efficiency therefore takes form of

n = min{N,m", 1} (3.4)
which can be re-written as
n N, o m \ %6
log — = min{l A/ | — 2.6 — 1 3.5
0g 1 — mindlog 35y + 5 o (0.1) +(26-a), 1} (3:5)

This expression highlights that when the parameters NV, = 39.81 and «;, = 2.6
(the slope revealed in Quera-Bofarull et al. (2023)) I will have n = 0.1 when
m = 0.1. This parameter option is motivated by observational data (Mes-
tici et al., 2024) as one can see in Fig. 2.8. Based on this option, I have two
varying methods. The first one is varying one parameter while the other one
fixed. The other choice is requiring n = 0.1 when rn = 0.1, which will yield
N, = 39.81 x 107=26_ Tt is worth noting that a shorter timestep is necessary
when calculating BH quantities to use this variable coupling efficiency model.
Otherwise, there will be two possible issues arised: (1) the AGN energy input
saved in the output files might be inconsistent with the energy calculate from a

time integral over the accretion rate ([ nerM c2dt) due to the accretion history



3. IDEALIZED SIMULATIONS OF DISC GALAXIES 31

is not properly resolved; and (2) a gas particle might be overheated (~ 10'2K)
due to the energy input being overestimated. In COLIBRE, the timestep for
BH is calculated by At = AFyeat,aGN /Eheat’ AGN, Where Eheat’ AGN = emM 2 is
the instantaneous AGN energy injection rate. Therefore, to address these issues,
I modify this by setting a high heating rate with Eheat’ AGN = 6rMEdd62, only
when calculate the BH timestep. In the next chapter, convergence tests will

demonstrate the effectiveness of this solution.

3.3 Simulation setup

I simulate idealized disky galaxy consisting of an exponential disc of stars and
cold gas (with no stellar spheroid) embedded in a hot CGM under a static DM
halo potential. The disky galaxy is also MW-like since it has similar components
with similar masses. I also set similar temperatures and metallicity for the gas.
The initialization of discs and DM follows Nobels et al. (2024), which based on
MAKENEWDISK code from Springel et al. (2005) while the distribution of the hot
CGM is modeled by similar ways as Nobels et al. (2022). Specifically, I allow
an initial dynamical relaxation phase for the CGM in the non-spherical potential
due to the disk (see below), which the latter is new for SWIFT. All parameters are

summarized in Table 3.1.

3.3.1 Dark matter halo

In MAKENEWDISK, the static dark matter halo follows a Hernquist profile (Hern-
quist, 1990) profile which takes form of

Mpwm Ts
2 r(r+rs)?3

pom (1) = (3.6)
where Mpy is the total mass of DM obtained by integrating ppym to infin-
ity and rg is scale radius where the logarithmic density slope equal to -2, i.e.
dlog ppm/dlogr = —2. To set the halo mass in more usual way, I use virial mass
Moo to define density profile, where Mogg is the mass within virial radius Rag,
the radius within which the average density of the halo is 200 times the critical
density of the universe, i.e. My, = 47TACpCR31r /3, where A, = 200 is the overden-

sity factor and p. is the critical density. Then, using Mg = f0R20° ppmdnridr,
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one can rewrite Hernquist profile as

Mosgo(Rago +75)> g
_ 3.7
pou (7) 2rRyyy  r(r+7s)3 &7

Based on cosmological N-body simulations of the DM evolution, the DM density
profile is better reproduced by Navarro, Frenk & White profiles (Navarro et al.,
1997, hereafter NFW), which is

pNFW (1) = (3.8)

where f(c¢) =In(1+4c¢) — l—j_c, x =1/Rapp and ¢ = Rygp /75 is the NFW concentra-
tion. Therefore, to better match NFW profile with Hernquist profile, I constrain

the central part of DM density profile by

ppM (1) = pnrEw (7) (3.9)

With the assumption that rs/Rogo < 1, this implies

b+ Vb
Ts= T Raoo (3.10)

where b = 2f(c)/c?. Since Ragg can be determined by Mgy (given Hy = 70.4
km/s/Mpc), one only needs to set NFW concentration to define a DM profile. In
all runs, I choose a halo virial mass Msgg = 1.37 X 1012M@ and a NF'W concentra-
tion ¢ = 9, which are typical values for MW-like galaxies. The angular momentum
of DM halo is initialized by dimensionless spin parameter A\ = J|E|/2/ GMZSO/S
where J is the magnitude of DM angular momentum and F is the total energy

of DM measured with Rogg. In all runs, the spin parameter is set to A = 0.033.

3.3.2 Stellar disc and cold gas disc

The profiles of stellar disc and cold gas disc are represented by

Md ) z R
R = sech” | — - 3.11
pa(2) = e (- Yesp () (3.11)

where the disc mass is set to 4 percent of the virial mass, My = 5.48 x 10'°M,.
The cold gas disc mass takes up 10 percent of total disc, Mg gas = 5.48 x 109 M,
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while the remainder is stellar disc, corresponding to Mg, = 4.932 x 1010 M.
Ry and zj is scale radius and scale height for the disc, respectively. I follow the

scenario in Mo et al. (1998), which yields a disc scale radius Ry = 4.3kpc.

Specifically, Mo et al. (1998) calculates the angular momentum of the halo by
9\ 1/2
szcvmg£3%3<g> (3.12)

where g. is a function related to concentration ¢ by

e[1=1/(1+¢)? =2m(1+¢)/(1+¢)]
e 2[n(1+ ) — ¢/(1+ )

(3.13)

Then the angular momentum of the disc can be calculated by

et [t (£ e (E)an

where V¢ q is the circular velocity of the disc given by

v = ST 2O 2 ) ) - )] (319)

Here y = R/(2Ryp) and the [,, and K, are Bessel functions. With the assumption
that Jy is proportional to J, one can relate Ry to A and solve Ry numerically

given other quantities, i.e. Magg, R200, ¢, Mg, are determined.

Although both discs have the same scale radius set above, their scale heights
are different. The stellar scale height is fixed as 10 percent of scale radius, zy =
0.43kpc, while the scale height of gas is determined by hydrostatic equilibrium.
I assume solar metallicity for initial cold gas disc and its initial temperature
is 10*K. The stellar velocity distribution at each position can in principle be
determined by solving collisionless Boltzmann equation based on density profile.
In practice, I approximate this by imposing a 3D Gaussian velocity distribution
for the stars at each location, with 2nd moments calculated using the following
procedure, based on the equations of stellar hydrodynamics, which are moments
of the Boltzmann equation. In MAKENEWDISK, mixed second-order moments of

velocity distribution are set to 0. Non-vanishing dispersions in radial direction
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and vertical direction are set as follows:

1 [ O
<v§>=pd/ pa (7, R) 5-d (3.16)

® is the potential from total mass components. There is good observational ev-
idence that (v%) is proportional to (v?) for stellar disc. The initial condition
therefore assume that 0% = (v%) = fr(v?) where fr = 1. Note that our initial
condition for discs are adopted from Nobels et al. (2022) and add a CGM man-
ually later. Therefore, the total potential used to set up the initial conditions is
only consisted of DM, stellar disc and cold gas disc. The corresponding parts in
azimuthal direction are set by
2

(v3) = (Vi) + fa(?]?» + 07 (3.17)
where v2 = RO®/OR is the circular velocity. In MAKENEWDISK, it is assumed that
the first moments in radial and vertical direction vanished, i.e. (vg) = (v,) = 0.

