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ABSTRACT

Numerical simulations of galaxy mergers predict that in a merger event, the an-

gular momentum of gas is efficiently drained, leading to gaseous inflows resulting in

high central gas densities and bursts of star formation. The merger-starburst connec-

tion is strongly corroborated by observational studies of interacting and post-merger

galaxies. In addition to the enhancement of central star formation rate, simulations

predict that gaseous inflows will increase the accretion onto central supermassive

black holes (SMBHs) which may trigger or enhance nuclear activity. However, obser-

vational studies continue to debate the connection between galaxy mergers and active

galactic nuclei (AGN), with contrasting conclusions on whether mergers are likely to

trigger AGN and whether the majority of AGN are triggered by merger events. In

this thesis, I present an analysis of the SMBH accretion rates in post-merger galaxies

drawn from the IllustrisTNG, Illustris, and EAGLE cosmological simulations. The

post-merger samples consist of galaxies that have experienced a merger in the last

simulation snapshot in the redshift range 0< z <1, with stellar mass ratios > 1 : 10

and post-merger stellar masses > 1010M⊙. I compare the post-merger SMBH ac-

cretion rates to a control sample of galaxies that are matched to the post-mergers

in stellar mass, redshift, environment (and AGN feedback mode in the case of Illus-

trisTNG) but that have not experienced a merger (of mass ratio > 1 : 10) within at

least two Gyrs. I find that all three simulations demonstrate a population averaged

enhancement in SMBH accretion rate in the post-merger sample, with accretion rates

∼ 2 times higher than controls for IllustrisTNG and EAGLE and ∼ 4 times higher

in Illustris. In addition, I find that post-mergers are 2-4 times more likely to host

a highly accreting SMBH compared with matched non-merger galaxies. In all three

simulations, the population averaged SMBH accretion rate enhancement persists for

∼ 2− 3 Gyrs after coalescence, significantly exceeding the ∼500 Myr lifetime of star

formation rate enhancements. In the IllustrisTNG simulation, I investigate the pres-

ence of simultaneous enhancements in both the star formation and SMBH accretion

rates; I find that co-incidence occurs predominantly in the first few hundred Myrs

post-coalescence and depends on both the mass ratio of the merger and on the gas

mass of the post-merger galaxy. Furthermore, in TNG, I find that despite the overall

SMBH accretion rate enhancement, only approximately 35% of post-mergers experi-

ence a luminous AGN (Lbol > 1044erg/s) within 500 Myrs after coalescence, and fewer

than 10% achieve a luminosity in excess of Lbol > 1045erg/s. Moreover, only ∼10%
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of the highest luminosity (Lbol > 1045erg/s) AGN in the IllustrisTNG galaxy sample

are recent mergers. My results are therefore consistent with a picture in which merg-

ers can (but don’t always) trigger AGN activity, but where the majority of galaxies

hosting high luminosity AGN are not recent mergers.
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Chapter 1

Introduction

In the Universe today there exists a diverse and complex population of galaxies. In

some galaxies, stars are distributed within a disk that can have features such as spiral

arms or bars, others instead look like smooth featureless ellipsoids, and some have

disorganised and irregular morphologies (Hubble 1926; Sandage 1961). However, in

the standard cosmological model, all galaxies ultimately formed from the same ori-

gins. Stars form from gas which collapsed into overdensities of dark matter, called

dark matter halos, creating galaxies (White and Rees 1978; White and Frenk 1991;

Springel 2005). Galaxies will evolve over cosmic time under the influence of both

internal and external processes, and through hierarchical merging, creating the popu-

lation observed today (Somerville and Davé 2015). In fact, the galaxy populations of

the past, observed at higher redshifts, have different characteristics than the late uni-

verse, such as higher star formation rates (Madau and Dickinson 2014) and a higher

abundance of disks and irregular morphologies (Conselice 2014). It therefore appears

that galaxies are dynamic systems that can undergo significant changes in morphol-

ogy and star formation activity over cosmic time. Understanding how galaxies evolve

over cosmic time, what processes influence galactic evolution, and how the diversity

of the galactic population came to be is a challenging problem which spans many

orders of magnitude in spatial, temporal, and energy scales.

1.1 Galaxy bimodality

Despite a large amount of diversity in the galactic population, it is observed that

most galaxies are well separated into two categories according to their colour and
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morphology: the blue disky galaxies and red ellipsoidal galaxies (Strateva et al. 2001;

Baldry et al. 2004; Schawinski et al. 2014). The distinction between the blue and

red sequence also separates the populations by star formation activity, as blue light

is associated with young stellar populations and ongoing star formation whereas red

light is associated with older ‘passive’ or ‘quenched’ stellar populations. In addition,

the two categories are also related to the stellar mass of the galaxy, with the more

massive galaxies appearing in the red ellipsoidal category (Schawinski et al. 2014).

Within the star forming population of galaxies, there also exists variation in the

rate of ongoing star formation. Star forming galaxies demonstrate a positive correla-

tion between the star formation rate and the total stellar mass of the galaxy, known

as the star forming main sequence (Brinchmann et al. 2004; Daddi et al. 2007; Noeske

et al. 2007; Salim et al. 2007). Therefore, star forming galaxies are expected to evolve

along the star-forming main sequence, but eventually cease star formation and tran-

sition into the passive population (Peng et al. 2010). In addition to the variation of

star formation rate for galaxies of different stellar mass, there are also galaxies that

can demonstrate exceptionally high star formation rates for their stellar mass, known

as starburst galaxies.

1.2 Active Galactic Nuclei

In addition to the variation in star formation activity amongst galaxies, some galaxies

also contain observational signatures of energetic processes that are believed to result

from an accreting supermassive black hole (SMBH). Such systems are referred to as

Active Galactic Nuclei or AGN hosts.

1.2.1 AGN structure and the unified AGN model

The classification of ‘AGN’ can depend on many types of emission from an accreting

SMBH, resulting in a large diversity of AGN types which Padovani et al. (2017)

refers to as the ‘AGN zoo’. Antonucci (1993) and Urry and Padovani (1995) bridge

together many of these separate categories into a unified AGN model, outlined in

Figure 1.1. The unified AGN model separates the emission sources associated with

AGN into several structures: the accretion disk, the corona, high density high velocity

clouds known as the Broad Line Region (BLR), low density lower velocity clouds

known as the Narrow Line Region (NLR), a dusty torus, and a radio jet (Netzer
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2015). The various components emit over different ranges of the electromagnetic

spectrum (or with different spectral characteristics in the case of the BLR and NLR),

as demonstrated in Figure 1.2. Figure 1.2 shows the spectral energy distribution of

an unobscured AGN, with the total (radio-quiet) AGN emission shown in the solid

black line. The emission from the hot corona peaks in the x-ray. Next the plasma

within the unobscured accretion disk will emit in the optical and UV range. The

dusty torus emits reprocessed emission in the mid to near infrared. Finally, there

may be additional emission in the radio range due to synchrotron emission within

relativistic jets associated with SMBHs.

Antonucci (1993) and Urry and Padovani (1995) proposed that different AGN

classifications can be explained as observations of different components of the unified

model. For example, the distinction between Type I and Type II AGN can be ex-

plained via the obscuration of the broad line region by the torus, such that observers

aligned with the plane of the torus will only detect AGN with narrow spectral lines.

Additionally, alignment or misalignment with a radio jet can result in a radio loud

or radio quiet AGN (as shown in Figure 1.2), though some AGN may not host a

relativistic jet at all.

In addition to the larger scale AGN structure demonstrated in Figure 1.1, theo-

retical studies and simulations have also demonstrated variation in the gas structure

surrounding the SMBH (Liu et al. 2002; Brinkmann 2009; Meyer-Hofmeister et al.

2012; Inayoshi et al. 2018). At high accretion rates, high density gas is able to suf-

ficiently cool into a thin accretion disk structure in what is known as radiatively

efficient AGN, as is demonstrated in Figure 1.1. However, when accretion rates are

lower, the SMBH becomes surrounded by hot diffuse gas that is unable to efficiently

cool via radiation (Brinkmann 2009), known as a radiatively inefficient AGN. In ra-

diatively inefficient AGN, the gas structure in the innermost region surrounding the

SMBH becomes geometrically thicker approaching a toroidal structure (Brinkmann

2009; Inayoshi et al. 2018). In fact, the inner disk may even completely disappear at

very low accretion rates, and the gas is arranged in an ellipsoidal configuration (Liu

2013). In the radiatively inefficient configuration, magnetic fields play an increas-

ingly dominant role allowing for the support of relativistic jets (Brinkmann 2009).

The varying geometries of the near SMBH region are demonstrated in Figure 1.3,

where the arrow denotes the increasing strength of the accretion flow.
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Figure 1.1: Schematic for the different components of the unified AGN model (for a
radiatively efficient AGN), taken directly from Hickox and Alexander (2018) (adapted
from Ramos Almeida and Ricci (2017))
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Figure 1.2: Schematic demonstrating the Spectral Energy Density (SED) for an un-
obscured AGN shown in black, and the contributions from the separate AGN model
components, color coded to match the schematic in Figure 1.1. Taken directly from
Hickox and Alexander (2018) (adapted from Harrison (2014)).
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Figure 1.3: Schematic demonstrating the variation of gas structure surrounding the
SMBH in an AGN for different strength accretion flows. The top two schematics
represent the structure in radiatively efficient AGN, and the bottom two schematics
show the gas structure in radiatively inefficient AGN. Taken directly from Müller
(2004).
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1.2.2 AGN and galaxy evolution

Observations demonstrate that the SMBH mass can correlate with host galaxy prop-

erties, such as bulge stellar velocity dispersion, mass, and luminosity (Ferrarese and

Merritt 2000; Kormendy and Gebhardt 2001; Tremaine et al. 2002). Such a correlation

suggests that the SMBH and galaxy may co-evolve, which is particularly surprising

when considering the extreme difference in spatial scale between the parsec and sub-

parsec scales for SMBH accretion and the kpc scale of the galaxy (Kormendy and

Ho 2013). It has been suggested that SMBHs would be able to influence their host

galaxy through efficient AGN feedback (Silk and Rees 1998), and observations have

been able to directly observe the influence of AGN over large spatial scales (e.g the

MS0735.6+7421 cluster shown in Figure 1.4 from McNamara and Nulsen 2007, one of

the most powerful AGN in the Universe). In Figure 1.4, the radio emission from rela-

tivistic jets emitted from the SMBH are shown to be spatially co-incident with large

cavities in the intracluster medium, demonstrating how AGN feedback can displace

and heat gas that lies far outside the spatial extent of the host galaxy (McNamara

and Nulsen 2007).

However, not all host galaxy properties (e.g. disks and pseudobulges) correlate

with SMBH mass, which could indicate that co-evolution occurs at specific stages

of galaxy evolution associated with bulge formation (see Section 1.3.1) but not dur-

ing secular phases which form disks and pseudobulges (Kormendy and Ho 2013).

Furthermore, it has been shown in semi-analytic modelling that the mass scaling

relations can be obtained without explicitly coupling the growth of the SMBH and

bulge (Jahnke and Macciò 2011), suggesting the correlation may arise from entirely

non-causal origins.

If AGN are ubiquitous, i.e. every galaxy hosts a supermassive black hole with

the potential to fuel AGN activity, then AGN activity could explain the transition

of massive galaxies from the star forming to the passive population (Somerville et al.

2008). While the specific mechanisms by which AGN feedback may influence the

host galaxy are still actively investigated, it is believed AGN could suppress star

formation in galaxies via two broad scenarios: ejective or preventative feedback. In

the ejective scenario, AGN remove gas from the host galaxy, for example through

radiation pressure from the luminous accretion region (Sturm et al. 2011; Cicone

et al. 2014; Ellison et al. 2021). Alternatively in the preventative scenario, AGN

cut off the host galaxy from the source of gas needed to sustain star formation by
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Figure 1.4: Hubble Space Telescope visual image of the MS0735.6+7421 cluster com-
bined with the Chandra X-ray image of the X-ray emitting cluster medium (shown
in blue) and the radio jet emission from the Very Large Array (shown in red). The
image is taken directly from McNamara and Nulsen (2007).
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heating the gas in the circumgalactic medium and suppressing the inflow of cooling

gas (McNamara and Nulsen 2007; McCarthy et al. 2008).

1.3 Galaxy evolution: the role of mergers

In the standard model of cosmology, galaxies form from hierarchical merging, whereby

massive galaxies are assembled over a history of mergers of smaller galaxies. There-

fore, all galaxies have, at some point in the past, experienced a merger event, making

mergers ubiquitous amongst the galaxy population.

1.3.1 Galaxy mergers and morphology

One way in which mergers may influence a galaxy’s evolution is by facilitating mor-

phological transformations. Observations have demonstrated the enhancement of

irregular morphologies in interacting galaxies (Hernández-Toledo et al. 2005; Patton

et al. 2005; Casteels et al. 2014; Patton et al. 2016). Figure 1.5 from Schweizer (1986)

demonstrates the morphological features of interacting galaxies. These features, such

as bridges and tails, have been shown to form due to the gravitational forces between

galaxies during interactions and mergers (Toomre and Toomre 1972). Figure 1.6

demonstrates the morphological transformation undergone in a major merger event

from a hydrodynamic simulation by Lotz et al. (2008). In the figure, the two undis-

turbed disk galaxies at t = 0 Gyrs undergo a significant interaction, forming numerous

spiral features and tidal tails after first passage, demonstrating a very irregular mor-

phology right before coalescence around t = 1.66 Gyrs, and post-coalescence features

such as shells around t = 1.66.

In addition, simulations predict that the angular momentum of the particles in the

disk can be redistributed, producing a post-coalescence morphology that is visually

similar to elliptical (spheroidal) type galaxies (White 1978; Roos and Norman 1979;

Villumsen 1982). It is therefore possible that mergers also play a role in assembling

isotropic distributions of stellar material, forming bulges or elliptical galaxies.

1.3.2 Galaxy mergers and starbursts

Galaxy mergers are also linked to enhancements of star formation rate and central

starburst galaxies, where numerous observational studies find star formation rate
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Figure 1.5: Observations of interacting galaxies are shown, for increasing stages of
interaction from a to d (a: NGC 5426/5427, b: NGC 4038/4039, c: NGC 3256, d:
NGC 3291). All images are taken directly from Schweizer (1986).

Figure 1.6: Morphological evolution of a major merger event, taken directly from
Lotz et al. (2008).
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enhancements in interacting (Barton et al. 2000; Woods et al. 2006; Woods and Geller

2007; Ellison et al. 2008; Woods et al. 2010; Scudder et al. 2012; Patton et al. 2013;

Knapen et al. 2015; Cao et al. 2016) and post-merger (Ellison et al. 2008; Ellison

et al. 2013; Thorp et al. 2019) galaxies.

Simulations investigating the merger-starburst connection demonstrate that for

major mergers between gas rich disk type galaxies, merger induced asymmetric struc-

tures within the galaxies drain angular momentum from the gas in the disk, leading

to gaseous inflows towards the nuclear region (Hernquist 1989; Barnes and Hernquist

1991; Blumenthal and Barnes 2018), which are then able to fuel strong bursts of star

formation. Within a few hundred Myrs of the merger, the central starburst can affect

the observed morphology of galaxies, due to the increase of light emitted from young

stellar populations in the central regions of the galaxy (Conselice 2014). However,

the long-term effect of the starburst on the galaxy’s evolution is not well understood.

Theoretical predictions and observations suggest the contribution of the starburst

event to the total stellar mass of galaxies is minimal (Baugh et al. 2005; Rodighiero

et al. 2011). However, it is possible that stellar feedback associated with the starburst

could affect the host galaxy’s star formation, either by ejecting or heating up the gas

in the galaxy.