Then, one can get dispersions in radial and vertical direction by 0% . = (v% ).

For stellar disc, the code employs the epicycle approximation for dispersion

in azimuthal direction expressed as

oh =& (3.18)
where 400 (300 9P
m2:§£ (Ral%+6R2> (3.19)
Using ag in Eq. (3.18), one can get mean azimuthal velocity
2\ 1/2
toe) = (1) - 7% (3.20)

With given og, 04,0, (Vr), (vg), (vz), the velocity distribution of stellar disc for

all direction can be determined.

For cold gas disc, Eq. (3.17) cannot be used. Instead, azimuthal velocity
of cold gas disc should be replaced by the radial balance between gravity and,
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Figure 3.1: The initial temperature, density, velocity, pressure profile of CGM
in this thesis using the initialization method from Nobels et al. (2022). For all
panels, I adapt Ty = 10% K, 79=3.5 kpc. The black dotted lines represent Raqg.
This figure shows the results from initialization method.

centrifugal and pressure support, which takes form of

0P 1 0P
2 s =R( 25 — 21
v¢>,gas R <6R + pd,gas aR) (3 )

3.3.3 Circumgalactic medium

From observations, there are clear evidences that our MW and other similar
galaxies are surrounding by hot CGM. Therefore, it is necessary and realistic to
construct CGM after initializing DM, stellar disc and cold gas disc. However,
it is not easy to achieve equilibrium for all components at the beginning, due
to discs are not spherical symmetric. To solve this issue, I adapt formalism in
Nobels et al. (2022), where they construct a system with a spherical CGM in
dynamical equilibrium in the gravitational potential generated by a static DM,
stellar components following spherical distribution, to create CGM particles and
then add them into the initial condition. Note that, our stellar distribution is

exponential disc but I neglect the difference for simplicity, which means that I
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treat mass distribution of disc as spherical only for calculating its gravitational
potential when setting up initial spherical CGM distribution, not afterwards. The
initial temperature, density, velocity and pressure profile can be seen in Fig. 3.1.

I derive the initialization for these profiles below.

The CGM is assumed initially to be in hydrostatic equilibrium and in a spher-

ical potential,
AP GMey (r)p(r)

dr 72
where M, is enclosed mass from DM and stellar disc, ignoring CGM itself. Since
the density of CGM should be quite low compared to DM, its contribution to

enclosed mass is neglected. The equation above can be rewritten as

(3.22)

dln P v?
dlnr &2 (3.23)

S

where ¢s = /vP/p is local sound speed and v = 5/3 is the adiabatic index of

the gas. Under the assumption of ¢ = v, this corresponds to

r

P=Pp, <> B (3.24)

7o

where Py is normalization. One can get temperature profile given gravitational

bound solutions that ¢; = v, = kpyT'/um,

~ pmy GMey (1)

Tcirc— 2
e (3.25)

where p = 0.6 is the mean particle mass for fully ionized gas, kp is the Boltz-
mann constant and m, is the proton mass. All derivation are based on v. = c;.
However, this assumption breaks in the galaxy centre where v, = 0 lead to T' = 0,
which is unrealistic. Therefore, one needs to modify temperature profile by im-

posing a temperature floor
T
—2
1+ exp (%)

Ttot - Tcirc + (326)

with central temperature Ty and scale radius rq, as two free parameter. With this
temperature profile, one can inversely solve eq. (3.23) instead of using eq. (3.24),
although numerically. Then one can get corresponding density profile by

logn(r) = log P(r) — log kgT'(r) and sample CGM particles where the unit of
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n, Pk, T are cm~3, 0.1 Pa, erg/K, and K, respectively. In this model, Tp, 7o
and total mass within Rag are free parameters. In all runs, Tp is set to 106 K
while 7 is set to 3.5kpc. The total mass within Ragg is Mcam = 9.3 x 1019M),
which is 6.8 percent of Msyg. The initial metallicity of CGM is one third of solar

metallicity.

The initial velocity structure of CGM is assumed to follow rotation-only
scheme, although CGM rotational velocity is ignored when setting up initial
CGM density profile, which is spherical. The magnitude of rotation velocity vyt
is based on CGM specific angular momentum distribution (jcgm) and spherical
radial dependence (vpot = jogm/r) within Rggp but with a slightly different spin
parameter of the gas (A = 0.05). The jogm is obtained by using the fitting

functions from Bullock et al. (2001) which expressed as

Men (1) 1
Maog pt — Men(1)/Maoo

JoaM = Jo (3.27)
where the first parameter £y is set as 1.25 and the second parameter jy is calcu-

lated by
o= V2Va00 Raoo N’ (3.28)
—pxIn(l = pyt) =1
where Voog = \/W/Rgog is the virial velocity. Note that different from
Bullock et al. (2001), the enclosed mass here is for stars and DM instead of DM-
only. The scheme to setting the rotational velocity of the CGM is identical to that
in Nobels et al. (2022), except that the stellar density profile is for a disk instead

of a spheroid. To sample CGM particles and achieve dynamical equilibrium

with other components, based on the model above from Nobels et al. (2022)
and Nobels et al. (2024), I first initialize a stellar disc and a CGM distribution
with a static DM halo, characterized by its mass, concentration, and spin. I then
simulate the system with hydrodynamics and gravity for 3 Gyr, turning off stellar
feedback, AGN feedback, gas cooling, star formation and other subgrid physics
model. From the last snapshots, I extract the CGM distribution, add a black
hole of varying mass, replace the time-evolved stellar disc with the initial one,
i.e. before running for 3 Gyr, and introduce a cold gas disc to construct the ICs

for our idealized simulations.

These steps ensure the system (including CGM) reaches a good approxima-

tion to dynamical equilibrium before turning on all of the subgrid gas physics for
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Figure 3.2: The density maps as well as density profiles of CGM in our gravity
and hydrodynamics only simulation at different cosmic time. Face-on maps are
represented in the left small panels while the density profiles are represented
right big panel. The time interval in maps is ~1 Gyr while the time interval
in profile panel is ~0.3 Gyr. Edge-on maps are similar with the face-on panels.
This figure indicates that the density profile of CGM reach equilibrium
after running gravity and hydro only simulation for quite a lot less than
3 Gyr (~ 0.3 Gyr).

cooling, star formation, feedback, etc. If the CGM were added directly, the sys-
tem would not be fully in dynamical equilibrium. Running the simulation with
only gravity and hydrodynamics helps achieve a stable dynamical equilibrium
state. I initially exclude the cold gas disc to prevent energy exchange between
it and the hot CGM, which would otherwise heat the gas disc and prevent it
from remaining cold in the ICs. Additionally, the stellar disc dominates the disc
potential, meaning the absence of the cold gas disc during gravity and hydro-
dynamics only simulation has a minimal effect on achieving system’s dynamical

equilibrium and CGM’s distribution.

The surface density maps and temperature maps as well as their radial profile
are shown in Fig. 3.2 and Fig. 3.3. As one can see that the density and temper-
ature of CGM reach equilibrium very soon (~0.3 Gyr for density while ~2 Gyr

for temperature) then stay stable.
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Figure 3.3: Similar to Fig. 3.2 but for temperature maps and profiles. This
figure indicates that the temperature profile of CGM reach equilibrium
after running gravity and hydro only simulation for 3 Gyrs.

3.3.4 Supermassive black hole

For all simulations, the setup for components described above (DM halo, stellar
disc, cold gas disc and hot CGM) remains consistent. For BH, I pin them in
the box centre and vary their masses across different values: Mpy = (106,4 X
10%,107,108,10°) M. The choice of 4 x 105M is specially to match the ob-
served MW BH mass (Event Horizon Telescope Collaboration et al., 2022) while
the other BH masses cover the range of observed BH masses for Milky Way mass
disky galaxies (1.14 x 105 Mg, - 8.97 x 108 M, Table 3 in Kormendy & Ho, 2013).
Two options for ATagn can be used: one is with fixed temperature increment,
ATagn = 10°K while the other one is followed by floor-limited power law de-
pending on, ATygn = min[10°K, 101K (Mpg/10° M )?/3]. While both options
are calibrated to reproduce observation relations in COLIBRE cosmological sim-

ulations, the second option is especially motivated a few points below:

1. It allows sampling well AGN feedback in low-mass galaxies

2. It makes feedback more gentle in low-mass galaxies and galaxies at early
times, which means that the model needs to use higher seed masses. At
high resolution cosmological runs, with constant ATxgn, the seed mass was
very low (of order 100 M), with essentially no growth in low-mass galaxies

(M, < 10'°M), resulting in no BH of appreciable mass in such galaxies.
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Figure 3.4: The coupling efficiency n as function of the Eddington ratio r, us-
ing our variable coupling efficiency model with different parameters as different
linestyles and colors show. The fiducial parameters are NV, = 39.81 and o, = 2.6.
The horizontal gray line represent the ceiling. All n above this line will be set as
unity. This figure shows how 7 is changed with different N, and «,,

Once galaxies reached a mass around 10'°M, their BHs experienced very
bursty growth and settled onto the established (and observed) Mpy - M.
relation. However, with variable ATxqn, the entire My - M, relation
is more smooth, with the seed mass of order 3 x 10*M or more at all

resolutions.

3. It allows higher heating temperatures in galaxy clusters, which may help

with stopping cooling flows and quenching brightest cluster galaxies

Note that larger values will make individual feedback events more energetic and
more intermittent. In this thesis, for each BH mass, constant AT = 107 K is
chosen as fiducial setting since I only want to study the influence from coupling
efficiency on galaxy and feedback properties. Regarding the coupling efficiency
71, two approaches are tested: one is constant efficiency, n = 0.1 and the other
one is variable coupling efficiency depending on rn as mentioned before. For
the fiducial setup, I use the parameters N, = 39.81 and «,, = 2.6, which yield
n = 0.1 when m = 0.1. Additionally, I also run some simulations with two

parameter variation methods. The first one is varying N, = 10,100, 300, 3000
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while keeping o, = 2.6, as well as with varying o, = 0.5,1.5,2,3 while fixing
N, = 39.81. The other one is fix n = 0.1 for » = 0.1 as varying «, These
settings are for Mgy = 10,107,103 M, cases. In Fig. 3.4, I show how 7 change
as IV, and o, varying. For fixing NV, = 39.81 but a,, varying cases, all model lead
to n = 39.81 when m = 1. For cases using dependent N,, and «,, all lines reach
(0.1,0.1) in 7 — n plane. One thing worths to be noted is when «,, becomes very
small (0.5) but NN, is not set to be small accordingly, the corresponding n will be
larger than 1 for 77 > 1073, Similar thing can be seen when N, becomes very
large (3000) but v, is not set to be large accordingly, the corresponding 7 will be
larger than 1 for 77 > 10~!. These provide some constrains for N, and «, since

too large n for relatively small 7iv is not physical.



CHAPTER 4

Results

In this chapter, I show the results in terms of feedback properties, and galaxy
properties with different simulations. In feedback properties, I will use cumu-
lative AGN energy input Eagyn, AGN energy injection rate Eagy, Eddington
ratio 1, coupling efficiency 1, BH mass scaled by initial BH mass Mpy/Mgh,0
to demonstrate model differences. In galaxy properties, I will show their perfor-
mances in star formation rate (SFR), cold gass mass M,yq, mass outflow rate
Mout, energy outflow rate Eout, net mass outflow rate Mnet, net energy outflow

rate Fpet.

In Fig. 4.1, the temperature maps show that the fiducial variable coupling
efficiency model yield weaker feedback strength compared to default constant
coupling efficiency model since default model can heat up surrounding gas to
higher temperatures, especially for high mass black hole mass where AGN feed-
back are playing an important role. I will further investigate this in the following

sections.

4.1 Feedback properties

In Fig. 4.2, I compare the feedback properties between fiducial variable coupling
efficiency model, i.e. a;; = 2.6 and N,, = 39.81 in eq. (3.4), and default constant
coupling efficiency with n = 0.1. In the top left panel, where I compare Exan,
one can see that low mass BHs will lead to weak but frequent AGN feedback event
while high mass BH tend to strongly blow a large amount of gas at the beginning.
This can also be seen in the top right panel where I show that low mass BHs
fluctuate more for AGN energy injection rate. Also, from these two panels, I

see that higher BH masses lead to higher energy values across all models. This

43
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Figure 4.1: Edge-on projected temperature maps at ¢ ~ 0.1Gyr for no AGN run,
constant coupling efficiency runs and fiducial variable coupling efficiency runs as
the title of each panel shows. The darker, the higher temperature, as the color bar
marks. This figure shows that higher BH masses lead to more explosive
AGN feedback while fiducial variable coupling efficiency model lead to
weaker AGN feedback.

correlation is expected since higher BH masses lead to higher accretion rates
(see egs. (3.1)), and the corresponding AGN energy will be higher (Fagn =
i ernM c2dt), provided constant or similar 1. Consequently, more gas is accreted
onto the BH, and more energy accumulates in the energy reservoir for the next
or future feedback events. However, fiducial varying efficiency models show that

the difference in energy and energy rate diminishes with increasing mass. For
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Figure 4.2: Feedback property comparisons between fiducial variable coupling
efficiency model and constant coupling efficiency model 7 = 0.1. Each panel
shows a comparison in different feedback properties including Eagn, Facn, m, 7,
Mgu/Mgm,0. The black hole masses vary across different values and represented
by different colors: 10° (orange), 4 x 10° (green), 107 (cyan), 10® (blue), 10°
(magenta). The fiducial models are shown by solid lines while the dash lines
represent constant coupling efficiency model. The horizontal black line in middle
right panel represent default constant value for coupling efficiency, i.e. n = 0.1.
The arrows (fiducial) or wedges (n = 0.1) in the right of the panel stand for the
median values averaged by the last 2 Gyr. This figure indicates that fiducial
variable coupling efficiency lead to less explosive AGN feedback, lower
71, higher accretion rate and faster BH growth. Additionally, this model
enhances self-regulation.
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Mgy = 108M@ and Mgy = lOgM@ cases, the difference become negligible small
while the default constant coupling efficiency models maintain a factor of two
difference between these mass scales. This might indicate the BH self-regulations
which means that feedback power remains similar across different black hole
masses, likely because higher accretion rates and corresponding AGN energy
rate affect surrounding gas properties (e.g., reducing gas density). Eventually,
these factors ultimately compensate and lead to similar feedback power. This
is especially clear in high BH mass cases since their AGN feedback are playing

more important roles.