1.3.3 Galaxy mergers and AGN

If galaxy mergers can generate gaseous inflows capable of fueling central starbursts,

could mergers also fuel an excess of accretion onto supermassive black holes? Such

a scenario was posed in the observational study of ultraluminous infrared galaxies

(ULIRGs) by Sanders et al. (1988). Merger induced bursts of AGN activity are further

demonstrated in simulations of gas-rich major mergers by Di Matteo et al. (2005);

Springel (2005). The theoretical framework for a merger-AGN connection was fully

outlined in Hopkins et al. (2008), in which major mergers cause central starbursts and

quasar activity, followed by the morphological transformation and rapid quenching of

star formation in the post-merger galaxy, demonstrated in Figure 1.7.

The evolutionary pathway in Figure 1.7 suggests a relationship between galaxy

mergers, quasar activity, and the quenched population of galaxies. However, in con-

trast to the overall consensus that interactions and mergers enhance the star forma-

tion rate of galaxies, observational studies do not overwhelmingly support a strong

connection between AGN activity and interacting and/or merging systems. In fact,
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Figure 1.7: Evolutionary phases of a gas-rich major merger taken directly from Hop-
kins et al. (2008).
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numerous observational studies do not find any connection between interacting galax-

ies and AGN activity (Cisternas et al. 2011; Schawinski et al. 2011; Kocevski et al.

2012; Böhm et al. 2013; Shah et al. 2020; Lambrides et al. 2021). On the other hand,

many studies do find an excess of AGN in interacting pairs and post-mergers (Alonso

et al. 2007; Ellison et al. 2011; Bessiere et al. 2012; Ellison et al. 2013; Hong et al.

2015; Kocevski et al. 2015; Hewlett et al. 2017; Marian et al. 2020).

A possible explanation for the tension in observational studies of the merger-AGN

connection is that only some galaxy mergers will follow the evolutionary pathway

proposed in Figure 1.7. It has been demonstrated in simulations that even in gas rich

major mergers, the strength of gas inflows can vary depending on the properties of the

merging galaxies (Mihos and Hernquist 1996) and the merger geometry (Di Matteo

et al. 2007; Blumenthal and Barnes 2018). Furthermore, Capelo et al. (2015) study

the accretion onto supermassive black holes in a suite of high resolution simulations of

galaxy mergers and find that mass ratio is the most important factor in determining

the strength of the enhancement in accretion rate, suggesting that minor mergers are

not as likely to cause AGN activity.

There also exist possible complications within the observational studies of the

AGN-merger connection. For example, since interacting and post-merger galaxies

rely on visual identification, observational studies may be affected by the purity of

the merger and isolated comparison samples. Bickley et al. (2021) demonstrate, using

machine vision methods, that the purity of a post-merger identification technique

is extremely important in order to recover population averaged signals such as star

formation rate enhancement. It is also possible that the timescale over which AGN are

identified and the timescale over which galaxy mergers are identified may not overlap.

Depending on the merger selection technique, simulations suggest merger features

will remain observable for as few as 200 Myrs post coalescence up to 1 Gyr after

coalescence (Lotz et al. 2008). If observable merger features far outlive triggered AGN

activity, co-incident merger and AGN identification may be rare, and the absence of

an AGN detection in interacting or post-merger galaxies would not necessarily mean

that there was no merger triggered AGN activity. Finally, observational studies of

the merger-AGN connection rely on AGN detection techniques that may be strongly

susceptible to AGN obscuration. AGN obscuration occurs when AGN emission is

significantly absorbed or scattered by gas and dust (Hickox and Alexander 2018).

The obscuration of AGN can impact the timescale over which merger and AGN

features are simultaneously detectable, and may result in a false non-detection of
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AGN activity.

Overall, observational results suggest that galaxy mergers can trigger AGN ac-

tivity, as many studies find that AGN are more likely to appear in merging galaxies

compared with an undisturbed control sample (Alonso et al. 2007; Ellison et al. 2011,

2013; Satyapal et al. 2014; Weston et al. 2017; Goulding et al. 2018; Ellison et al.

2019b; Gao et al. 2020). It is less clear whether galaxy mergers contribute signifi-

cantly to the overall AGN population. For example, Ellison et al. (2019b) find that

low redshift AGN (selected using optical and mid-IR selection) preferentially reside

in disturbed systems, which is consistent with a number of other studies looking at

the merger/disturbed fraction of AGN (Bessiere et al. 2012; Hong et al. 2015; Ko-

cevski et al. 2015; Marian et al. 2020; Fan et al. 2016; Gao et al. 2020; Pierce et al.

2022). However, numerous studies disagree, finding no significant excess of disturbed

or merging systems in AGN (Cisternas et al. 2011; Schawinski et al. 2011, 2012;

Kocevski et al. 2012; Böhm et al. 2013; Villforth et al. 2014; Mechtley et al. 2016;

Villforth et al. 2017; Marian et al. 2019; Lambrides et al. 2021). In addition, an im-

portant consideration in the contribution of mergers to the overall AGN population

is the rarity of mergers in the Universe (Lotz et al. 2011). It is possible that mergers

may efficiently trigger AGN activity, but are a sub-dominant contributor to the AGN

population due to their rarity.

1.4 Cosmological simulations

In the last decade, significant advancements have been made in the field of large scale

simulations of finite volume ‘model universes’. In these cosmological scale simulations,

which begin from the initial conditions of the cosmic microwave background, galaxies

form and evolve within a dynamic large scale environment. Cosmological simulations

thereby produce a diverse population of galaxies, with disky and spheroidal morpholo-

gies, star forming and quenched populations, and complex star formation and merger

histories (Springel 2005; Vogelsberger et al. 2014a,b; Schaye et al. 2015; Nelson et al.

2017; Springel et al. 2017).

1.4.1 AGN-merger connection in cosmological simulations

Cosmological simulations provide a useful tool to address the challenges outlined

above in studying the AGN-merger connection, producing a large sample of galaxy



15

mergers with a varied distribution of merger and galaxy properties such as mass ratio,

orbital geometries, gas fractions, and environment. The advantages of a cosmological

merger population are twofold. First, one is able to study how merger induced effects

vary over a large parameter space. Second, the representative distributions obtained

from cosmological simulations can provide insight on the cumulative impact of mergers

on AGN activity. For example, minor mergers will contribute more, statistically,

to a complete merger sample selected from a cosmological simulation. In addition,

simulations in general allow for the merger and non-merger status of galaxies to be

determined with certainty and avoid contamination.

However, cosmological simulations do also have some disadvantages compared

with the binary merger simulation suites. Most notably, cosmological simulations

sacrifice spatial and temporal resolution for the sake of a large simulation volume.

Furthermore, binary merger simulations are better able to isolate the effects of differ-

ent properties by running the exact same merger simulation varying only the param-

eter of interest. In comparison, each galaxy merger from a cosmological simulation is

unique.

Cosmological simulations provide a very important component to the theoretical

predictions for galaxy evolution: cosmological context. For example, the advantage

of cosmological context is demonstrated in Hani et al. (2020), who investigate star

formation rate enhancements in a sample of post-mergers from the IllustrisTNG cos-

mological simulation, and find that while major mergers drive stronger starbursts, the

stellar mass contribution of the more common minor mergers equal the contribution

of major mergers.

In addition, cosmological simulations are useful to study how common the evo-

lutionary scheme proposed by Hopkins et al. (2008) in Figure 1.7 may be. In fact,

Quai et al. (2021) investigate the connection between quenching and post-mergers

in IllustrisTNG and find that while post-mergers are slightly more likely to quench,

overall they rarely quench in the hundreds of Myrs immediately after coalescence. Put

another way, mergers speed up the quenching process in the TNG cosmological sim-

ulation, but merger events on their own are not a major pathway towards quenching.

A similar result is found in the SIMBA cosmological simulation (Rodŕıguez Montero

et al. 2019), where it is predicted mergers induce starbursts but are unrelated to

quenching.

The connection between quasars and major mergers in cosmological simulations

has been investigated by Steinborn et al. (2018), for the Magneticum Pathfinder
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simulation, and McAlpine et al. (2020), in the EAGLE simulation. Both studies

conclude that the majority of high luminosity AGN are not connected to merger

events, demonstrating that secular processes may be capable of significantly feeding

SMBHs in cosmological simulations.

1.5 Thesis outline

The aim of the work presented in this thesis is to investigate the role of mergers in

influencing AGN activity within a cosmological simulation. I am specifically inves-

tigating supermassive black hole accretion rates in post-merger galaxies. I aim to

characterize how significantly supermassive black hole accretion rates are enhanced

in the post-merger sample and understand how frequent or how rare accretion rate

enhancements are in galaxy mergers. In Chapter 2, I summarize the details of the

IllustrisTNG simulation, the simulation used in the majority of my research. In Chap-

ter 2, I also summarize the algorithms used to identify galaxy mergers, find suitable

non-merging galaxies for comparison, and outline the quantitative parameters used

to measure the enhancement of supermassive black hole accretion rates. In Chapter

3, I present the results for IllustrisTNG. I demonstrate that for post-mergers in Il-

lustrisTNG, on average, supermassive black hole accretion rates are enhanced, and I

break down how the magnitude of the enhancement depends on galaxy and merger

parameters, merger timescale, and the relationship with star formation rate enhance-

ments. In Chapter 3, I also demonstrate the rarity of post-merger quasars, as well

as the sub-dominant contribution to the overall AGN population in the simulation.

In Chapter 4, I compare my results between the IllustrisTNG, Illustris, and EAGLE

cosmological simulations, demonstrating that a statistically significant enhancement

of supermassive black hole accretion rates is common between all three cosmolog-

ical simulations, as well as demonstrating where the simulations produce different

predictions. Overall, the goal of the work presented in this thesis is to investigate

what the simulated AGN-merger connection looks like when considering the full spec-

trum of merger and galaxy properties and the additional context from a cosmological

simulation.
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Chapter 2

Identifying and Control Matching

Galaxy Mergers from the

IllustrisTNG Simulation

In the following chapter, I outline the methodology for the experiments presented in

my thesis. For the majority of the research presented here, I focus on the IllustrisTNG

simulation, which I summarize in detail in Section 2.1. For a summary of the Illustris

and EAGLE simulations, I refer the reader to Section 4.1. In Section 2.2, I outline the

methodology for identifying galaxy mergers from the TNG cosmological simulation.

In Section 2.3, I outline the details of the control matching schemes and comparison

samples used in my research and I define the quantitative parameter used to study

SMBH accretion rate enhancements.

2.1 Summary of the IllustrisTNG simulation

In the research presented here, I use the IllustrisTNG galaxy formation simulation

suite, hereafter TNG, which is a state-of-the-art cosmological magneto-hydrodynamic

simulation (Nelson et al. 2017; Naiman et al. 2018; Marinacci et al. 2018; Pillepich

et al. 2017a; Springel et al. 2017).

In TNG, the gravitational and hydrodynamic interactions are simulated using

the AREPO code (Springel 2010). The gravitational interactions between matter

are calculated using a Tree and Particle-Mesh, TreePM, algorithm. In general, in

the TreePM method the short-range gravitational forces on a particle are directly
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calculated between the particle and neighbouring individual or grouped particles,

and the long-range forces are estimated using Fourier techniques applied to the long-

range mass density field (Xu 1995; Springel 2005). For baryonic matter, AREPO

solves the equations of hydrodynamics of on a moving unstructured mesh, generated

using a Voronoi tessellation. The simulation volume is subdivided into cells such

that the regions of space are associated to the cell of the nearest mesh-generating

particle (Springel 2010). The Voronoi tessellation constructs a new mesh after each

time-step of the simulation, the hydrodynamic equations are then solved over the

newly generated mesh, and the velocity of the mesh-generating particle is updated

according to the cell’s flow (Springel 2010). Therefore, the moving unstructured mesh

naturally adjusts the spatial resolution similarly to smoothed particle hydrodynamic

techniques.

In addition to the hydrodynamics and gravity solvers, TNG has an extensive

galaxy physics model that includes processes for the formation and evolution of galax-

ies. The physics models of galaxy formation simulations like TNG rely on coded pre-

scriptions known as sub-grid models, to include unresolved processes such as stellar

formation and feedback, black hole accretion and feedback, and more. The galaxy

physics model of TNG builds upon the model of its predecessor, the Illustris simu-

lation (Vogelsberger et al. 2014a,b; Genel et al. 2014; Sijacki et al. 2015), however

TNG includes new and/or updated galactic scale stellar feedback, stellar population

evolution and chemical enrichment, primordial and metal-line gas cooling and heat-

ing, and multi-mode black hole feedback(Pillepich et al. 2017b). Most relevant to

the work presented here are the supermassive black hole formation, accretion, and

feedback sub-grid models, which I will summarize following Weinberger et al. (2016).

Supermassive black holes are seeded with a mass of MBH = 8 × 105 h−1M⊙ at

the centre of halos that meet a threshold mass of 5 × 1010 h−1M⊙. The black holes

can then grow via two channels, either accreting gas from the region surrounding the

black hole or by merging with other black holes.

SMBH accretion is calculated using a Bondi-Hoyle-Lyttleton subgrid model,

ṀBondi =
4πG2M2

BHρ

c3s
(2.1)

where G is the gravitational constant, MBH is the black hole mass, and ρ and cs

are the density and sound speed sampled in a kernel-weighted sphere centred on

the SMBH, labelled the accretion region. The SMBH accretion rate is capped by



19

the Eddington rate. The Eddington rate is a theoretical limit corresponding to an

accretion rate that would produce an SMBH luminosity where the radiation pressure

from the emission equalizes the gravitational collapse of material onto the SMBH.

The formula for the Eddington rate is as follows,

ṀEdd =
4πGMBHmp

ϵrσT c
(2.2)

where mp is the proton mass, ϵr is the radiative accretion efficiency, σT is the Thomp-

son cross-section, and c is the vacuum speed of light.

SMBHs are merged when the black holes are within the accretion regions of one-

another. Furthermore, in order to prevent the wandering of SMBHs away from the

halo centre, SMBHs are fixed to the local gravitational potential minima, which has

the added effect of promptly merging SMBHs when their host galaxies merge.

TNG uses a dual feedback mode model, where SMBHs will use different feedback

prescriptions depending on the SMBH accretion rate. At high accretion rates the

SMBH will use the radiative mode feedback model, and at low accretion rates it will

use the kinetic mode feedback model. The classification of high vs. low accretion is

made by calculating the ratio of the Bondi accretion rate to the Eddington accretion

rate, where a high accretion rate is defined as ṀBondi ≥ χṀEdd and χ is defined as,

χ = min

[
χ0

(
MBH

108M⊙

)β

, 0.1

]
. (2.3)

The maximum χ = 0.1 follows observational constraints set by X-ray binaries Dunn

et al. (2010), whereas the parameters χ0 and β are simulation parameters which

were tuned to 0.002 and 2 respectively in order to well replicate observations such

as SMBH scaling relations and the cosmic star formation rate history. Equation 2.3

therefore preferentially promotes low accretion states in high SMBH mass systems,

where χ(MBH) = 0.1 at ∼ 108.85M⊙.

For SMBHs with high accretion rates, the simulation uses a radiative feedback

prescription, where a fraction of the accreted mass energy is injected as thermal

energy into the region surrounding the black hole. At low accretion rates, once again

a fraction of the accreted mass energy is injected into the surrounding BH region,

however the energy injected is in the form of kinetic energy in randomized directions

away from the black hole.

In the work presented here, we use the TNG100-1 simulation run, the intermediate
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volume and resolution run of the fiducial IllustrisTNG galaxy formation model, which

has a (110.7Mpc)3 volume, a baryonic resolution of 1.4× 106M⊙, and a dark matter

resolution of 7.5× 106M⊙ (Pillepich et al. 2017b; Weinberger et al. 2016).

2.2 Identifying galaxies and mergers in IllustrisTNG

In the work presented here, I utilize a sample of post-merger galaxies from the TNG

simulation that was inherited from previous work done by Dr. Maan Hani, published

in Hani et al. (2020). The merger mass ratio determination was further improved upon

by Dr. Salvatore Quai. For completeness, I will describe the details of the merger

selection processes here, with credit to Drs. Hani and Quai as well as Dr. Dave

Patton who provided calculations of several parameters for characterizing galactic

environment.

Before selecting for galaxy mergers in the TNG simulation, a number of selection

criteria are first applied to the total galaxy sample selected from TNG, from which

post-merger galaxies are identified.

First, galaxies at redshift>1 are excluded from the sample because the increased

frequency of mergers and interactions exacerbate issues such as numerical stripping

and subhalo switching (Rodriguez-Gomez et al. 2015) making robust merger identifi-

cation more difficult. Numerical stripping occurs when the subhalo algorithm1 has a

difficult time differentiating the particles between subhalos, which often occurs when

subhalos are in close spatial proximity. The result is that the mass of the subhalo is

‘stripped’, such that the mass reported in the subhalo catalogues are lower due to al-

gorithmic error rather than true physical reasons. Similarly, subhalo switching occurs

when the algorithm which reconstructs the history of a subhalo, i.e. links subhalos

between snapshots2 in the simulation, has difficulty identifying the correct progenitor

or descendants subhalos. The switching results in a subhalo history where the object

followed in time ‘switches’ to a different object. Numerical stripping and subhalo

switching are particularly common in galaxy interactions where galaxies are in close

proximity and there can be exchanges of simulation particles between subhalos.

To ensure the selected galaxies are well resolved, a minimum stellar mass criterion

1The subhalo algorithm identifies over densities of matter, and determines the constituent parti-
cles to assign to the identified object, i.e. subhalo.

2Snapshots refer to the sequence of outputs of data from the simulation that occur at periodic
time intervals.
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of at least 1010M⊙, or ∼ 10000 particles, is applied. More specifically, the mini-

mum stellar mass ensures that, for a minimum mass ratio of 1:10, the progenitors

of the merging galaxy will have at least ∼ 1000 stellar particles, which is considered

sufficiently well resolved.

In addition to redshift and stellar mass, an additional environmental constraint

is applied to remove galaxies susceptible to numerical stripping due to close overlap

with neighbouring subhalos. Following the procedure of Patton et al. (2020), each

subhalo is assigned a calculated environmental parameter rsep,

rsep =
r

Rhost
1/2 +Rcomp

1/2

(2.4)

where r is the 3D separation of the galaxies, and Rhost
1/2 and Rcomp

1/2 are the stellar half

mass radii of the host and companion. Patton et al. (2020) demonstrated that TNG

galaxies with rsep ≲ 2 had stripped stellar mass. Therefore, the TNG galaxy sample

only includes galaxies with rsep > 2.

Once appropriate candidate galaxies from TNG have been identified, galaxy merg-

ers are identified using the merger-trees created by the SUBLINK algorithm (Rodriguez-

Gomez et al. 2015). SUBLINK associates each subhalo in TNG with the progenitor

and/or descendant subhalos. Galaxy mergers are identified by selecting nodes within

the merger trees, where nodes occur when particles assigned into distinct subhalos

at a given snapshot are subsequently assigned into the same subhalo in the following

snapshots. To calculate the mass ratio of the merger, the following steps are ap-

plied, once again, as a precaution against numerical stripping and subhalo switching.

First, the stellar mass ratio of the merger is calculated, using the stellar mass within

twice the stellar half-mass radius, for the snapshots leading up to coalescence of the

subhalos (up to a maximum of 10 snapshots). Next, the maximum and minimum

mass ratios are excluded, which will remove extreme outliers due to subhalo switch-

ing or significant numerical stripping. Finally, the mass ratio and the mass ratio

error is calculated using the average and standard deviation of the remaining mass

ratio measurements. Note that for the work presented here, mergers are defined as a

coalescence of subhalos with a stellar mass ratio within 0.1 < µ ≤ 1, and more minor

mergers, µ < 0.1, are excluded from the post-merger sample.

In the work presented here I define post-merger galaxies as galaxy mergers that

have coalesced in the previous snapshot, which corresponds to a merger event in the

window of time between snapshots (within ∼ 160 Myrs). Selecting galaxies imme-
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Figure 2.1: Distribution of the total post-merger sample in stellar mass, SMBH mass,
redshift, and mass ratio.
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diately after coalescence, and applying the galaxy selection criteria outlined above,

yields a total sample of 1973 post-merger galaxies from TNG100-1. The stellar mass,

SMBH mass, redshift and mass ratio distributions of the total post-merger sample

are shown in the dashed teal line in Figure 2.1.

2.3 Post-mergers, non-mergers, and control match-

ing algorithms

In Section 2.2, I have outlined the selection process for the total post-merger popula-

tion from TNG100-1. However, ultimately my goal is to study the SMBH accretion

rates of post-merger galaxies, specifically whether the SMBH accretion rates of the

post-merger sample differs from comparative galaxies of similar characteristics. To

this end, in addition to the post-mergers, I define a sample of non-mergers whose

properties are representative of the post-mergers. I construct a non-merger sample

in order to generate a comparative population that has the same underlying distri-

bution as the post-merger sample, and in order to contextualize how the underlying

stochasticity of SMBH accretion rates affect the measurement of accretion rate en-

hancements.

The representative non-merger sample is constructed as follows. For each of the

1973 post-mergers, I identify one non-merging galaxy that is selected to be the single

best match in redshift, stellar mass, gas mass, environment, and feedback mode (see

Section 2.3.1 for details on the necessity of feedback mode matching) that has not

undergone a merger of mass ratio µ > 0.1 within the last two Gyrs. The environment

is quantified using two parameters from Patton et al. (2020): r1 and N2. r1 is the 3D

distance to the nearest neighbour with a mass above 109M⊙ within two Mpc of the

galaxy centre. N2 is the number of neighbours within two Mpc of the galaxy centre.

The single best match is selected as an exact match in redshift and feedback mode,

and the best simultaneous match of stellar mass, gas mass, r1 and N2 following the

statistical weighting scheme of Patton et al. (2016). I therefore begin with a sample

of 1973 post-mergers and 1973 non-mergers.

In order to quantify the difference between a given physical property (e.g. SMBH

accretion rate) of an individual galaxy and the typical expected value for galaxies

of similar properties, I use a control matching algorithm to identify a sample of

comparative controls for each individual galaxy in the post-merger and non-merger
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sample. The pool of possible control galaxies consists of all galaxies from TNG

meeting the criteria outlined in Section 2.2, that have not undergone a merger of

mass ratio µ > 0.1 within the last two Gyrs. Note that when control matching the

non-mergers, I exclude galaxies that have already been assigned into the non-merger

sample from the control pool, such that no galaxy can be control matched to itself.

I begin by down-selecting the pool of potential control galaxies by imposing two

cuts (which are effectively broad matching constraints). First, I require that the

controls for a given galaxy are drawn from the same simulation snapshot, which

corresponds to matching in redshift. Second, I require that the controls for a given

galaxy are in the same instantaneous feedback mode as the post-merger (or non-

merger), using the feedback mode classification outlined in Section 2.1. The necessity

for feedback mode matching will be further discussed in Section 2.3.1.

In addition to snapshot (redshift) and feedback mode, the control galaxies for

each post-merger and non-merger are matched on several further properties. First,

the control sample is limited to galaxies whose stellar mass is matched to within

±0.05 dex. The environment is again quantified using r1 and N2. The matched

control sample is limited to galaxies within ±10% of r1 and N2. In addition, I also

limit the control sample to galaxies with a gas mass within ±0.1 dex. I allow all of

the error tolerances to grow, 0.01 dex in stellar mass, 0.1 dex in gas mass, and 10%

in r1 and N2, up to four times until at least five matched control galaxies are found.

If fewer than five control galaxies are found, then the post-merger is excluded from

the sample. On average, galaxies have to grow their error tolerances twice to meet

the required number of controls, and 410 post-merger galaxies (and 451 non-merger

galaxies) did not meet the control requirements within permitted error tolerances after

the maximum number of grows and were hence rejected from our sample. Therefore,

the final matched sample consists of 1563 matched post-merger galaxies and 1522

non-merger galaxies, with an average of 10 matched controls each. Table 2.1 outlines

the matching tolerances for the fiducial matching model used in the work presented

here.

The properties of the final post-merger and non-merger samples are shown in the

solid teal and dashed yellow lines in Figure 2.2, where the total post-merger distribu-

tion is once again shown in the dotted teal line. In general, Figure 2.2 demonstrates

the comparability between the total post-merger population and matched post-merger

and non-merger samples. However, Figure 2.2 also highlights two significant biases

in the control matching methodology. First, the control matching algorithm more
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∆M⋆ [dex] ∆Mgas [dex] ∆r1 [%] N2 [%] redshift feedback
base 0.05 0.1 10 10 exact exact
grow 0.01 0.1 10 10 0 0

Table 2.1: The fiducial matching criteria for TNG post-mergers and non-mergers.
The base error tolerance is shown in the top row, and the increase in error tolerance
(up to four times) is shown in the second row.
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Figure 2.2: Distribution of the total post-merger (dotted teal), matched post-merger
(solid teal), and matched non-merger (dashed yellow) samples in stellar mass, SMBH
mass, redshift, and mass ratio.
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commonly matches post-mergers with lower stellar masses. Such a selection bias is

expected in the range beyond ∼ 1011M⊙, since there are fewer control galaxies at

higher masses and therefore the algorithm will more commonly fail to find 5 or more

suitable controls. In fact, investigation of the ∼ 400 unmatched post-mergers reveals

the majority are of stellar mass in excess of 1011M⊙. However, there is a persistent

low stellar mass bias when comparing post-mergers of similar abundance in the total

post-merger sample (for example, post-mergers within the dotted histogram around

bins of ∼ 1010M⊙ and ∼ 1011M⊙ in stellar mass). Investigation into the stellar mass

bias determined that the inefficiency of matching higher stellar mass post-mergers is

primarily driven by the introduction of gas mass matching. More specifically, the bias

is due to the broad tail of lower gas masses that occupy high stellar mass galaxies.

Matching in gas mass therefore selects fewer control options within the gas mass error

tolerance, compared with the control options for low stellar mass and high gas mass

galaxies, and there is an increased chance that the higher stellar mass galaxy will be

unmatched. The second bias highlighted in Figure 2.2 concerns the SMBH mass of

the post-merger and non-merger galaxies. Figure 2.2 suggests that post-mergers may

be biased towards higher SMBH masses. The concerns and effects of the SMBH mass

offset is explored in detail in Section 4.4.

Figure 2.3 shows the distribution of stellar mass, gas mass, r1, and N2 for the

post-merger galaxies, shown in the teal line, and the matched control galaxies, shown

in dashed pink line. In Figure 2.3, the distributions trace one another closely, demon-

strating the success of the control matching methodology in identifying galaxies with

similar properties to the post-merger sample. Although not shown in Figure 2.3, I

note that the non-merger sample and its controls exhibit similarly closely matched

properties.

Once the control matching procedure is complete, I calculate the relative SMBH

accretion rate enhancement, ∆ṀBH , for each post-merger and non-merger galaxy as

∆ṀBH = log10(ṀBH)−median[log10(ṀBHControls)]. (2.5)

Therefore, ∆ṀBH quantifies the relative enhancement or suppression of each galaxy’s

SMBH accretion rate relative to the ‘typical’ accretion rate for a galaxy of the same

properties.
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Figure 2.3: Distribution of the parameters matched in the control matching algorithm:
stellar mass, gas mass, distance to nearest neighbour within two Mpc, and number
of neighbours within two Mpc. Post-mergers are represented with the teal line, and
the controls are represented with the dashed pink line.
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Figure 2.4: Density distribution of black hole accretion rates as a function of stellar
mass for the total sample of galaxies from TNG 100-1. The dark blue contours
represent the sample in radiative mode feedback and the orange contours represent
the sample in kinetic mode feedback.

2.3.1 Control matching tests: the necessity of feedback mode

matching in TNG

The fiducial matching scheme adopted for the work presented in this thesis diverges

from the matching criteria used in previous works which investigate mergers in TNG

by Patton et al. (2020), Hani et al. (2020), and Quai et al. (2021). In particular, the

fiducial model introduces a unique matching criterion: AGN feedback mode matching.

Feedback mode matching is introduced due to the rapid transition from high to

low accretion states that occurs in TNG when galaxies undergo kinetic AGN feedback.

In particular, Figure 2.4 demonstrates the strong bimodal distribution of SMBH ac-

cretion rates (shown on the y-axis) in the TNG galaxy sample, where galaxies in

radiative feedback mode are shown in blue and galaxies in kinetic feedback mode

are shown in red, and the galaxy stellar mass is shown on the x-axis. Figure 2.4

demonstrates that the SMBH accretion rate is strongly sensitive to the prescription
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for AGN feedback in TNG. Such an effect can present a challenge when studying the

merger induced enhancement of SMBH accretion using ∆ṀBH .

For example, consider a post-merger galaxy occupying the stellar mass range of

∼ 1010.5M⊙ which has been undergoing radiative mode feedback. The control matches

to such a post-merger galaxy would be preferentially selected from the population

undergoing kinetic mode feedback where there are statistically more galaxies in this

regime, and consequently the enhancement parameter ∆ṀBH would be very large.

However, it may be inaccurate to interpret such a result as a merger driven en-

hancement in SMBH accretion rate, particularly if the merger event did not strongly

influence the determination of the AGN feedback mode of the post-merger galaxy.

The incidence of post-mergers and controls matched across high and low accretion

states is demonstrated in Figure 2.5. In Figure 2.5, all the panels show the SMBH

accretion rate vs SMBH mass for matched TNG100-1 galaxies that have had a merger

event within redshift 0 < z < 1, shown as light blue (radiative mode galaxies) or light

red (kinetic mode galaxies) points. For each successfully matched galaxy, the median

SMBH mass and accretion rate of the identified controls is plotted as a dark blue/red

point. The left hand panels use the control matching criteria of Section 2.3 but

excluding feedback type, whereas the right hand panels show the full fiducial matching

scheme with feedback type matching. When no feedback type matching is applied (left

side panels), a significant number of controls are selected which occupy accretion rates

offset by ∼ 2 dex from the average accretion rate of the post-mergers. In comparison,

for the matching scheme including feedback mode, we see that there is no longer a

significant number of controls that have median accretion rates significantly offset

from the post-merger population. I therefore include feedback type in the control

matching criteria for all TNG experiments unless specifically stated otherwise.

The enforcement of an AGN feedback mode matching criteria results in two no-

table constraints to the work presented in this thesis. Firstly, the feedback matching

criteria limits the scope of the work presented here to merger driven enhancements

within the high and low accretion states, but not between accretion states. Therefore,

merger induced enhancements which may result in a transition from low to high accre-

tion states will be either discarded from the post-merger sample (if suitable controls

cannot be found) or the enhancement strength will be suppressed in the calculation

of ∆ṀBH (if controls are selected from within the same feedback type). Furthermore,

such a limitation will preferentially affect higher mass post-mergers as they are pre-

dominantly in the low accretion state and kinetic feedback mode, and therefore able to
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Figure 2.5: The distribution of SMBH mass and accretion rate for all TNG100-1
galaxies within redshift 0 < z < 1 (light blue/red) and the median SMBH mass
and accretion rate of matched controls (dark blue/red). The population in radiative
mode feedback is shown in blue and kinetic mode feedback shown in red. The left
hand plots show the comparison of galaxies and controls when AGN feedback mode
matching is not included, and the right hand plots show the comparison when AGN
feedback mode matching is included.

transition to the high accretion state due to a merger driven accretion enhancement.