In the second row, I compare 1 and 1, where 7 is dependent on i for our vari-
able coupling efficiency models. The m trends differ markedly between variable
and constant efficiency models. For variable coupling efficiency models, I see that
higher BH masses generally lead to higher 71, with Mgy = 107 M, case showing a
slight small value. Conversely, the default constant coupling efficiency models ex-
hibit an inverse relationship, where higher BH masses yield smaller 7in. This can

be understood by the scaling relations among 7, Mpn and pgas. From egs. (3.1),

2
gas

one can obtain 1m o< Mpppgas/ (2 + v2,)%/%. After a strong feedback event, par-
ticularly in high mass BH cases, the gas is expelled, leading to higher velocity
and smaller density, which will suppress accretion in the subsequent timestep. If
the feedback power remain in a comparatively strong level, i.e. 7 = 0.1 cases, the
accretion rate will be smaller in the future due to persistently lower gas density
with fewer gas falling back. In that case, pgas is dominant since it potentially
drop more than an order of magnitude. Nevertheless, in our variable n cases,
n and the feedback power connected to n in the next timestep is dependent on
the current 1. If the accretion rate is lower due to smaller gas density after a
feedback, the n will be smaller as well. Since the values of n are much smaller
compared to n = 0.1, as I see in the middle right panel, more gas will eventually
fall back and fuel the BH, leading to higher accretion rates. In that case, Mpy is
dominant in 71 instead. As a consequence, the variable coupling efficiency models
will lead to faster BH growth due to this higher accretion rate as one can see in

the last panel.

Next, based on the fiducial models, I explore variations in the normalization
N;, and slope o), comparing their results with the same quantities. In addition,
for a given BH mass, I compare these variations with fiducial model and constant

coupling efficiency model with higher value (n = 1) or lower value (n = 0.1). I
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Figure 4.3: Feedback property comparisons for variable coupling efficiency models
varying N, or o, while fixing the other. Each row shows a comparison in different
feedback properties including Eacn, EAGN, m, 1, Mpu/Mgm,. Each column
stand for a black hole mass. The red solid lines represent models varying N,
(N, = 10, 100, 300, 3000) while fixing ;. The blue dotted lines represent models
varying oy, (o, = 0.5,1.5,2,3) while fixing INV,,. The darker, the higher values for
N, or oy, as the top middle panel shows. The arrow with the same color scheme
in the right represent the median values averaged by the last 2 Gyr. In all panels,
I show three references models with the same BH masses: fiducial model (gray),
low constant coupling efficiency model (n = 0.01, cyan), high constant coupling
efficiency model (n = 1, green). This figure indicates that higher n (lower
ay or higher N,) lead to stronger AGN feedback, higher accretion rate
and faster BH growth accordingly.
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first vary either the N, or the a, while keeping the other fixed, with the results
presented in Fig. 4.3. In Fagn and EAGN shown in the first and second rows,
lower «;, or higher N,, with the other fixed, lead to higher Exgn or EAGN.
although it is a minor change for Mgy = 107M@ and Mgy = 108M@ cases,
it is significant for Mpypg = 106M@ cases, where variations in IV, and «,, lead
to differences of several orders of magnitude. This behavior is explained in the
third and fourth panels, which display the trend of 7 and 7. As one can see
in these two rows, lower oy or higher N, lead to lower 7 and higher n at the
same BH mass. For Mgy = 10°M, while the differences in 7 are small, there
are a few orders of magnitude differences when varying IV, and ay,. The result
for a; = 0.5 is even 102 to 10* larger than other results varying ap. As a
consequence, higher n will lead to higher Eagn and Eagy (Bacn = [ ernM cdt).
The reason why the results with Mpy = 107M@ and Mg = 108M@ are very
close is because the difference in 7 and 7 tend to compensate, resulting in similar
values of Fagn and Fagy. This compensation highlights self-regulation at high
BH masses. The trend in the last row, where I show BH mass increase, follow the
same trend in accretion rate. Comparisons with three reference models: fiducial
model, constant coupling efficiency model with higher value (n = 1) or lower
value (7 = 0.01), show that their behaviors are also dominated by 7. Note that
the fiducial model is lies between other variable models with variations and high
value constant efficiency model is very close to variable coupling efficiency model

with ;) = 0.5 in all panels due to close 7 value.

The other variation method sets n = 0.1 when m = 0.1, yielding N, =
39.81 x 1097726 (see Section 3.2). I keep the same range of «, values as in
Fig. 4.3 and determine the corresponding NV, values. I show and compare the
results with this variation in Fig. 4.4. Compared to Fig. 4.3, the differences
between models in Fagn and EAGN are smaller, as seen in the first and the
second row. And higher BH mass tend to show smaller differences. This again,
because n and m are better compensated or BH self-regulation is happening,
leading to similar energy. The systematics here is lower «,, will lead to higher 7,

smaller 7 and higher AGN energy, although it is not clear due to compensation.
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Figure 4.4: Similar to Fig. 4.3 but I show the comparison between variable
coupling efficiency models varying normalization and slope following N, =
39.81 x 107=26, Each color represent a oy as the top left panel shows, while N,
are therefore determined. This figure indicates that for dependent N, and
ay, lower «;, lead to higher 7, which result in higher AGN energy and
energy rate but smaller accretion rate and slower BH growth.
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4.2 Galaxy properties

Now I move on to compare galaxy properties. Starting with the SFR, as it
provides the most direct evidence of how AGN feedback influences galaxy growth.
As one can see from Fig. 4.5, both the constant coupling efficiency model and
the fiducial variable coupling efficiency model produce results with low mass BHs
(Mpy = 105,4x 106 M) similar to SN only run, which means that AGN feedback
plays a negligible role in such systems. In contrast, for intermediate to high mass
BHs (Mg > 107 M) cases, SFR is suppressed due to more powerful and efficient
AGN feedback. Comparing both models, the SFR of the fiducial variable coupling
efficiency model tends to be slightly higher, implying that its role in surpressing
galaxy growth is less pronounced. This difference can be understood by AGN
energy released as shown in Fig. 4.2 where the fiducial variable coupling efficiency
models tend to release fewer energy. However, despite this difference, the overall
SFR scales remain similar between the models. In the top right panel I show the
evolution of cold gas mass in the disc. I define the radius of the disc as 10 kpc
while the height of the disc as 4 kpc. The temperature threshold for separating
cold gas and hot gas is 3 x 10*K. Basically, the trends in this panel follow those

of the SFR since star-forming gas is mainly of cold gas.

Mass outflow rate Mout and energy outflow rate Eout are also clear indicators
of AGN feedback strength. Stronger AGN feedback will push more gas outward
into ISM and potentially CGM scale with faster velocity. Here the outflow rate
accounts only for gas particles with positive radial velocity within a shell locate
at r and calculated by

V() = BHA) (4.1)
where AM(r) is the sum of the mass of all selected particles within the shell,
(vy) is mass weighted radial velocity of these particles, Ar is the half width of the
shell. The energy outflow rate is therefore derived by Fou(r) = Mou (1) (v,)2/2.
In the second row, I show the mass outflow rate Mout,r:50kpc and energy outflow
rate Eout,r:g,[)kpc measured at 50kpc. As one can see that the results with low
mass BHs are close to SN only run, indicating that the AGN feedback is insuf-
ficient to influence gas at such large radius. Instead, for high mass BH cases,
they are clearly with higher Mout7r:50kpc and Eout,r:50kpc» providing evidence of
strong AGN feedback. When compare constant coupling efficiency model to fidu-

cial variable coupling efficiency model, one can see that the latter yield smaller
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Figure 4.5: Galaxy property comparisons between fiducial variable coupling effi-
ciency model and constant coupling efficiency model n = 0.1. Each panel shows

a comparison in different galaxy properties including SFR, Mcola, Mout r=50kpc;
Eout,r:50kpCa Mnet,r:50kpc, Enet,r:50kpc' The black lines and corresponding mean
values marked as star symbols represent SN only run. Everything else remain
the same as Fig. 4.2. In the last row, I use symmetric logarithmic scale on y-axis
and the threshold separating linear regime and logarithmic regime is 1. This
figure indicates that higher BH mass lead to smaller SFR and cold gas
mass but higher mass outflow rate and energy outflow rate. Fiducial
variable coupling efficiency model will less suppress SFR with higher
cold gas mass, exhibit smaller mass outflow rate and energy outflow

rate.
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Mout7r250kpc and Eoutjr:{t_')okpc with the differences beging larger at the beginning

of simulation for high mass BHs cases.

In the third row, I present net mass outflow rate Mnem:g,()kpc and net energy
outflow rate Enet’r:t',okpc. These metrics provide insights into the overall balance
of gas inflow and outflow. "Galaxy fountain" can be seen when when these rates
oscillate around zero, indicating alternating periods of inflow and outflow. For
low mass BHs cases, both Mnet,r:SOkpc and Enet,r:SOkpc keep below 0 for most of
time while the high mass BHs cases keep above 0 for most of time, indicating
that gas infall driven by gas cooling in CGM is dominant for low mass BH cases
while gas outflow driven by AGN feedback is dominant for high mass BH cases,
at this radius. The differences between the constant coupling efficiency model
and the fiducial variable coupling efficiency model follow a similar trend to what
is observed in the second row: the fiducial variable coupling efficiency model
exhibits lower net outflow rates compared to the constant coupling efficiency

model, with more pronounced differences in high-mass BH cases.

In Fig. 4.6, I test how variations in either the normalization N, or slope
oy, while keeping the other fixed will affect galaxy properties. In the first two
rows, there is a evidence that lower a;, and higher N, lead to more suppressed
SFR smaller mass of cold gas disc. This can be explained by the energy differ-
ences shown in the first two row of Fig. 4.3. Interestingly, while low mass BH
cases exhibit significant differences in energy output, these differences result in
very small changes in SFR and M.qq. Instead, the SFR and M;,q are nearly
identical for Mgy = 10° while the impact is more significant in high mass BH
cases. This is because AGN feedback from low mass BHs is relatively weak while
feedback from high-mass BHs plays a critical role in shaping galaxy properties,
even when the energy differences are comparatively small. For Mout7r:50kpc and
Eout,r=50kp(:7 I find that lower «; and higher N, result in stronger outflow as
Mout,r:50kpc and Eout,r:50kpc are closely connected to AGN feedback strength.
However, the influence of BH masses on outflow when changing these two pa-
rameters is not monotonic. For Mpy = 108, 108 M, cases, different models show
very close results while the scatter is larger for Mg = 10" M, case. This may
occur because Mpy = 106M@ case produces feedback that is too weak to drive
substantial outflows, while Mpy = 10®M, case produce fewer feedback events,
resulting in similar outflow behavior across parameter variations. When looking

into Mnet’r:g,QkpC and Enet,r:f)()kpm I find that gas infall is dominant for most of
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Figure 4.6: Galaxy property comparisons between variable coupling efficiency
models varying normalization or slope while fixing the other. Each row shows a

comparison in different feedback properties including SFR, Mcoid, Mout,r=50kpc;
Eout,r:SOkpca Mnet,r:50kpc, Enet,r:50kpc' Each column stand for a black hole mass.
Everything else remain the same as Fig. 4.3. This figure indicates that higher
n (lower o, or higher N,) lead to smaller SFR and cold gas mass but
higher mass outflow rate and energy rate. Additionally, from both net
outflow rate and outflow rate, My = 106M@ cases are infall-dominant
while Mpy = 102M, cases are outflow-dominant. For Mpy = 10"M,
cases, the stage can be transitioned from infall-dominant to outflow

dominant with high 7 (lowa, or high N,).
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time in Mgy = 105M, cases, regardless of the parameters I varied. However, for
Mgy = 107 M, cases, the galaxy can transition from being gas infall-dominated
to gas outflow-dominated if a smaller a, is set, leading to stronger AGN feedback.
For Mgy = 108M,, cases, nearly all models show gas outflow dominant except
some runs with small N,, which correspond to weaker AGN feedback. These,
again, confirm that BH mass is the zeroth-order factor influencing galaxy and

AGN properties. If Mpy is too small, this model might not work efficiently.

Finally, I examine the influence on galaxy properties when using depen-
dent N, and «; by N, = 39.81 X 10%7=26 For SFR and M4, one can see
that these parameter combinations cannot suppress star formation well in the
Mgy = 109, 107M® cases while Mgy = 108M® can. Additionally, smaller o,
lead to lower SFR and Mqq. These dependence can be interpreted by their cor-
responding AGN energy as shown in Fig. 4.4 where I show that lower values of
oy in this sampling method would lead to higher AGN energy. For Mouw:g,()kpc
and E'Ollt7r:50kpc, I also find that the scatter of Mpy = 10%,108M,, cases are
still smaller because of the same reason. When comparing Mnet’r:50kpc and
Enet,r:50kpc of Mgy = 106, 1O7M@ cases, I find that these two properties are
closer to zero compared other parameter combinations in Fig. 4.6, which means
that the outflow and infall are more balanced while the Mgy = 108M@ case is
still dominated by outflow due to strong AGN feedback.