2.4 Chapter summary

To summarize, in the research presented here I utilize a sample of post-merger galaxies

identified from the IllustrisTNG cosmological galaxy formation simulation, specifically

the TNG100-1 run of the TNG simulation suite. Post-mergers are identified using

merger-trees, whereby the post-merger sample consists of galaxies that have coalesced

within the last ∼ 160 Myrs. For each post-merger from TNG100-1, I identify control
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galaxies that have not undergone a merger event with the past 2 Gyrs that are

matched to post-mergers on stellar mass, gas mass, environment, redshift, and AGN

feedback mode. I then calculate the relative enhancement or suppression of the SMBH

accretion rate, ∆ṀBH , defined in Eq. 2.5. For direct comparison, I also select a

representative population of non-mergers that match the characteristics of the post-

merger sample, for which I also calculate ∆ṀBH . The final sample of matched post-

merger galaxies studied in the following chapter consists of 1563 galaxies, with 1522

non-merger comparisons.
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Chapter 3

Supermassive Black Hole

Accretion Rate Enhancements in

IllustrisTNG Post-Merger Galaxies

In the following chapter, I study in detail the enhancement of SMBH accretion rate in

TNG post-mergers. Applying the methodology of the previous section, I investigate

the distribution of SMBH accretion rate enhancements in the post-merger sample

in Section 3.1. In Sections 3.1.1 and 3.1.2, I break down the SMBH accretion rate

enhancements in terms of host galaxy properties and look at the timescale for a

population averaged signal of enhancement. In Section 3.2, I look at the connection

between SMBH accretion and star formation rate enhancements, as a population

average (Section 3.2.1) and on a galaxy by galaxy basis (Section 3.2.2). Finally, in

Section 3.3, I investigate the incidence of high accretion rate events in post-mergers

(Section 3.3.1) and the contribution of mergers to the overall AGN population (Section

3.3.2).

3.1 SMBH accretion rate enhancements in the Il-

lustrisTNG post-mergers

Recall from Section 2.3 that for every galaxy in the post-merger and non-merger

samples, I calculate the relative SMBH accretion rate enhancement or suppression

∆ṀBH . The first result of my research concerns the distribution of ∆ṀBH shown

in Figure 3.1. The distribution of the post-merger sample is shown in the teal line,
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Figure 3.1: Histogram of accretion rate enhancements for the post-merger population
and non-merger population. Post-mergers are represented with the teal line, and
non-mergers are represented with the dashed yellow line. The median enhancement
of the post-merger sample is 0.23 dex.
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and the non-merger sample is shown in the yellow dashed line. The non-merger

population peaks at 0 dex, consistent with no enhancement, as expected from its

construction. Nonetheless, the non-merger distribution provides a useful reference

to characterize the ‘natural’ stochasticity of SMBH accretion rates. In fact, both

populations show a similar distribution of ∆ṀBH , ranging from 100 times enhanced to

100 times suppressed accretion rates relative to controls, demonstrating the variability

on a galaxy by galaxy basis. In contrast to the non-mergers, the post-merger sample

peaks at a positive accretion rate enhancement, with a median enhancement of 0.23

dex, corresponding to an enhancement of ∼ 70%. Figure 3.1 therefore demonstrates

a key result of my research, that mergers in TNG, on average, have an elevated

accretion rate in the post-merger phase.

3.1.1 SMBH accretion rate enhancements and host galaxy

properties

Figure 3.1 also demonstrates that not all post-mergers have accretion rate enhance-

ments. In particular, I wish to test which galaxy parameters, if any, are most impor-

tant in producing SMBH accretion rate enhancements and if any parameters correlate

with the strength of the enhancements.

Figure 3.2 shows the SMBH accretion rate enhancement of the post-merger and

non-merger samples as a function of redshift. The full distribution of the post-merger

sample is shown in the background density plot, and the foreground points are the me-

dian accretion enhancement for the post-merger sample (teal circles) and non-merger

sample (yellow squares) within equally spaced bins of redshift. The errorbars repre-

sent the standard error on the median within each bin. The median accretion rate

enhancement of the post-merger sample is consistently above 0 across the redshift

range. I present both the median enhancement points and the background distri-

bution to emphasize that while there is a bias for positive median ∆ṀBH in post-

mergers, not all post-mergers show accretion rate enhancements. Overall, neither

sample (post-mergers nor non-mergers) show any significant dependence on redshift,

indicating that the merger process elevates accretion rates out to at least z = 1 (the

limit of our sample selection).

I find a similarly consistent result looking at the dependence of SMBH accretion

rate enhancements on stellar mass, shown in Figure 3.3. As expected, the non-merger

sample has accretion rate enhancements consistent with zero at all stellar masses. In
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Figure 3.2: Accretion rate enhancements of post-merger galaxies for different red-
shifts. The background density plot shows the distribution of ∆ṀBH for the post-
merger sample, and the foreground points represent the median value at that redshift.
The teal circles are the median post-merger ∆ṀBH and the yellow squares are the
median non-merger ∆ṀBH . The error on the x-axis represents the bin width for each
data point, and the error on the y-axis is the standard error on the median for that
redshift bin.
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Figure 3.3: Accretion rate enhancements of post-merger galaxies for different stellar
masses. The background density plot shows the distribution of ∆ṀBH for the post-
merger sample, and the foreground points represent the median value at that stellar
mass. The teal circles are the median post-merger ∆ṀBH and the yellow squares are
the median non-merger ∆ṀBH . The error on the x-axis represents the bin width for
each data point, and the error on the y-axis is the standard error on the median for
that stellar mass bin.
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contrast, for the post-mergers, I find that the median accretion rate enhancement is

consistently above zero for all of the stellar mass domain. I therefore find that the

SMBH accretion rates are consistently enhanced, on average, at all stellar masses

within our control matched sample. However, I note that the control matched sample

is incomplete in the higher stellar mass regime exceeding ∼ 1011M⊙ (recall Section

2.3).

Figure 3.4 shows the accretion rate enhancements as a function of the gas mass

(top panel) and gas fraction (bottom panel) of the post-merger or non-merger sam-

ples. In the top panel, I find that for a gas mass less than ∼ 109M⊙, the median

enhancements of the post-merger sample are not significantly distinct from the non-

merger sample, with the exception of the two lowest gas mass points at ∼ 108.1−8.4M⊙.

However in the regime of > 109M⊙, post-mergers consistently show enhancements in

SMBH accretion rate, suggesting that post-mergers of a lower gas mass are less likely

to have enhanced accretion rates. In addition, at gas masses above 109M⊙, non-merger

galaxies do not show enhanced accretion rates, demonstrating that the presence of a

large amount of gas does not guarantee higher than average accretion rates.

I find a qualitatively consistent result looking at the gas fraction, shown in the

bottom panel of Figure 3.4. Post-mergers with a lower gas fraction have low to no

relative accretion enhancements. Once again, there is some evidence for an exception

to this trend at the lowest gas fraction. However, I caution that the poor statistics at

lower gas mass and gas fraction make the median data point more susceptible to the

variability of ∆ṀBH on a galaxy by galaxy basis. Therefore, Figure 3.4 suggests that

the presence of a significant amount of gas is an essential, but insufficient criterion

to produce accretion rate enhancements. Instead, it is essential that the merger

generates a mechanism for driving an excess of gas towards the central SMBH whence

it can accrete.

Finally, Figure 3.5 shows ∆ṀBH for post-merger galaxies of different merger mass

ratios. I note that in this plot, I only include galaxies with a merger mass ratio error

(defined in Chapter 2) of σµ ≤ 0.1, which excludes 130 galaxies from the sample of

1563 post-mergers. By visual inspection, I do not find a strong relationship between

the strength of the accretion rate enhancement and the merger mass ratio. In fact,

the majority of enhancements are consistent, within error, with the overall sample

accretion rate enhancement of 0.23 dex. I further confirm weak correlation with a

statistical Pearson correlation test, which yields a correlation coefficient of ∼0.1.

The lack of correlation between ∆ṀBH and mass ratio is somewhat contradictory
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Figure 3.4: Accretion rate enhancements of post-merger galaxies for different Mgas

(shown in top panel) and gas fractions (shown in bottom panel). The gas mass is the
sum of all gas particles within twice the stellar half-mass radius. The gas fraction is
the ratio of the gas mass to the baryon mass (gas mass + stellar mass) within twice
the stellar half-mass radius. The background density plot shows the distribution of
∆ṀBH for the post-merger sample, and the foreground points represent the median
value at that Mgas of gas fraction. The teal circles are the median post-merger
∆ṀBH and the yellow squares are the median non-merger ∆ṀBH . The error on the
x-axis represents the bin width for each data point, and the error on the y-axis is the
standard error on the median for that Mgas or gas fraction bin.
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Figure 3.5: Accretion rate enhancements of post-merger galaxies for different merger
mass ratio. The background density plot shows the distribution of ∆ṀBH for the
post-merger sample, and the foreground points represent the median value at that
mass ratio. The error on the x-axis represents the bin width for each data point, and
the error on the y-axis is the standard error on the median for that mass ratio bin.
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to previous simulation results. For example, Capelo et al. (2015) find mass ratio

to be the most important factor influencing SMBH accretion rate in a suite of high

resolution binary merger simulations. However, there are notable differences between

the experiments of Capelo et al. (2015) and the work presented here. First of all, in

the suite of ideal binary mergers used in Capelo et al. (2015), one is able to isolate the

effect of varying the merger mass ratio while keeping other merger parameters such

as the orbital geometry and gas fraction constant. In contrast, my results looks at a

population averaged enhancement and is therefore subject to the variable conditions

of every individual merger. In addition, Capelo et al. (2015) comment on the role

of resolution in their result, and that some of the torques generated in the galaxy

interaction require high resolution simulations in order to be resolved. Finally, my

result should not be interpreted as mass ratio having zero role in regulating gas

inflows. Instead, Figure 3.5 demonstrates that, once the full demographic of merger

properties is sampled, mass ratio is not a dominant factor in predicting the strength

of a SMBH accretion rate enhancement.

3.1.2 Timescale of population averaged SMBH accretion rate

enhancements

I have thus far demonstrated that post-merger galaxies show, on average, enhanced

accretion rates when compared to matched controls, a result which is in agreement

with previous theoretical studies that demonstrate merger driven gas inflows (Di

Matteo et al. 2005; Springel et al. 2005; Hopkins et al. 2008). However, the timescales

of enhanced SMBH accretion rates are crucial to understanding the influence of the

merger beyond the immediate post-merger phase, and the role of merger induced

accretion rate enhancements on a galaxy’s evolution.

To study the timescales of accretion rate enhancements, I perform an experiment

following the procedure of Hani et al. (2020) (which studied the population averaged

timescales of SFR enhancements). I calculate a ∆ṀBH for post-merger galaxies in the

snapshots following coalescence. Specifically, I re-select control galaxies for my post-

merger in the subsequent snapshots, following the same matching criteria as Chapter

2. Therefore, a galaxy at snapshot N will not be matched to the same controls in the

subsequent snapshot N+1 if the controls fall out of the acceptable matching criteria

and tolerances specified in Chapter 2.

Figure 3.6 shows the evolution of SMBH accretion rate enhancements in post-
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Figure 3.6: Running median of the accretion rate enhancement, shown in teal. The
error of the shaded region represents the 25th and 75th percentiles associated with
the median for the time post-merger bin.

mergers for increasing time post-merger. The median SMBH accretion rate enhance-

ment is shown in the teal line, where the shaded region represents the 25th and 75th

percentiles. I find that, on average, SMBH accretion rate enhancements persist for

up to two Gyrs post-merger. A long-lived accretion rate enhancement may seem

to be in contradiction with the short lived (tens-hundreds of Myrs) high accretion

rate events observed in previous simulation studies (Di Matteo et al. 2005; Springel

et al. 2005; Hopkins et al. 2008). However I emphasise that the relative enhancement

variable ∆ṀBH is subtly different from an enhanced absolute accretion rate. Figure

3.6 demonstrates that post-mergers sustain a population-averaged enhanced accre-

tion rate relative to matched controls, which does not necessarily correspond to a

long lived high accretion rate event in an individual galaxy. A long-lived population

average suggests that the dynamical disturbance that leads to higher than normal

feeding of the SMBHs persists for up to ∼ 2 Gyrs in TNG100-1.

In conclusion, I find that the overall population of post-mergers show a significant

averaged signal of enhanced SMBH accretion rates. I find that the enhancement in
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SMBH accretion rates is persistent across the entire redshift and stellar mass range

of the post-merger sample, but is dependent on a presence of a sufficient amount of

gas in the post-merger galaxy. I also find there is no significant trend between the

relative strength of the SMBH accretion rate enhancement and the merger mass ratio,

suggesting that major mergers, on their own, are not much more likely to produce

stronger relative enhancements of SMBH accretion rates than the more common minor

mergers.

3.2 Co-incidence of SMBH accretion rate and star

formation rate enhancements

In Section 3.1 I focused exclusively on the SMBH accretion enhancements of post-

merger galaxies. However, I am also interested in investigating the temporal correla-

tion, or lack there-of, between star formation rate enhancements and SMBH accretion

rate enhancements. Numerous observational studies have looked for a starburst-AGN

connection, motivated by the possible causal connection associated with gas inflows.

However, few find evidence for a connection between AGN and high star formation

rate outside of the most luminous systems Rowan-Robinson (1995); Schweitzer et al.

(2006); Lutz et al. (2010); Shao et al. (2010); Santini et al. (2012); Rosario et al.

(2013). Some simulation studies explain the lack of connection as a consequence of

the high variability in AGN activity on short timescales (Hickox et al. 2014; Volon-

teri et al. 2015b). In the context of my research, I am interested in whether there

is evidence for a starburst-AGN connection in the cosmological post-merger sample,

and whether host galaxy properties affect the correlation between star formation and

SMBH accretion rate enhancements. To this end, I also calculate star formation rate

enhancements for the post-merger sample,

∆SFR = log10(SFR)−median[log10(SFRControls)], (3.1)

where the star formation rate is the sum of star formation rates for all cells within

twice the stellar half-mass radius. The calculation of ∆SFR uses the same matching

criteria as outlined in Chapter 2, with one additional matching criterion following

the procedure of Hani et al. (2020). As was demonstrated in Hani et al. (2020), it is

important that galaxies be matched within a classification of star forming or passive
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Figure 3.7: Running median of the accretion rate enhancement (teal) and star forma-
tion rate enhancement (purple) over the time post-merger. The error of the shaded
region represents the 25th and 75th percentiles associated with the median for the
time post-merger bin.

in order to avoid (spuriously) large/small values of ∆SFR, similar to the necessity

for feedback type matching when calculating ∆ṀBH . Passive galaxies are defined

as galaxies which lie more than 2σ below the star forming main sequence, where I

calculate the star forming main sequence by applying a linear fit to TNG100-1 galaxies

with stellar mass between 109−10.2M⊙ and between redshift 0 to 1, and extrapolate

the linear fit to higher stellar masses following the procedure of (Donnari et al. 2019).

In this way, post-merger star-forming galaxies are matched to star-forming controls

and passive post-mergers are matched to passive controls.

Figure 3.7 shows the evolution of star formation rate enhancements with increasing

time post-merger in the purple line, where once again the shaded region represents

the 25th and 75th percentiles. I recover the result of Hani et al. (2020), who find

that, on average, post-merger galaxies demonstrated star formation rate enhance-

ments, and that the enhancements persisted for up to ∼ 500 Myrs after the merger,

consistent with previous simulation studies (Di Matteo et al. 2008) and observational
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estimates (Wild et al. 2010). I note that the magnitude of the enhancement in the

work presented here is lower than the fiducial model of Hani et al. (2020), which

may be attributed to the difference in matching schemes, most specifically the inclu-

sion of gas mass matching which is demonstrated in Hani et al. (2020) to reduce the

magnitude of SFR enhancements.

Comparing the averaged star formation and SMBH accretion rate enhancements,

I find that SMBH accretion rate enhancements are significantly longer lived than star

formation rate enhancements. In fact, the ∼ 1.5-2 Gyr long relative enhancement of

SMBH accretion rate may be consistent with the results of Volonteri et al. (2015a),

who find that the SMBH accretion rates of merger remnants can remain sufficiently

high such that the luminosity of the AGN is dominant over the stellar luminosity up

to 1.5 Gyrs after the merger.

3.2.1 SMBH accretion and star formation rate enhancements

in radiative vs. kinetic mode feedback galaxies

In Figure 3.7, I present the population averaged behaviour of ∆ṀBH and ∆SFR in

the post-merger sample. However, not all galaxies show positive SMBH accretion rate

or SFR enhancements (recall Figure 3.1). In particular, the results of Section 3.1.1

suggest that gas poorer galaxies do not exhibit, on average, accretion rate enhance-

ments. I therefore regenerate Figure 3.7, where I split the post-merger population

based on the instantaneous feedback mode, which separates the post-mergers with

high absolute accretion rates (radiative mode) from low absolute accretion rates (ki-

netic mode). In addition, the feedback mode separation also broadly separates lower

mass, gas rich galaxies (radiative mode) from higher mass, gas poor galaxies (kinetic

mode).

Figure 3.8 shows SMBH accretion rate enhancements and SFR enhancements,

separated into the radiative mode, shown in blue, and kinetic mode, shown in red. In

the top panel, which shows the SMBH accretion rate enhancements, I find that both

populations show, on average, positive accretion rate enhancements within two Gyrs

of coalescence. The radiative mode feedback population has a higher peak accretion

rate enhancement right after coalescence of ∼ 0.3 dex compared with an enhancement

of ∼0.2 dex in the kinetic mode feedback population. The lower median accretion

rate enhancements in kinetic mode feedback galaxies is consistent with Section 3.1.1,

demonstrating that accretion rate enhancements are lower in higher mass gas poor
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Figure 3.8: Running median of the accretion rate enhancement (top panel) and the
star formation rate enhancement (bottom panel) over the time post-merger. The
dark blue line represents the population in radiative mode feedback, and the orange
points represent the population in kinetic mode feedback. The solid lines show the
star formation rate measured within twice the stellar half-mass radius. The dashed
lines represent the star formation rate enhancement calculated in a smaller aperture
of one stellar half-mass radius. The error on the y-axis represents the 25th and 75th
percentiles associated with the median ∆ṀBH and ∆SFR for the time post-merger
bin.
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galaxies.

The bottom panel of Figure 3.8 shows the star formation rate enhancement sepa-

rated by feedback mode. In addition to the solid lines, which show the star formation

rate enhancement calculated within twice the stellar half-mass radius, I also calcu-

late ∆SFR within one stellar half-mass radius, shown in the dashed line. I include

a second radius in order to compare the behaviour of the star formation rates on a

global and central scale.

Starting with the solid lines in Figure 3.8, I find that the two feedback modes

show different behaviour in the first 500 Myrs post-merger. Radiative mode feedback

galaxies show star formation rate enhancements for ∼ 500 Myrs after the merger,

demonstrating that galaxies in radiative mode feedback, on average, have both accre-

tion rate and star formation rate enhancements within the first few hundred Myrs.

In contrast, kinetic mode feedback galaxies show a relative star formation suppres-

sion for 500 Myrs after the merger. Therefore, despite an increased supply of gas,

resulting in enhanced SMBH accretion rates, kinetic mode post-mergers display lower

than average rates of star formation within ∼ 500 Myrs of coalescence. The suppres-

sion of star formation rate in galaxies with kinetic mode feedback is likely influenced

by the relationship between star formation quenching and kinetic mode feedback in

TNG (Davies et al. 2020; Luo et al. 2020; Terrazas et al. 2020; Nelson et al. 2021; Pi-

otrowska et al. 2021). I will discuss the implications of this result within the context

of galaxy quenching in more detail in Chapter 5.

Returning to Figure 3.8, I now focus on the dashed lines, which represent the star

formation rate enhancement calculated within one stellar half-mass radius, ∆SFRhalf.

In particular, ∆SFRhalf allows me to explore a possible explanation for the differ-

ence in timescales between ∆ṀBH and ∆SFR. It is important to note that the

enhancement in accretion rate is measured in the accretion region, within the cells

in the immediate vicinity of the black hole particle. In contrast, the star formation

rate used to calculate ∆SFR is measured globally within twice the stellar half-mass

radius. It is possible that the star formation rate enhancement is ‘diluted’ when

sampling the global star formation rate, resulting in shorter lived lifetimes. Com-

paring the solid lines, ∆SFR, with the dashed lines, ∆SFRhalf, demonstrates how

a more centralized aperture, although still much larger in spatial extent than the

BH accretion region, affects the lifetimes of the star formation rate enhancements.

For the radiative feedback mode galaxies, we see that the SFR enhancement peak is

higher, reaching almost 0.4 dex. We also see that the enhancement is slightly longer
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lived. In the kinetic mode galaxies, we see that the star formation rate is slightly

enhanced within the ∼500 Myr window, demonstrating relative star formation rate

enhancements within a more centralized aperture, despite a suppressed global star

formation rate. The different behaviour in the global vs. central star formation rate

enhancements may reflect the way that the global star formation rate reacts to the cu-

mulative energy input from AGN feedback Terrazas et al. (2020), whereas the central

star formation rate is enhanced due to the enhanced central gas densities associated

with the merger.

3.2.2 Co-incidence of SMBH accretion and star formation

rate enhancements on a galaxy by galaxy basis

I have thus far demonstrated that, on average, there is a co-incidence of SMBH

accretion and star formation rate enhancements within the first few hundred Myrs of

coalescence. However, I can also test the co-incidence of enhancements on a galaxy

by galaxy basis. In order to compare ∆ṀBH and ∆SFR on a galaxy by galaxy

basis, I re-calculate ∆ṀBH and ∆SFR using a single matching criteria, modifying

the fiducial matching scheme to include the star forming vs passive classification

discussed previously. To be specific, for each post-merger, I identify a set of suitable

controls matched in redshift, stellar mass, feedback mode, environment, gas mass,

and star forming or passive classification and calculate ∆ṀBH and ∆SFR relative to

the same set of controls.

Figure 3.9 shows the distribution of ∆ṀBH and ∆SFR in three time bins, moti-

vated by the result of Figure 3.7. The percentages of galaxies occupying each quadrant

is shown in Figure 3.9; a high occupation fraction in the top right quadrant would be

indicative of an excess of simultaneous enhancements. I find that within 200 Myrs

of the merger, 42% of post-mergers have both an SMBH accretion rate and SFR

enhancement, corresponding to a bias for post-mergers to occupy the top right quad-

rant. However, despite a bias for the top right quadrant, the majority of post-mergers

(the remaining 58%) occupy the other three quadrants, demonstrating that the star

formation and SMBH accretion rate processes are not generally synchronized in post-

mergers. For each panel, I perform a Pearson correlation test, with the correlation

coefficient quoted in the light blue textbox. The correlation coefficient is strongest

within 200 Myrs of the merger and decreases with each subsequent time bin. How-

ever, even in the shortest time-since-merger interval, the correlation between SFR
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Figure 3.9: Accretion rate enhancements vs star formation rate enhancements, where
each panel represents bins of time post-merger (TPM in Gyrs), since the most recent
1:10 mass ratio merger. The percentages represent the number of galaxies within
each quadrant relative to the total number of galaxies in the panel. The Pearson
correlation coefficient is shown in the light blue text box.
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and SMBH accretion rate enhancements is modest (correlation coefficient = 0.28). I

therefore demonstrate that the synchronicity or correlation between SFR and SMBH

accretion rate enhancements is affected by the timescale on which the galaxy is ob-

served. I also demonstrate that a significant correlation between ∆ṀBH and ∆SFR is

only present in the first few hundred Myrs post-merger, consistent with the timescale

of temporally correlated SFR and SMBH accretion rates in Volonteri et al. (2015b).

Finally, I find that even within 200 Myrs of coalescence, the majority of post-mergers

do not have synchronized ∆SFR and ∆ṀBH .

Considering how the majority of post-mergers do not demonstrate synchronicity

in SFR and SMBH accretion rate enhancements, I now test the effect of gas mass

and mass ratio on the synchronicity of ∆ṀBH and ∆SFR within 200 Myrs of the

merger. Figure 3.10 shows the distribution mergers within 200 Myrs of coalescence in

∆ṀBH and ∆SFR space, separated into bins of mass ratio and gas mass. The panels

are organized such that gas mass is increasing from top to bottom and mass ratio is

increasing from left to right. I note that the separation between major and minor

mergers (µ=0.5) is based on common practice from literature, whereas the separation

between ‘gas poor’ and ‘gas rich’ (Mgas = 109.75 M⊙) was chosen such that it roughly

separates the post-merger population in half.

The post-mergers in the bottom row of panels, corresponding to a gas mass

109.75−11M⊙, demonstrate that the majority of gas-rich post-mergers have both posi-

tive ∆ṀBH and ∆SFR (i.e. over 50% are in the top right quadrant). However, the

correlation coefficient is lowest in the ‘minor’ mergers. In fact, comparing the bot-

tom left panel (gas-rich ‘minor’ mergers) to the bottom right panel (gas-rich major

mergers), I find that gas-rich major mergers are more likely to have synchronicity

(51% compared with 76%). I also find that overall, gas rich major mergers are more

likely to produce SMBH accretion rate enhancements (68% have a positive ∆ṀBH

compared with 89%).

The panels of the top row, corresponding to gas mass 107−9.75M⊙, show a slight

bias for galaxies to occupy the left-side quadrants, corresponding to suppressed star

formation rates (compared with controls). A star formation rate suppression in lower

gas mass post-mergers is consistent with the results of Section 3.1.1 as well as the

results of Figure 3.8. I emphasize that the gas mass used in the work presented here

is that of the galaxy post-coalescence, an important distinction when comparing my

results with previous work such as Di Matteo et al. (2007) and Scudder et al. (2015).

Specifically, Di Matteo et al. (2007) do not find a strong dependence of star formation
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Figure 3.10: Accretion rate enhancement vs star formation rate enhancement for
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rate enhancement on the initial gas mass (i.e. the amount of gas available just before

coalescence), while Scudder et al. (2015) find that galaxies with the lowest initial

gas fraction have the highest SFR enhancements due to interactions. The results of

my work demonstrate that star formation rate enhancements are less likely in post-

mergers with a low post-coalescence gas mass. The dependence of ∆SFR on gas

mass may be explained, in part, by the correlation between SFR and gas fraction

(as was demonstrated in Scudder et al. 2015 and Hani et al. 2020). However, I find

lower SMBH accretion rate enhancements and star formation rate enhancements in

gas poor post-mergers despite matching explicitly on gas mass. Returning to the top

right panel of Figure 3.10, I find that the bias for negative ∆SFR is present even in

the highest mass ratio mergers, suggesting that even major mergers are not likely to

have star formation rate enhancements if they have a low gas mass.

Overall, Figure 3.10 demonstrates that the strongest bias for synchronicity and

the strongest correlation (coefficient=0.47) occurs in gas-rich major mergers.

In summary, in this section I have investigated the co-incidence of SMBH accretion

and star formation rate enhancements both as a population average and on a galaxy

by galaxy basis. I find that the population averaged enhancements only overlap within

the first few hundred Myrs of coalescence. Furthermore, I find that the co-incidence

of positive ∆ṀBH and ∆SFR is only present, on average, in galaxies instantaneously

undergoing radiative mode feedback. However this result is affected by the aperture

in which the star formation rate is calculated. On a galaxy by galaxy basis, I find the

majority of post-mergers do not have synchronized enhancements in SMBH accretion

rate and star formation rate. I also find the strongest co-incidence of positive ∆ṀBH

and ∆SFR and the strongest correlation between the two enhancements in gas rich

major mergers.

3.3 Consequences for the AGN-Merger connection

Recall from Section 1.3.3 that there exists significant debate amongst observational

literature regarding the triggering of AGN in galaxy mergers, and the importance of

galaxy mergers in contributing to the overall population of AGN. In the following

section, I present two experiments designed to tackle the following questions about

the AGN-merger connection in TNG: what fraction of mergers ‘trigger’ an AGN and

what fraction of AGN have had a recent merger?
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3.3.1 What fraction of mergers ‘trigger’ an AGN?

In my first experiment, I am interested in quantifying what fraction of all post-

mergers will have a high accretion rate event within 500 Myrs of coalescence. For

reference, I compare the fraction of mergers that experience a high accretion rate

event within 500 Myrs of coalescence to the fraction of non-mergers that similarly

experience a high accretion rate event within a 500 Myr long observation window. To

begin, I define an enhancement fraction, fenhanced, as the number of galaxies that have

a SMBH accretion rate at or above a cutoff Ṁ cutoff
BH divided by the total number of

galaxies in the sample. Figure 3.11 shows the fraction of enhanced galaxies for the

post-merger and non-merger samples. The top panel shows the enhancement fraction

as a function of Ṁ cutoff
BH , for the post-merger samples shown in the solid line and the

non-merger samples shown in the dashed line. The bottom panel shows the ratio

of the post-merger to non-merger fractions, or the fractional excess of post-mergers

to non-mergers that achieve an accretion rate exceeding Ṁ cutoff
BH within 500 Myrs.

The accretion rate in units of bolometric luminosity is shown along the top axis,

where I calculate Lbol as 10% of the accretion mass energy, or 0.1ṀBHc
2, as 10% is a

commonly used scaling factor for the radiative efficiency of AGN (Weinberger et al.

2016).

The top panel of Figure 3.11 demonstrates that ∼ 60% of post-merger galax-

ies have accretion rates exceeding Lbol > 1043erg/s within 500 Myrs of the merger.

However, I find that 50% of non-merger galaxies also have an AGN phase of Lbol >

1043erg/s, demonstrating that accretion rate events exceeding Lbol > 1043erg/s are

common in both samples, though slightly more common in the post-mergers. Al-

though the absolute fraction of galaxies with an AGN phase decreases with increas-

ing luminosity (as expected), I find that there is a growing excess in the fraction

of post-mergers that undergo an AGN phase for higher AGN luminosities. There-

fore, although fewer than 10% of post-mergers will achieve accretion rates exceeding

Lbol > 1045erg/s, four times more AGN appear in the post-merger sample than the

non-merger sample. Overall, I find that post-mergers are more likely to have an AGN

phase than a non-mergers with an increasing excess as a function of luminosity, which

is consistent with results from the Magneticum Pathfinder simulation (Steinborn et al.