4.3 Convergence tests

In this section, I show the convergence tests for different runs. I mainly focus
on the AGN energy measurements and BH mass measurements since they are
directly correlated with AGN model including coupling efficiency. This section
is necessary since it answer two questions: Are feedback properties accurately
sampled? And how and why are certain settings, such as employing significantly
smaller timesteps for BH calculations, chosen as fiducial? For BH mass, I use
two measurement methods. The first method relies on the BH mass saved in
the output files while the second calculates BH mass with accretion rate by
AMpy = [(1— ET)M dt. For AGN energy, I have three measurement approaches.
The first sums the energy saved in gas and star particles, as well as the energy
reservoir, based on snapshot data. The second sums the energy injected by

AGN saved in the BH particles and energy reservoir using snapshot data. In the
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Figure 4.7: Similar to Fig. 4.7 but I show the comparison between variable

coupling efficiency models varying normalization and slope following N, =
39.81 x 10%71=26, Everything else remain the same as Fig. 4.7. This figure
indicates that for dependent N, and o,, lower «, lead to higher 7,

which result smaller SFR and cold gas mass but higher mass outflow
rate and energy outflow rate.
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Figure 4.8: Convergence tests of AGN energies measured by different methods.
In each panel, the blue lines represent runs with constant coupling efficiency
(n = 0.1) while the red lines represent our variable coupling efficiency model
using fiducial parameters (N, = 39.81, ay; = 2.6). The solid lines stand for the
AGN energy computed as the sum of the energy retained by gas particles, star
particles, and the energy reservoir. The dash-dotted lines stand for sum of the
AGN energy injected and saved by BH particles and the energy reservoir, which
are completely overlapped with solid lines. The dash lines represent the energy
calculated by [ ernMc2dt. The first two rows show the results using default time
step calculation in BH module. The last two rows show the result using much
smaller time step calculation in BH module. Each panel stands for a BH mass as
marked in the upper left of each panel (Mpy/Ms = 10%,4 x 105,107,108, 10%).
The red lines in the second row, first column stop because heating too much
issue (see context). This figure indicate that variable coupling efficiency
model needs smaller time step to get converged in AGN energy
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third one, I calculate it by using E = [ emM c?dt. In principle, the two mass
measurements and three energy measurements should be consistent. However,
some discrepancies might exist especially in energy measurements. Potential
reasons include inaccuracies in calculating BH properties due to insufficiently
small timesteps in BH calculations, or inaccuracies in integration results caused

by output timesteps that are too large.

In Fig. 4.8, I present convergence tests for AGN energy in both constant cou-
pling efficiency runs and variable coupling efficiency runs based on the fiducial
parameters. Regardless of which timestep used, the constant coupling efficiency
runs consistently show agreement across different energy measurements. This
indicates that the default COLIBRE model yields convergence in AGN energy.
However, in our variable coupling efficiency runs, discrepancies appear if I use de-
fault COLIBRE setting, i.e. using default timestep when calcuate BH properties.
Furthermore, for variable coupling efficiency model, a numerical issue causes the
simulation with Mgy = 108M, to stop around ~ 0.4 Gyr, as shown in the first
panel of the second row. This issue occurs when a gas particle is overheated by
multiple feedback events, likely due to an insufficiently small timestep. Therefore,
based on this setting, I significantly reduce the BH timestep by modifying the
timestep calculation (see Section 3.2), resulting in much closer agreement across
energy measurements. The need for such small timesteps in the variable cou-
pling efficiency model arises from wide dynamic range and frequent fluctuations
in coupling efficiency. If timestep is not small enough, extreme high or low values
may be missed, leading to discrepancies in the energy calculated through time
integration compared to the other two methods. In addition, the measurements

from the other two methods might be inaccurate as well.

When looking into convergence tests for BH mass increment in Fig. 4.9, 1
find that nearly all models with different BH masses can converge well. How-
ever, exceptions occur in high mass BH cases for the constant coupling efficiency
model. The mass differences calculated by accretion rate are slightly higher than
differences saved in the output. This discrepancy might be because the timestep
in BH calculation are set to be too small for high mass BH cases (as the mod-
ified timestep is expressed as At x 1 /MEdd o 1/Mpg, see Section 3.2). In
that case, one needs smaller timestep for recording the output file to get conver-
gence. This will significantly increasing the cost time and take up more storage.

Given the small difference and our variation comparisons mainly focusing on
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Figure 4.9: Convergence tests of BH mass increments measured by different meth-
ods. In each panel, the dash lines represent the mass difference computed by
integration of accretion rate while the dotted lines represent the mass difference
calculated by the recorded BH mass in the data outputs. Everything else remain
the same as Fig. 4.8. This figure indicate BH mass differences are consis-
tent well with different measurements, regardless of which timestep is
chosen. But smaller timestep in the output is needed if BH timestep
is too small.
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Mgy = 105,107,108 M, cases (e.g. Fig. 4.3), I adopt this setting as fiducial.

Since I have explored the parameter variations for our variable coupling ef-
ficiency model in this chapter before, it is necessary to assess convergence for
these runs. In Fig. 4.10, I compare energy measurements for different normal-
ization N, and slope a;, that I used as well as for different BH masses that I
explored. Using the fiducial setting (small BH timestep), I get nearly all runs
converge in terms of AGN energy. The only exception is when I set IV, = 100
and oy, = 3 for Mpy = 108 M), as shown in bottom left panel. I check that that
the inconsistency appears at the time when the corresponding n = 1 due to the
ceiling (eq. (3.4)). Such large 7 values combined with corresponding M would
need much smaller timestep in the outputs to achieve convergence, given that the
BH timestep is small enough from other convergence tests. But the discrepancy
is only ~ 0.2dex, which confirm that our fiducial settings remain reasonable and
effective across the different runs. When examining their convergence in terms of
BH mass difference in Fig. 4.11, I find that nearly all simulations get converged
except high 7 cases (N, = 39.81, o = 0.5, see the fourth row in Fig. 4.3) for
high mass BH cases (Mpy = 107,10%M). Similar discrepancies also exist in
constant high 1 cases (n = 1), as shown in the first row of Fig. 4.12. These
cases share similar high values of n. This indicate that higher values of 7 re-
quire smaller timestep for recording outputs. For other panels in Fig. 4.11 and

Fig. 4.12, different measurements agree pretty well.

It is important to note that these discrepancies do not necessarily indicate
inconsistency inside the simulation code. Instead, they arise might just because
the timestep used for recording outputs is not small enough to do accurate inte-

gration over the output values.

4.4 Comparison with other AGN wind feedback model

In this section, I discuss the common features and differences between our models
and previous works (Torrey et al., 2020; Costa et al., 2020), focusing on AGN
wind feedback of idealised disc galaxies. Specifically, I compare the magnitude
of SFR suppression and the associated timescales. Due to differences in subgrid
physics and ICs across simulations, our analysis focuses on comparing the trends
in SFR and their relation with AGN feedback strength.