2018) and the EAGLE simulation (McAlpine et al. 2020), as well as complimentary

to Bhowmick et al. (2020) who find that high luminosity AGN are more likely to

appear in environments with a higher density of SMBHs in IllustrisTNG.
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Figure 3.11: Shown on the top panels is the fraction of galaxies that have a SMBH
accretion rate at or higher than Ṁ cutoff

BH within a period of 500 Myrs, relative to the
total number of galaxies. The teal line corresponds to the post-merger sample and
the yellow dashed line is the non-merger sample, as defined in Section 2.3. The top
x-axis of the Figure shows the corresponding AGN luminosity, calculated as Lbol =
0.1ṀBHc

2. The bottom panel shows the ratio of the fraction of post-merger galaxies
to non-merger galaxies. This is the fractional excess of post-mergers that have an
accretion rate at or higher than the cutoff relative to the non-merger sample. The
error in the shaded region is the Poisson error reflecting the number of galaxies.
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Figure 3.12: The teal line shows the fraction of galaxies that have had a merger of
mass ratio greater than 1:10 within 500 Myrs. The x-axis defines the sample used
to calculate the merger fraction from left to right, where only galaxies with a black
hole accretion rate of at least Ṁ cutoff

BH are included in the calculation of the merger
fraction. The top x-axis shows the corresponding AGN luminosity, calculated as
Lbol = 0.1ṀBHc

2. The error in the shaded region is the Poisson error reflecting the
number of galaxies. The horizontal dashed line represents the overall merger fraction
of the sample, ∼3%, for all galaxies in IllustrisTNG with stellar mass of at least
1010M⊙ and a redshift < 1.

3.3.2 What fraction of AGN are recent mergers?

In my second experiment, I consider what fraction of galaxies with high accretion rates

are recent mergers. In Figure 3.11, I demonstrated that galaxies in the post-merger

sample are more likely to have an AGN phase than those in the non-merger sample.

However, post-mergers are rare in both IllustrisTNG and the observed universe and

thus may not be the major pathway to AGN triggering. Therefore, in this experiment

I aim to quantify the contribution of recent mergers to the total AGN population in

the simulation.

To investigate the merger fraction of AGN, I first define an ‘AGN sample’ by

selecting all galaxies that have a SMBH accretion rate at or above Ṁ cutoff
BH . In this
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experiment, the merger fraction is defined as the fraction of galaxies that have had

a merger, of a mass ratio of at least 1:10, in the last 500 Myrs. Figure 3.12 shows

the merger fraction as a function of the cutoff accretion rate. The x-axis defines the

AGN sample, which will consist of all galaxies with accretion rates at or exceeding

Ṁ cutoff
BH (and meeting the selection criteria outlined in Chapter 2, i.e M⋆ > 1010M⊙

and z < 1). Once again, I show the equivalent bolometric luminosity along the top

axis, calculated as Lbol = 0.1ṀBHc
2. In Figure 3.12, I find that the merger fraction

increases as a function of accretion rate (or, equivalently, luminosity). The horizontal

dashed line represents the total merger fraction for all the selected galaxies from

IllustrisTNG up to redshift 1, ∼ 3%. We see that the merger fraction of the AGN

sample exceeds the total fmerger around Lbol ∼ 1044erg/s. Therefore, there is no

significant luminosity dependence of the merger fraction for Lbol ≲ 1044erg/s. At the

highest accretion rates, the merger fraction peaks at approximately 13%.

Although there is a luminosity dependence on the merger fraction for Lbol ≳

1044erg/s, I find that recent mergers never dominate the AGN sample. This result is

once again consistent with the results of Steinborn et al. (2018) and McAlpine et al.

(2020) for the Magneticum Pathfinder and EAGLE simulations. Our result would

also agree with the observational findings of Villforth et al. (2014, 2017), who do

not find a dominant presence of mergers in high luminosity AGN, but is in contrast

to observations which find the majority of high luminosity AGN are recent mergers

Bennert et al. (2008); Treister et al. (2012); Glikman et al. (2015).

Although I find that in IllustrisTNG, recent mergers do not dominate the AGN

population even at high luminosities, I cannot exclude the possibility that galaxies

with recent pair interactions could contribute to a fraction of the remaining ∼90%

of galaxies at or above 1045 erg/s. There may also be minor mergers that are not

accounted for in the merger fraction. However, the result of Figure 3.12 also supports

a scenario where secular processes play a significant role in fueling even the highest

luminosity AGN (at least in the redshift regime 0-1). I therefore conclude that post-

mergers contribute more significantly to the population of high luminosity AGN, but

they are non-dominant over the entire luminosity range presented here.
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Chapter 4

SMBH Accretion Rate

Enhancements in the Illustris and

EAGLE Simulations

In the research presented in Chapter 3, I focused on an in depth analysis of post-

mergers from the IllustrisTNG cosmological simulation. However, IllustrisTNG is

only one of a number of modern state-of-the-art cosmological scale galaxy formation

simulations which may or may not demonstrate enhanced SMBH accretion rates in

post-mergers. One might expect post-mergers to behave the same between cosmologi-

cal simulations, as there are often many similarities in the galaxy physics models, and

the simulations are tuned to reproduce specific benchmarks of galaxy realism, such

as morphological diversity and a star forming and quenched population. However,

there are also important differences, particularly in the subgrid recipes for SMBH

accretion and feedback, that can lead to significant differences between simulations.

For example, different simulations may produce both a star forming and quenched

galaxy population, but may disagree as to whether it is the inner or outer stellar

regions which quench first and the associated timescales for quenching in different

types of galaxies (Starkenburg et al. 2019; Walters et al. 2022). In addition, many

cosmological simulations with different AGN models can produce both similarities

and differences. In fact, Habouzit et al. (2022) demonstrate that many simulations

produce significant differences in the low-redshift AGN luminosity functions, despite

broadly comparable SMBH mass-stellar mass relations (Habouzit et al. 2021).

In order to investigate how the results of my research vary between cosmological
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simulations, I investigate two other cosmological scale galaxy formation simulations:

Illustris (Vogelsberger et al. 2014a,b; Genel et al. 2014; Sijacki et al. 2015) and EA-

GLE (Schaye et al. 2015; McAlpine et al. 2016). Illustris is the predecessor of the

TNG simulation, however there exist key differences between the two simulations,

including differences in the SMBH accretion and AGN feedback models. EAGLE is

also an excellent simulation for comparison, as EAGLE uses an AGN feedback model

different from the models of both Illustris and TNG. It is important to note that the

AGN feedback model is not the only difference between the cosmological simulations.

However, there are also many similarities in the galaxy physics models of Illustris,

TNG, and EAGLE, allowing for some interpretation of how the SMBH accretion and

AGN feedback models may influence the results of my work. A summary of the

Illustris and EAGLE simulations is presented in Section 4.1.

In the following chapter, I will repeat the main experiments of Chapter 3 using

the Illustris and EAGLE simulations. In Section 4.2, I discuss new methodology

introduced to study the accretion rates in Illustris and EAGLE, as well as demonstrate

that the results for TNG post-mergers are robust to such changes in the methodology.

The results of the main experiments on Illustris and EAGLE are presented in Section

4.3. The purpose of the comparison is primarily to determine whether the major

findings of Chapter 3 are reproduced between the three simulations or unique to

TNG. I also aim to identify the differences in the post-merger and AGN connection

in Illustris and EAGLE compared with TNG, and discuss what might be responsible

for such differences. In addition, in Section 4.4, I also discuss how the inclusion of

SMBH mass matching impacts the results of TNG, Illustris, and EAGLE.

4.1 Summary of the EAGLE and Illustris simula-

tions

In the following section, I briefly review the details of the Illustris and EAGLE sim-

ulations, focusing primarily on the differences in the SMBH seeding, accretion, and

feedback models.

For the following section, I use the Illustris-1 run of the Illustris simulation (Vo-

gelsberger et al. 2014a,b; Genel et al. 2014; Sijacki et al. 2015) and the L100N1504

run of the EAGLE (Schaye et al. 2015), which have a similar volume and resolution

as the TNG100-1 simulation used in Chapter 3. The volume and resolutions for each
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TNG100-1 Illustris-1 EAGLE L100N1504
Volume (110.7Mpc)3 (106.5Mpc)3 (100Mpc)3

Dark matter 7.5× 106M⊙ 6.26× 106M⊙ 9.7× 106M⊙
Baryonic matter 1.4× 106M⊙ 1.26× 106M⊙ 1.81× 106M⊙
Seeded halo mass 5× 1010 h−1M⊙ 7.1× 1010 h−1M⊙ 1× 1010 h−1M⊙
SMBH seed mass 8× 105 h−1M⊙ 1.42× 105 h−1M⊙ 1× 105 h−1M⊙

Table 4.1: Comparison of simulation volume, resolution, and SMBH seeding mass
parameters for TNG, Illustris, and EAGLE

simulation run are shown in Table 4.1. Illustris and TNG have a similar interval

of time between snapshots of ∼ 150 Myrs. In EAGLE, I use the more frequently

sampled ‘snipshots’ which have a time interval around ∼ 60 Myrs. Therefore the

post-mergers from Illustris and TNG will have coalesced within the last ∼ 150 Myrs

and post-mergers from EAGLE coalesced within the last ∼ 60 Myrs. In addition,

all three simulations seed SMBHs at the centre of halos that meet a minimum mass

threshold, with slight variations is the specific halo mass threshold and seed mass

shown in Table 4.1.

4.1.1 SMBH accretion rate models

All three simulations use a Bondi-Hoyle-Lyttleton subgrid model to calculate SMBH

accretion rates (see Eq. 2.1), where the maximum allowed accretion rate is capped by

the Eddington rate (see Eq. 2.2). However, Illustris and EAGLE both apply different

modifications to the Bondi rate.

In Illustris, the Bondi accretion rate is enhanced with a boost factor of α = 100

which is argued to be necessary to compensate for unresolved gas cloud structure

in the interstellar medium (ISM) (Sijacki et al. 2015). The boost factor is dropped

in the TNG simulation suite which instead seeds SMBH particles at a higher seed

mass, as there exists somewhat of a degeneracy between the inclusion of an accretion

boosting factor and the SMBH seed mass (Weinberger et al. 2016). In addition,

Illustris implements a pressure-criterion based suppression of accretion rates when

the gas surrounding the black hole is sufficiently low density (Sijacki et al. 2015),

as the boosting factor may lead to an overestimated SMBH accretion rate in a low

density ISM (Vogelsberger et al. 2013).

In EAGLE, the Bondi accretion rate is multiplied by a factor, that is the ratio
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of the Bondi and the viscous time-scales, as outlined in Rosas-Guevara et al. (2015).

The modification applied in EAGLE suppresses the Bondi accretion rate when the

accreting gas contains sufficiently high angular momentum. The modified Bondi

accretion is parameterized using the critical ratio between the rotational speed and

the sound speed of the gas accreting onto the SMBH (Rosas-Guevara et al. 2015;

Schaye et al. 2015).

4.1.2 SMBH mergers

In Illustris, SMBHs are merged when they are within a sufficient distance of one

another, which corresponds to the smoothing length in Illustris (Sijacki et al. 2015).

The procedure of SMBHmerging in Illustris is, in practice, very similar to TNG, which

also merge SMBH particles when they are close together irrespective of the relative

velocities (see Section 2.1). In fact, the effective differences between simulations

that arises from the choice for the threshold SMBH merging distance is minimized

by the fact SMBH particles are re-positioned (in all three simulations) to the local

gravitational potential minima, which results in the placement of SMBH particles

within close proximity and prompt merging Bahé et al. (2022).

EAGLE applies a similar requirement for SMBHs to be within close proximity in

order to merger, specifically a distance that is the minimum between the accretion

sampled region or three times the smoothing length (Schaye et al. 2015). However,

EAGLE has an additional criterion on the relative SMBH velocities, requiring the

relative velocities of the SMBH particles to be lower than the circular velocity at

a separation of the smoothing length (Schaye et al. 2015). According to Schaye

et al. (2015), the additional relative velocity criterion reduces the likelihood that the

SMBHs will merge during the initial stages of the merger.

4.1.3 AGN feedback models

Finally, I will briefly describe the main differences in the AGN feedback models of

TNG, Illustris, and EAGLE.

Recall from Section 2.1 that TNG uses a bimodal feedback model, with continuous

thermal mode feedback used for SMBHs with high accretion rates and kinetic mode

feedback used for SMBHs with low accretion rates, where the distinction between

high and low accretion rates is determined by Eq. 2.3.
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Illustris similarly uses a multi-mode AGN feedback model depending on the ratio

of the Bondi accretion rate to the Eddington rate. At high accretion rates, defined

by ṀBH/ṀEdd > 0.05, Illustris uses the same radiative mode as TNG, releasing a

portion of the mass energy accreted by the SMBH continuously as thermal energy in

the direct vicinity of the SMBH (Sijacki et al. 2015). In addition, for high accretion

rates, Illustris also implements an AGN feedback model where the cooling rates of

low density gas in the vicinity of the highly accreting SMBH are modified to account

for heating due to the quasar’s radiation field (Sijacki et al. 2015). At low accretion

rates, ṀBH/ṀEdd < 0.05, Illustris inflates ‘bubbles’ of hot gas where thermal energy

(corresponding to a fraction of the accretion rate of the SMBH) is injected within the

bubble (Sijacki et al. 2015).

In EAGLE, only one type of AGN feedback is used, where thermal energy is

injected into the vicinity of the SMBH to heat up the gas. However, importantly,

energy is not injected continuously. Rather, SMBHs have a reservoir of thermal

energy that is stored until there is enough energy to sufficiently heat the surrounding

gas (Schaye et al. 2015). As discussed in Schaye et al. (2015), the nature of the

AGN feedback implemented through the stochastic thermal model depends strongly

on the threshold temperature that defines the AGN feedback reservoir. If the energy

reservoir is large, the AGN feedback events will be more energetic but less frequent,

and alternatively a smaller energy reservoir results in less effective but more frequent

AGN activity.

4.1.4 SMBH mass vs. stellar mass and SMBH accretion rate

In the previous sections, I have outlined some similarities and differences between the

TNG, Illustris, and EAGLE galaxy physics models. However, each of the different

simulations choices, as well as differences not discussed in the previous sections, can

affect the characteristics of the SMBH population in non-trivial ways. In Figures

4.1 and 4.2, I compare the overall SMBH mass, stellar mass, and SMBH accretion

rates for the total sample of galaxies (meeting the criteria of stellar mass > 1010M⊙

and redshift 0 ≤ z ≤ 1) in EAGLE, Illustris, and TNG to demonstrate some of the

differences in the SMBH population.

Figure 4.1 shows the SMBH mass vs stellar mass in the three simulations, EA-

GLE in purple, Illustris in blue, and TNG in green. Figure 4.1 demonstrates how,

despite many broad similarities in the subgrid models for SMBH seeding, merging,
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Figure 4.1: Comparison of the SMBH mass with stellar mass of galaxies from TNG
(Green), EAGLE (Purple), and Illustris (Blue), for a galaxy sample from redshift
range 0 ≤ z ≤ 1 and stellar mass of at least 1010M⊙.

and accretion, there are significant differences in the SMBH masses that populate the

same stellar mass range between the three simulations. Notably, the TNG simula-

tion has the narrowest range in SMBH mass, compared with Illustris and EAGLE.

The large SMBH masses are primarily due to a combination of the higher seed mass,

rapid early growth of SMBHs in TNG, and slow growth in large SMBH masses due

to the SMBH mass dependent criterion for AGN feedback mode (Weinberger et al.

2016). In comparison, Illustris and EAGLE demonstrate a wider variety of SMBH

masses within the selected stellar mass range, with the widest range of SMBH mass

in EAGLE and a larger population of low mass SMBHs.

Figure 4.2 demonstrates the differences in the distributions of SMBH mass and

accretion rate. In contrast to the significant differences in the distribution of SMBH

mass, the range of SMBH accretion rates of the three simulations are fairly compa-

rable. The similarity in range of SMBH accretion rate is perhaps unsurprising when
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Figure 4.2: Comparison of the average SMBH growth rate of galaxies with SMBH
mass with from TNG (Green), EAGLE (Purple), and Illustris (Blue), for a galaxy
sample from redshift range 0 ≤ z ≤ 1 and stellar mass of at least 1010M⊙.

considering the stochasticity. That is, a single galaxy can demonstrate large fluctua-

tions in SMBH accretion rates from one snapshot to another, and therefore the full

range of SMBH accretion rates is well sampled. However, In Figure 4.2, there is a sig-

nificant difference in the general trend between SMBH mass and accretion rate. Once

again this can be explained due to the SMBH mass dependence in the TNG AGN

feedback mode, such that most high mass SMBHs will use kinetic mode AGN feed-

back which effectively regulates SMBH accretion and reduces accretion rates using

isotropic injections of kinetic energy into surrounding particles (recall the transition

shown in Figure 2.4). In contrast, the connection between feedback mode and SMBH

mass is weaker in Illustris, and the highest SMBH accretion rates are actually found in

the highest SMBH masses. EAGLE demonstrates a similar trend to Illustris, though

the positive correlation between SMBH mass and accretion rate is not as strong.

Overall, despite applying the same selection criteria for galaxies within all three

simulations, Figures 4.1 and 4.2 demonstrate the significant differences in the SMBH
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populations.

4.2 Instantaneous accretion rates vs. averaged SMBH

growth rates

In Chapter 3, I used the instantaneous SMBH accretion rates in the analysis of TNG

post-mergers. However, for the EAGLE simulation, I did not have access to reliable

instantaneous SMBH accretion rates. In order to use a consistent accretion rate

between simulations, I make use of the reliable SMBH mass trees to calculate the

averaged SMBH growth rate between snapshots (or snipshots),

Ṁave
BH =

M snapN+1
BH −M snapN

BH

tsnapN+1 − tsnapN
. (4.1)

I note that using an average SMBH growth rate provides the advantage that Ṁave
BH

will be able to capture a short lived period of significant SMBH growth within the ∼
50-150 Myr window of time between snapshots in the cosmological simulations. The

disadvantage is that the averaged accretion rates are less compatible with observa-

tions, which can only observe AGN luminosity at the time of observation.

When calculating the average accretion rate over a snapshot, I exclude snapshots

where there is an increase of SMBH mass due to mergers of SMBHs. I emphasize that

I flag for SMBH mergers, and subsequently remove the snapshots where galaxies are

undergoing an SMBH merger from my overall sample. I exclude SMBH mergers be-

cause I am interested in the enhancement of accretion rate of SMBHs, and therefore do

not want to include SMBH growth from SMBH mergers in my sample of post-merger

accretion rates. To identify mergers of SMBHs, I algorithmically flag discontinuities

in the SMBH mass growth. I identify cases where there is a sudden growth in SMBH

mass over one snapshot, i.e. a percentage change in SMBH mass ∆MBH/MBH over

one snapshot which is statistically higher than the changes in SMBH mass in adja-

cent snapshots. In order to identify sudden jumps in SMBH mass, I calculate the

average percentage change, ∆MBH/MBH , and standard deviation in the preceding

5 snapshots and following 5 snapshots. I identify a SMBH merger when the change

in SMBH mass, ∆MBH/MBH , is at least 2σ above the average of the preceding and

following snapshots. Figure 4.3 demonstrates the merger identification on an example

galaxy from TNG, where two SMBH mergers are detected.
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Figure 4.3: Example SMBH mass for one galaxy in TNG, with SMBH mass on the
y-axis and redshift on the x-axis. SMBH mergers are identified at locations marked
with a vertical red dotted line.

6 4 2 0
MBH log10[M /yr]

6

4

2

0

av
er

ag
ed

 M
BH

 lo
g1

0[
M

/y
r] TNG
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taneous SMBH accretion rate (x-axis) on a galaxy by galaxy basis for TNG. The
diagonal line corresponds to the one-to-one line.
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In Figures 4.4 and 4.5, I demonstrate the compatibility between the instantaneous

SMBH accretion rates and the average SMBH growth rates in TNG. Figure 4.4 shows

a direct comparison of averaged SMBH growth rate and instantaneous accretion rate

for galaxies in TNG. I find that there is broad agreement on a galaxy by galaxy

basis. Figure 4.5 shows two main results from Chapter 3, the overall enhancement

of post-merger accretion rates (top) and the long-lived timescale of accretion rate

enhancements (bottom). For both experiments, I use the same control matching

methodology, outlined in Section 2.3, and show the instantaneous accretion rate in

the dash dotted black line and the averaged accretion rate in the green solid line. In

the top panel of Figure 4.5, I find that the median ∆ṀBH of the post-merger sample

is approximately 0.29 dex using the averaged accretion rates, compared with 0.23 dex

for the instantaneous accretion rates. I suspect that the post-mergers have higher

averaged accretion rates enhancements because the average accretion rate will capture

any period of high SMBH accretion that occurs over the 50-150 Myr time window,

whereas an instantaneous accretion rate will only be enhanced if it is observed at a

moment of high accretion. Furthermore, the averaged accretion rates have reduced

scatter, which is expected. In the bottom panel of Figure 4.5, I find that both

approaches recover a comparable timescale for population averaged accretion rate

enhancements, approximately 2 Gyrs. I therefore demonstrate the compatibility of

the main results of the work presented here between instantaneous and averaged

SMBH accretion rates in TNG, and therefore proceed with the analysis of Illustris

and EAGLE simulations.

4.3 SMBH accretion rate enhancements in EA-

GLE and Illustris

To begin, I will define the post-merger and non-merger samples for EAGLE and

Illustris following the same methodology as Chapter 2. I note that the post-merger

identification from Illustris, which follows the same process outlined in Section 2.2,

was inherited from previous work done by Dr. Maan Hani and Dr. Salvatore Quai,

and the environmental control variables r1 and N2 were provided by Dr. Dave Patton.

The post-merger sample and environmental variables from the EAGLE simulations

were provided by Dr. Stuart McAlpine. The merger selection process and control

matching follow the procedure of Chapter 2, so I refer the reader back to the relevant
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Figure 4.5: Comparison of the averaged SMBH growth rate (solid green line) with
the instantaneous accretion rates (dash dot black line) for TNG. The top panel shows
the histogram of relative accretion rate enhancements in the post-merger sample.
The bottom panel shows the running median of the accretion rate enhancements as
a function of time post-merger, where the 25th and 75th percentiles are shown in the
green and grey shaded regions. In both panels, the trends seen using the instantaneous
accretion rates are recovered using average accretion rates, and the scatter is reduced.
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sections, Sections 2.2 and 2.3, for reference. I apply one difference to the methodology

of Section 2.3, where I no longer require galaxies to be matched in feedback type for

Illustris and EAGLE. As mentioned in Section 4.1.3, there is only one feedback type in

EAGLE, eliminating any feedback type matching scheme. Furthermore, unlike TNG,

the feedback modes in Illustris, radiative and ‘bubble’ mode, do not correspond to a

strong bimodal distribution of accretion rate, and therefore feedback type matching

is deemed unnecessary.

4.3.1 Control matched post-mergers and non-mergers in Il-

lustris and EAGLE

In Illustris, I begin with a sample of 1215 candidate post-mergers meeting the selection

criteria of Section 2.2. Removing galaxies that underwent an SMBH merger in the

same snapshot, I end up with 1001 candidate post-mergers. Finally, applying the

control matching scheme outlined in Section 2.3 removes 76 post-mergers where a

suitable number of controls cannot be identified, for a final sample of 925 post-mergers.

On average, post-mergers in Illustris find ∼ 11 suitable controls and grow their error

tolerances 2 times.

Similarly, in EAGLE, I begin with a sample of 2198 candidate post-mergers. Ap-

plying the SMBH merger identification algorithm, I further reduce the sample of

candidate post-mergers to 2044. Control matching removes 300 post-mergers, for

a final sample of 1744 post-mergers. Post-mergers in EAGLE find ∼ 10 suitable

controls, and grow their error tolerances 3 times.

Figure 4.6 shows the population characteristics for Illustris (left) and EAGLE

(right). The overall post-merger population is shown in the dotted lines, and the

successfully matched post-merger population is shown in the solid lines. I select

two samples of non-mergers (see Section 2.3) for comparison with both Illustris and

EAGLE, shown in yellow dashed lines. As in the case of TNG, I note that there is

evidence in Illustris of a bias for the post-mergers to host larger SMBHs compared

with the non-mergers. In Section 4.4, I discuss how matching explicitly in SMBH

mass affects the results presented here. SMBH mass aside, Figure 4.6 demonstrates

the overall compatibility of the post-merger and non-merger samples.
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Figure 4.6: Distribution of the total post-merger, matched post-merger, and matched
non-merger samples in stellar mass, SMBH mass, redshift, and mass ratio for the
Illustris (left) and EAGLE (right) simulations. The dotted line shows the distribution
of all the post-mergers. The solid line shows the distribution of the successfully control
matched post-mergers. The dashed yellow line shows the successfully control matched
non-mergers.



69

4.3.2 SMBH accretion rate enhancements in Illustris and

EAGLE post-mergers

In Figure 4.7, I present a histogram of the accretion rate enhancements, ∆ṀBH , in

Illustris (top) and EAGLE (bottom). Both post-merger samples are compared with

the distribution of ∆ṀBH for the respective non-merger samples shown in the yellow

dashed lines.

In the top panel of Figure 4.7, I find that Illustris post-mergers have highly en-

hanced SMBH accretion rates, a median enhancement of 0.69 dex. In addition, the

shape of the distribution of the Illustris post-mergers is different from the non-merger

sample, with a tail towards larger enhancements. Therefore, in Illustris, post-mergers

have on average relatively higher accretion rates compared with controls, and post-

mergers are very likely to have enhanced SMBH accretion rates (84% of post-mergers

have enhancements).

In the bottom panel of Figure 4.7, I find that post-mergers in EAGLE also demon-

strate enhanced SMBH accretion rates, with a median enhancement of 0.31 dex. The

median enhancement in EAGLE is very similar to the median enhancement from

TNG, which was ∼0.29 dex for the averaged SMBH accretion rates. However, post-

mergers in EAGLE are less likely overall to have a positive enhancement compared

with TNG, where only 62% of EAGLE post-mergers demonstrate positive ∆ṀBH .

Comparing the results of Illustris and EAGLE with TNG, I demonstrate that

all three cosmological simulations qualitatively agree; post-mergers have, on average,

relatively enhanced accretion rates. The quantitative differences suggest that Illustris

has the strongest enhancement of SMBH accretion rates from the merger, and that

EAGLE produces comparable results to TNG. One possible explanation for the large

enhancement in Illustris, compared with TNG and EAGLE, is that the AGN feedback

model may be less effective at regulating SMBH accretion rate. Vogelsberger et al.

(2014b) comment that the feedback mode responsible for quenching in Illustris, the

‘bubble’ mode feedback, does not provide sufficient effective feedback which leads to

a slight overabundance of massive and star forming galaxies.
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Figure 4.7: Histogram of accretion rate enhancements for the post-merger population
and non-merger populations in Illustris (top) and EAGLE (bottom). Post-mergers
are represented with the solid line, and non-mergers are represented with the dashed
yellow line.
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percentiles associated with the median at that time post-merger.
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4.3.3 Timescale of population averaged SMBH accretion rate

enhancements in Illustris and EAGLE

In Figure 4.8, I present the time evolution of the accretion rate enhancements for

Illustris (top) and EAGLE (bottom). Following the experimental set-up discussed in

Chapter 3, I re-match post-mergers in the snapshots after the merger and re-calculate

∆ṀBH .

For Illustris, shown in the top panel of Figure 4.8, I find that the accretion rates

for post-mergers are enhanced at levels exceeding ∆ṀBH > 0.2 dex for approximately

2 Gyrs, the timescale for population averaged enhancements in TNG. However, the

accretion rate of Illustris post-mergers never ‘return’ to accretion rates comparable to

controls galaxies of the same stellar mass, gas mass, and environment. It is possible

that the behaviour in Illustris is a result of post-mergers with larger SMBH masses

than their matched controls (recall Figure 4.6). Since the accretion rate is propor-

tional to the SMBH mass, a bias of higher SMBH mass in post-mergers would result

in higher accretion rates. In Section 4.4, I explicitly investigate such a scenario and

apply SMBH mass matching to the fiducial matching scheme.

In EAGLE, shown in the bottom panel of Figure 4.8, I observe a similar behaviour.

Population averaged SMBH accretion rate enhancements are long lived, up to 3 Gyrs

after the merger. The timescale is slightly longer compared with the 2 Gyr timescale

for TNG. I speculate that the longer timescale in EAGLE may have to do with AGN

feedback modes once again. Recall from Figure 4.2 that in TNG the accretion rates

of SMBHs with kinetic mode feedback are typically orders of magnitude lower than

the radiative mode feedback. I propose that in TNG, once a post-merger has an

SMBH accretion rate sufficiently low (or SMBH mass sufficiently high), the onset of

strong kinetic mode feedback efficiently and quickly evacuates the gas in the region

surrounding the SMBH. In EAGLE, the effective AGN feedback works intermittently,

and therefore the enhancement to the central gas density may be more slowly dis-

rupted by recurring AGN feedback events.

To summarize, Figure 4.8 demonstrates that SMBH accretion rate enhancements

are long lasting in TNG, Illustris, and EAGLE. However, Figure 4.8 also demonstrates

differences between the simulations in the evolution of the population averaged en-

hancement over time post-merger. I refer the reader to Section 4.4.2, where the

differences between TNG, Illustris, and EAGLE are discussed in further detail and

with the added context of the effects of SMBH mass matching.
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4.3.4 What fraction of mergers ‘trigger’ an AGN in Illustris

and EAGLE?

Finally, I repeat the experiment from Section 3.3.2, which investigates the incidence of

AGN events in the post-merger sample, using the post-merger samples from Illustris

and EAGLE. Figure 4.9 shows the results of the experiment, where the fraction of

post-mergers that undergo an AGN phase within 500 Myrs of the merger is shown on

the top panels, and the fractional excess is shown on the bottom panel.

In Illustris, shown in Figure 4.9 in blue, I find a fractional excess of AGN events in

the post-mergers over nearly the entire accretion rate range, with a maximum excess of

∼ 2. An excess of post-mergers at most SMBH accretion rates is compatible with the

result of Figure 4.7, which found that post-mergers are very likely to have enhanced

accretion rates (∼ 80 % have accretion rate enhancements). Furthermore, the AGN

fractional excess in Illustris demonstrates a luminosity dependence beginning around

Lbol ∼ 1041 erg/s. Therefore, Illustris post-mergers are more likely to experience a

high accretion rate event, which yields a luminosity dependent post-merger excess,

with at most 2 times as many post-mergers to non-mergers.

I find a similar excess of high accretion rate events in post-mergers in EAGLE,

shown in Figure 4.9 in purple. However, unlike Illustris, the difference in the per-

centage of post-mergers that experience high accretion rate events compared with

non-mergers is less significant at lower accretion rates. Recall from Figure 4.7, in EA-

GLE, despite a population averaged enhancement, post-mergers were only slightly

more likely to have an enhanced accretion rate compared with controls (∼ 60 %).