In Torrey et al. (2020), the authors implement a scheme for feedback from
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Figure 4.10: Convergence tests of AGN energies measured by different methods
for variable coupling efficiency model with different values beyond fiducial model.
The linestyle remain the same as Fig. 4.8. Fach row stands for a BH mass
(Mpu/Mg = 105,107,108). The first column show the results with variation
using N;, = 39.81 x 10" — 2.6. In the second and third column, I vary either
the IV, or the «, while keeping the other fixed. The exact values of N, and
ay as well as their presented color are show in the upper left and upper middle
panels. All runs are using small BH timestep. This figure prove that nearly
all runs with different N, and o, show convergence for different energy
measurements except very high 7 runs.
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Figure 4.11: Convergence tests of BH mass increments measured by different
methods for variable coupling efficiency model with different values beyond fidu-
cial model. The linestyle remain the same as Fig. 4.9. Everything else remain
the same Fig. 4.10. This figure prove that nearly all runs with different
N, and «; show convergence for different mass measurements except
very high 7 runs.
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Figure 4.12: Convergence tests of BH mass increments (first row) or AGN ener-
gies (second row) measured by different methods for constant coupling efficiency
models with higher value (n = 1, blue) or lower value (n = 0.01, red). The
linestyle of the first row remain the same as Fig. 4.9 while the linestyle of the
second row remain the same as Fig. 4.8. This figure prove that nearly all
runs with different 1 show convergence for different energy measure-
ments except very high n runs.
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BAL winds and examine their impact in simulations of isolated disc galaxies,
spanning from from MW-mass to high mass disc galaxies, using GIZMO hydrody-
namical code (Hopkins, 2017) and FIRE subgrid physics model (Hopkins et al.,
2018) with turning on cooling, star formation and SN feedback. Their ICs con-
tain gas discs, stellar discs, stellar bulges, central SMBHs, and live dark matter
halos, but exclude a CGM. The mass resolution is 2 — 5 x 103M,, significantly
higher than ours. In their simulations, the BH accretion is fixed as the Eddington
accretion rate and BAL wind mass launching rate is defined by Mg ALTBAL- AGN
feedback in their model is implemented as isotropic kinetic feedback. The AGN
energy rate is modeled by EB AL = 7B ALM v% AL/2. Here the npa1, and vpaj, are
BAL wind mass loading and BAL wind speed, which are free parameters. This
approach differs from our energy rate (EAGN = enM c?). Using their fiducial
value (npar, = 1 and vpar, = 0.1¢), the energy rate in their model is 5 x 1072 /n
times ours for the same accretion rate and €. = 0.1. This implies that their
energy rate is half of ours when assuming our default constant coupling efficiency
(n=0.1) or ~ 6.25 — 25 times higher than ours when using fiducial variable cou-
pling efficiency model. Since they fix the accretion rate as Eddington rate, their
feedback energy is further amplified. Although the ICs of their isolated disky
galaxies are different from ours, I compare the SFR in our Mgy = 108,10°M,,
cases using both default constant coupling efficiency model and fiducial variable
coupling efficiency model with their G4 run with the same BH mass (Figure 6,
Torrey et al., 2020). This run has a similar total disc mass (6.2 x 101M) but
a higher cold gas disc fraction (20%).

G4 exhibits a peak SFR~ 5M¢ /yr at ~ 10 Myr and drop to SFR~ 3Mg /yr
(0.2 dex) for My = 108 M, case at 50 Myrs and drop below 0.6 Mg, /yr (0.9 dex)
for Mpu = 10° M, case. This fast suppression indicates strong AGN feedback.
For our runs, all models have a peak SFR~ 1M /yr at ~ 50 Myr. The constant
coupling efficiency model drops to SFR~ 0.2 — 0.3Mg /yr (0.7-0.8 dex) while the
fiducial variable coupling efficiency model drops to SFR~ 0.35M¢, /yr (0.65 dex).
Different from their results, our simulations do not exhibit significant differences
between the Mpg = 108M@ and Mgy = 109M@ cases. Presumably this is
because in ours sims, the BH accretion rate is calculated self-consistently from
the Bondi-Hoyle formula, rather than being assumed fixed. This allows the BH
accretion rate to self-regulate in our sims, which is not possible in theirs. For both
default constant coupling efficiency model and fiducial variable coupling efficiency

model, they show larger relative difference in Mgy = 10®M case (0.65-0.8 dex
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compared to their 0.2 dex) but smaller relative difference in My = 109Mg
case (0.65-0.8 dex compared to their 0.8 dex), compared to the relative different
in their results. Furthermore, our results indicate a longer timescale for SFR
suppression. The differences in SFR level could be due to different set up, e.g.
cold gas disc fraction while the faster drop in their simulations could be attributed
to stronger kinetic feedback. In their Figure 9 and Figure 10, they show that
more energetic winds lead to larger momentum values in the outflows compared
to wind momentum. Similarly, I show that energetic winds lead to larger energy
rate values in the outflows for both default constant coupling efficiency model
and fiducial variable coupling efficiency model in Fig. 4.5. However, this result

is not unique and can be achieved in most simulations.

In Costa et al. (2020), the authors implement a new AGN kinetic feedback
model through small-scale, ultrafast winds in the moving mesh hydrodynamic
code AREPO (Weinberger et al., 2020). Different from ours, in their idealized
simulations, they initialize a spinning spherical gas cloud by the same density
profile of the DM halo without requiring dynamical equilibrium. They turn off
SN feedback but include cooling and star formation. As a result, the spinning gas
cloud collapses towards the centre of the halo, where it settles into a gas disc. And
the rest of the spherical gas cloud can be treated as a CGM, without requiring
dynamical equilibrium. Note that they don’t directly initialize stellar disc and
CGM. The mass resolution for their fiducial runs is 1.6 x 10°M,, comparable
to ours. For SMBH, they initial their AGN bolometric luminosity (10%° — 5 x
10%7 erg/s) instead of Mgy, and fix the AGN bolometric luminosity during the
evolution. Given our 7 is starting from ~ 1072 for both default constant coupling
efficiency model and fiducial variable coupling efficiency model, the corresponding
initial Mpp is ~ 8x 108 —4 x 1011M@. Therefore, I choose Mpy = 10° in our both
models to make comparisons with their Lyy = 1045M@ case. In their feedback
model, they parametrize the AGN energy input by Fy = 78¢,Mc? /2, where T
and (8 are free parameters. In their work, 7 is set as 1 and § is varying from
0.005 to 0.5, result in a factor of 8/(2n) difference compared to our AGN energy
rate given the same BH mass. For default constant coupling efficiency model,
this corresponds to a difference of 0.025-2.5. For our fiducial variable coupling
efficiency model, the AGN energy input in their simulations could be 5-500 times
higher than ours.

When compare SFR in Mgy = 10°M, case with their Lo = 10% M case
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(Figure 10, Costa et al., 2020), I find their results show that SFR reach maxi-
mum at about 0.1 Gyr before declining, whereas the timescale for the peak in
our models is around 0.05 Gyr. For their run with Ly, = 1045L@7 the SFR
peaks at about 80 Mg, /yr and drop to ~ 35M¢ /yr (a drop of ~ 56.25%, similar
to their no AGN run, assuming 5 = 0.017) or ~ 10Mg /yr (a drop of ~ 87.5%,
assuming 3 = 0.1) after 0.5 Gyr. In contrast, our result with Mpy = 109M
change from 1Mg /yr to ~ 0.3Mg /yr (a ~ 70% drop, default constant coupling
efficiency model) or ~ 0.5Mg /yr (a ~ 50% drop, fiducial variable coupling effi-
ciency model), given the same time. The different peak values of SFR could be
because different ICs, e.g. gas content, or different subgrid physics model, e.g.
cooling. Notably, they assume an initial spherical gas fraction as 0.17. If the
cooling is very strong, this potentially lead to much higher cold gas-to-total mass
ratio compared to ours (0.036), which result in much higher SFR peak. When
compare their 8 = 0.017 case and 8 = 0.1 case with our default constant coupling
efficiency, one can find 3/(2n) is actually smaller than unity. If the bolometric
luminosity or accretion rate are the same, our results will result in higher AGN
energy input and suppress SFR with higher relative difference. However, the rela-
tive different in SFR for our default constant coupling efficiency model only slight
larger than their 8 = 0.017 case but smaller than their 5 = 0.1 case, suggesting
stronger kinetic AGN feedback potentially due to fast declining of accretion rate
for our default constant coupling efficiency model. When comparing our fiducial
variable coupling efficiency case, I find that the relative different in SFR is smaller
than both their cases potentially due smaller 7 resulting in large 5/(2n) values.
The common thing is that when changing parameters, strong feedback or higher
AGN energy input would lead to lower SFR while weaker feedback or lower AGN
energy input would brings the SFR closer to the no AGN runs. (see comparison
between fiducial variable coupling efficiency models and default constant coupling

efficiency models in Fig. 4.5).

In short, although different simulations lead to different SFR peaks, quenching
timescale, and the exact values of SFR at final time due to different ICs and
subgrid physics model, both of them show that parameters that lead to strong

AGN feedback will result in lower SFR, consistent with our results.



CHAPTER 5

Conclusion

In this thesis, I go over the physical mechanism of UV line driven winds, intro-
duce and improve the simplified model Qwind (Quera-Bofarull et al., 2023). After
comparing the scaling relation in terms of Mying / M, Ly, /Lbol, Pwind/(Lbol/c),
(vr)/c between observation (Mestici et al., 2024), Qwind model (Quera-Bofarull
et al., 2023), and RHD simulation (Nomura & Ohsuga, 2017), I build up a relation
connecting coupling efficiency and Eddington ratio: n = N,m“ . I then imple-
ment this into hydrodynamical cosmological code SWIFT (Schaller et al., 2024)
and run a series of idealized MW-like galaxies with COLIBRE subgrid physics
model (Schaye et al., in prep.). I initialize a static DM halo, a cold gas disc, a stel-
lar disc and a hot CGM in equilibrium using methods from Nobels et al. (2022,
2024), with some updates. Gas cooling, star formation and SN feedback are
included. Gas is assumed to accrete onto the BH at a rate given by the Bondi-
Hoyle formula. I vary black hole mass (Mpy = 10%,4 x 10,107,108, 10° M),
normalization and slopes in coupling efficiency to explore the influence of this
model on feedback properties and galaxy properties. I then compare our results
with previous simulation work focusing on AGN wind feedback in idealized disky
galaxies (Torrey et al., 2020; Costa et al., 2020). I also show convergence tests
for our runs to confirm the result can be trusted and illustrate how I determine
some settings as fiducial. The main conclusions for this model are summarized

below:

1. BH mass is the zeroth-order quantity governs different feedback and galaxy
properties. Specifically, higher BH mass will lead to higher cumulative AGN
energy and AGN energy rate when the feedback model parameters are kept
fixed, due to higher BH masses leading to higher BH accretion rates. This

will suppress star formation, lead to smaller cold gas mass, result in higher
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gas mass outflow rate and energy outflow rate.

2. When comparing fiducial variable coupling efficiency models (N, = 39.81,
a, = 2.6) with default constant coupling efficiency models (n = 0.1), I
find that for a given black hole mass, the former one generate less AGN
energy due to generally lower coupling efficiency, suppress less on SFR,

Mo1a, produce weaker outflow, lead to faster BH growth.

3. The systematics of normalization and slope are connected to their corre-
sponding coupling efficiency. For both varying methods, i.e. sample N, and
oy, independently or dependently requiring n = 0.1 when m = 0.1, higher
normalization or lower slope increase typical coupling efficiency, typically
resulting in higher AGN energy and energy rate, although the differences
become small especially for high mass BH cases due to self-regulation. How-
ever, even small differences in AGN energy will exhibit significant impact
on galaxy properties. Specifically, higher normalization or lower slope yield
smaller SFR and M4, higher mass outflow rate and energy outflow rate,

slower BH growth.

4. Compared to previous idealized disky galaxy simulations, our results ex-
hibit weaker AGN feedback and correspondingly less suppression of SFR.
This could be because different ICs and subgrid models. More importantly,
this might because our simulations calculate the BH accretion rate self-
consistently, allowing the AGN feedback to self-regulate However, I show
similar systematics with previous simulations in SFR. Specifically, stronger
AGN feedback, controlled by larger coefficients in front of the AGN bolo-
metric luminosity, leads to greater suppression of SFR for a given AGN

bolometric luminosity or BH accretion rate.

5. Using a variable coupling efficiency model with different parameters en-
hances self-regulation in feedback properties depends on BH mass. For
example, compared to default constant coupling efficiency cases, variable
coupling efficiency cases show similar cumulative AGN energy or AGN en-
ergy injection rate as BH mass increasing. This potentially due to compen-

sation between coupling efficiency and the BH accretion rate.

6. To achieve convergence of mass accreted onto BH and AGN energy in-
jected and avoid overheating issue, the timestep of BH calculation should

be set much smaller than default calculation in COLIBRE. However, smaller
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timestep in BH calculation would require smaller timestep in the output to
achieve convergence in different energy and mass measurements, especially

for high 7 cases and high mass BH cases.

Note that these conclusions are based on idealized MW-like galaxies and
might be sensitive to the initial conditon that I set. The model performance
may differ in cosmological simulations or in idealized elliptical galaxies. But
one might expect that implementing this model into cosmological simulations
without changing any other subgrid model parameters will lead to higher BH
mass functions and stellar mass function for MW-mass like galaxies due to faster
growth of BHs and higher SFR as shown before. This could potentially explain
the existence of some massive galaxies or SMBH at very high redshift in the JWST
era. Note that if the fast BH growth happens for z=0, the results would conflict
with observations. Therefore, one might need a additional model to transition
the coupling efficiency to the default constant value as redshift decreasing, which

lead to faster BH growth at high-z, but the same total growth by z = 0.

As for the model itself, while the fiducial normalization in the varying cou-
pling efficiency model is motivated by observation (Mestici et al., 2024) and the
fiducial slope is motivated by Qwind (Quera-Bofarull et al., 2023), the variations
of normalizations and slopes are somewhat arbitrary. To constrain this better,
one might need more accurate observational data. It is worth considering that
normalization and slope might not be constants but instead functions of black
hole properties, such as mass and spin. Incorporating such dependencies would
require the development of a more sophisticated AGN feedback model. All of

these are left for future studies.
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