Therefore EAGLE post-mergers only show a modest fractional excess over the major-

ity of the SMBH accretion rate range. However, similar to Illustris and TNG, EAGLE

post-mergers demonstrate a significant luminosity dependence in the fractional excess,

beginning around Lbol ∼ 1042 erg/s. For the highest luminoisities (Lbol > 1044 erg/s),

there are as many as 2-4 times more post-mergers than non-mergers. The fractional

excess of AGN I find in post-mergers from EAGLE is similar to the result of McAlpine

et al. (2020) who conduct a similar experiment looking at the excess of AGN in merg-

ers and pairs in EAGLE. I find a slightly higher excess of AGN in post-mergers, which

may be attributed to different methodology. I observe the post-mergers for 500 Myrs

after the merger event and count any instance of ṀBH > Ṁ cutoff
BH as an ‘AGN event’,

whereas McAlpine et al. (2020) define an AGN as a bolometric luminosity in excess

of Lbol > 1043 erg/s.
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Figure 4.9: The top and middle panels show the fraction of galaxies that have an
SMBH accretion rate at or higher than Ṁ cutoff

BH within a period of 500 Myrs, relative
to the total number of galaxies, for Illustris (top) and EAGLE (middle). The solid
line corresponds to the post-merger sample and the yellow dashed line is the non-
merger sample, as defined in Section 2.3. The top x-axis of the Figure shows the
corresponding AGN luminosity. The bottom panel shows the ratio of the fraction of
post-merger galaxies to non-merger galaxies for Illustris (blue), EAGLE (purple), and
TNG (green). This is the fractional excess of post-mergers that have an accretion
rate at or higher than the cutoff relative to the non-merger sample. The error in the
shaded region is the Poisson error reflecting the number of galaxies.
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Overall, comparing the results of Illustris and EAGLE to TNG, I find that all

three simulations qualitatively agree, demonstrating an increasing fractional excess

with increasing luminosity. However, each simulation predicts a slightly different

maximum fractional excess, ranging from a factor 2-4. In all three simulations, I

find that post-mergers are more likely to undergo an ‘AGN’ event compared with

non-mergers, and that there is the highest fractional excess in the highest luminosity

AGN.

4.4 Effect of SMBH mass matching

In the previous section, I briefly commented on the possible presence of a SMBH

mass offset in the post-mergers and control galaxies. In particular, the panel of

SMBH masses in Illustris from Figure 4.6 suggests that Illustris post-mergers may

have significantly different SMBH masses than their non-merger comparisons. In

the following section, I will investigate how SMBH mass matching affects the main

results of the research presented here by explicitly testing the difference in results

when applying moderate and strict SMBH mass matching.

In the fiducial experiments in TNG, Illustris, and EAGLE, the post-merger galax-

ies are compared with non-mergers and controls at the same redshift, with a compa-

rable stellar mass, gas mass, and environment. The motivation for matching in the

above properties is to isolate the differences in the SMBH accretion in a post-merger

that is due to the merger event, removing spurious results that result from comparing

very different types of galaxies. However, it is less obvious whether or not one should

include SMBH mass matching in the experiment. In one case, the merger event may

result in post-mergers with larger than average SMBH masses, either from enhanced

SMBH accretion rates or from the merger of the SMBHs, and enforcing a match in

SMBH mass may select abnormal control galaxies (i.e. galaxies with an SMBH mass

that is not typical for a non-merger galaxy of that stellar mass, gas mass, environ-

ment, etc.). On the other hand, recall from Section 2.1 that SMBH accretion rate is

calculated from the simulations using a Bondi-Hoyle-Lyttleton subgrid recipe. The

Bondi subrid model calculates the accretion rate as a function of the gas properties

surrounding the SMBH (density and local sound speed) as well as a function of the

SMBH mass, where ṀBH ∝ M2
BH . Therefore, the SMBH accretion rate in any galaxy

will be very sensitive to changes in the SMBH mass. It is therefore important to

understand the difference in SMBH mass between post-mergers and controls in or-
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der to distinguish between enhancements in accretion rate that are a result of higher

than average feeding vs. enhancements due to post-mergers having characteristically

higher SMBH masses than controls.

In the following section, I perform tests where I modify the fiducial matching

scheme to include SMBH mass matching. However, I do not wish to enforce an

extremely strict match in SMBH mass, as the error tolerance on SMBH mass also

significantly decreases the successfully matched post-merger sample size. In order

to select an SMBH mass matching tolerance that is sufficient for the purposes of

the following experiment, I calculate how the SMBH accretion rate enhancement

depends on the difference between post-merger and control SMBH mass. I set up an

idealized scenario in which a post-merger and control differ exclusively in SMBH mass

(assuming the exact same density and local sound speed). Using the Bondi subgrid

model, Eq. 2.1, I construct an equation for the relative enhancement in accretion rate

as a function of the SMBH masses,

∆ṀBH = log10

(ṀBH 1

ṀBH 2

)
= 2log10

(MBH 1

MBH 2

)
= 2∆MBH

where the factor 2 comes from ṀBondi ∝ M2
BH . I find that, under the ideal assumption

of only a difference in SMBH mass, the accretion rate enhancement will be equal

to twice the offset in SMBH mass in dex. Considering the median ∆ṀBH for the

instantaneous accretion rates in TNG was ∼ 0.23 dex, an SMBH mass matching

tolerance of ∆MBH < 0.1 dex is required. I therefore compare three matching schemes

for each simulation. The first is the fiducial matching in which no SMBH mass

matching is applied. The second matching scheme applies an intermediate mass

matching with a base error tolerance of ∆MBH < 0.1 dex which can be increased 4

times by an additional 0.1 dex for a maximum ∆MBH < 0.5 dex. The final matching

scheme applies a base error tolerance of ∆MBH < 0.05 dex which can be increased

up to 4 times by an additional 0.01 dex for a maximum ∆MBH < 0.1 dex (technically

∆MBH < 0.09 dex).

4.4.1 SMBH mass matching: effect on ∆ṀBH in post-merger

samples

The results for the three matching schemes are tabulated in Table 4.2, where I quote

the number of successfully matched post-mergers and the median SMBH accretion
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∆MBH [dex] matched post-mergers median ∆ṀBH [dex] simulation
no match 1056 0.29 TNG

0.5 1056 0.29 TNG
0.1 705 0.27 TNG

no match 925 0.69 Illustris
0.5 905 0.57 Illustris
0.1 614 0.60 Illustris

no match 1744 0.31 EAGLE
0.5 1641 0.30 EAGLE
0.1 595 0.34 EAGLE

Table 4.2: Comparison of SMBH accretion rate enhancements for TNG, Illustris, and
EAGLE for three matching schemes: no SMBH mass matching, ∆MBH < 0.5 dex,
and ∆MBH < 0.1 dex.

rate enhancement for the post-merger sample. In addition, in Figure 4.10, I plot the

offset between the SMBH mass of post-mergers and matched controls for each of the

three matching schemes, where the median offset in SMBH mass is quoted in the

legend.

From Table 4.2, I find that in all three simulations, the majority of post-mergers

that are matched in the fiducial model are also matched in the ∆MBH < 0.5 dex

model. However, a similar number of matched post-mergers does not mean that

the majority of post-mergers are matched to controls within 0.5 dex in SMBH mass

without explicit black hole mass matching, since the control matching algorithm may

identify different controls. In fact, Figure 4.10 demonstrates that without explicit

SMBH mass matching, Illustris and EAGLE have a non-negligible amount of post-

mergers with SMBH mass offsets exceeding 0.5 dex.

In TNG and EAGLE, I find that the median ∆ṀBH is nearly identical between the

fiducial and ∆MBH < 0.5 dex matching schemes. For TNG post-mergers in Figure

4.10 shown in green, the top and middle panels demonstrate that the median offset

between the post-merger and control SMBH mass is nearly the same for the fiducial

and ∆MBH < 0.5 dex schemes, and that without explicit SMBH mass matching the

majority of post-mergers are matched in SMBH mass to within 0.5 dex. Therefore, I

conclude the SMBH accretion rate enhancements are similar due to the majority of

controls remaining the same. In contrast, EAGLE demonstrates a large number of

largely offset SMBH masses, suggesting that SMBH mass in EAGLE is not strongly

constrained by the other fiducial matching parameters, resulting in SMBHmass offsets
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controls for the three matching schemes: no SMBH mass matching (top), ∆MBH <
0.5 dex (middle), and ∆MBH < 0.1 dex (bottom).
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sometimes exceeding 1 dex. However, the distribution is not significantly biased

towards larger or smaller SMBH masses, which contributes to the stability of the

median SMBH accretion rate enhancement for EAGLE post-mergers.

There is a significant change in Illustris between the fiducial and ∆MBH < 0.5 dex

schemes, where the median enhancement decreases from 0.69 dex to 0.57 dex. Fig-

ure 4.10 demonstrates that without SMBH mass matching, post-mergers in Illustris

are systematically matched to lower SMBH mass controls. The result suggests that

in Illustris, post-mergers have an abnormally large SMBH mass, consistent with a

strong enhancement in SMBH accretion rate that may significantly grow post-merger

SMBHs.

Applying the strictest SMBH mass matching scheme, I find a significant decrease

in the post-merger sample size, most dramatically in EAGLE. The large decrease

in matched post-mergers in EAGLE may, in part, be due to post-mergers having

larger SMBHs, making them difficult to control match with non-merger galaxies.

However, I find that it is difficult, in general, to simultaneously match in all the

fiducial parameters and introduce strict SMBH mass matching in EAGLE, with just

as many of the non-merger sample of galaxies (∼ 1000) failing to find 5 or more

controls within error tolerances. Despite a significant drop in the number of matched

post-mergers, I find that in all of the simulations the post-merger population still

demonstrates enhanced SMBH accretion rates compared with controls when strictly

matching in SMBH mass.

4.4.2 SMBH mass matching: effect on timescale of SMBH

accretion rate enhancements

Finally, I explore how SMBH mass matching may affect the timescale of popu-

lation averaged accretion rate enhancements. Figure 4.11 shows the timescale of

SMBH accretion rate enhancements using the fiducial matching scheme (solid line),

matching SMBH mass within ∆MBH < 0.5 dex (dashed line), and matching within

∆MBH < 0.1 dex (dash-dot line). Beginning with Illustris, I remind the reader that

the enhancement of SMBH accretion rates in the fiducial matching scheme persists

beyond 3 Gyrs from the merger event. Introducing progressively stricter matching in

SMBH mass, I find that the accretion rates in post-mergers ‘return to normal’ around

2-3 Gyrs after the merger. I therefore determine that the prolonged enhancement in

Illustris post-mergers was due to post-mergers having larger SMBH masses than con-
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trols. In EAGLE and TNG, I find that all three matching schemes demonstrate

similar time evolution. For the strictest matching scheme, despite the significant re-

duction in the number of matched post-mergers in EAGLE, I find that the timescale

is very compatible with the timescale of the full sample. Therefore, all three simula-

tions demonstrate, within the strictest tolerances in SMBH mass, that there exists a

long lived enhancement in the accretion rate.

In Figure 4.11, I also find that there are notable differences between the time

evolution of the accretion rate enhancements in Illustris, EAGLE, and TNG. First

of all, TNG has a significantly smaller range of ∆ṀBH compared with Illustris and

EAGLE, most noticeable in the distribution of the 25th and 75th percentiles shown

in the shaded area. The smaller range in accretion rate enhancements in TNG is due

to the feedback mode matching implemented in TNG. Recall from Figure 4.2 that

the bimodal distribution in accretion rate in TNG corresponds to the two feedback

modes. Applying feedback mode matching in TNG significantly reduces the range of

SMBH accretion rates from which controls may be selected.

The second notable difference from Figure 4.11 between Illustris and EAGLE,

compared with TNG, is in the behaviour immediately after the merger. In TNG, the

highest accretion rate enhancement occurs at coalescence, and there is a decline in

the median accretion rate enhancement from 0.3 dex to ∼ 0.05 dex in the first Gyr.

In comparison, both Illustris and EAGLE show evidence for a peak accretion rate

enhancement slightly after the merger. I note that the evidence of a delay in peak

accretion rate enhancement in Illustris is much weaker than in EAGLE. In Illustris,

the dip in the running median between coalescence and the first few hundred Myrs

is comparable to the variation seen at other time post-merger bins, such as around

1.25 Gyrs. There is, however, more significant evidence in EAGLE that the accretion

rate enhancement is strongest a few hundred Myrs after coalescence. A possible

explanation for the delayed peak enhancement in EAGLE may be the higher temporal

resolution (∼ 60 Myrs between snipshots).

Finally, comparing the Illustris and EAGLE simulations to TNG, I find that Il-

lustris and EAGLE have a stronger population averaged enhancements. At around 1

Gyr, Illustris and EAGLE have population averaged enhancements around ∼ 0.2-0.3

dex, compared to ∼ 0.05 at 1 Gyr for TNG. Therefore, even though EAGLE and

TNG appear to have a similar enhancement in SMBH accretion rates in the immedi-

ate post-merger sample (around 0.3 dex), looking at the accretion rate enhancements

over time demonstrates relatively stronger and longer lived enhancements in EAGLE.
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Chapter 5

Discussion and Concluding

Remarks

5.1 Summary of results

In the research presented here, my aim was to investigate what modern cosmological

scale simulations predict for an AGN-merger connection. In my research, I utilize

the large and representative samples of post-mergers from cosmological simulations

to perform a study of SMBH accretion rates within a diverse merger population.

Through studying a population of mergers with a large range of galaxy properties

and merger conditions, I answer questions such as: Do post-mergers, on average,

demonstrate a significant enhancement in SMBH accretion rate? Do most post-

mergers have enhanced SMBH accretion rates, and are there specific galaxy or merger

properties that are more likely to generate SMBH enhancements? How much more

likely are post-mergers to have an AGN, and how much do recent mergers contribute

to the overall AGN population in the simulations?

In order to answer such questions, I select post-mergers, within redshift 0 to 1,

from the cosmological simulations TNG, Illustris, and EAGLE. I apply a minimum

stellar mass of 1010M⊙ for resolution considerations and make additional selection

cuts to ensure reliable measurements of stellar mass and SMBH accretion rate. I

select control comparisons for each post-merger that represent a ‘typical’ galaxy of

the same stellar mass, gas mass, and environment (and feedback type in TNG) that

have not undergone a merger of stellar mass ratio at least 1:10 within the last 2

Gyrs. Using the matched controls, I quantitatively compare the SMBH accretion
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rate of post-mergers with controls using the parameter ∆ṀBH (see Eq. 2.5), where

a positive value indicates higher SMBH accretion rates than controls.

In all three simulations, I find that post-mergers demonstrate, on average, accre-

tion rate enhancements (see Figures 3.1 and 4.7). I find a median SMBH accretion

rates enhancement around 0.2-0.3 dex, or 1.5 to 2 times higher accretion rates than

controls, in TNG and EAGLE. In Illustris, post-mergers have a median enhancement

around 0.6-0.7 dex, or 4-5 times higher. I also demonstrate that not all post-mergers

have SMBH accretion rates higher than controls, with zero or negative ∆ṀBH in

∼ 20% of Illustris post-mergers, ∼ 30% in TNG, and ∼ 40% in EAGLE. Therefore,

I demonstrate that most post-mergers have enhanced SMBH accretion rates, for the

simulation snapshot immediately post-coalescence, when compared with controls.

In the TNG simulation, Figure 3.4 demonstrates that the strength of the accretion

rate enhancement depends on gas mass and gas fraction, such that the gas poor/low

gas fraction post-mergers are more likely to have average or below-average SMBH

accretion rates, relative to controls. On the other hand, non-merger galaxies with

high gas mass and gas fractions do not have higher SMBH accretion rates than their

matched controls, demonstrating that it is a combination of a merger event and the

presence of a significant amount of gas that allows for enhanced SMBH accretion

rates in post-mergers.

In Section 3.2, I investigated the connection, in TNG, between post-mergers that

demonstrate enhanced SMBH accretion and post-mergers that demonstrate enhanced

star formation rate, finding that most post-mergers > 50% do not demonstrate co-

incident enhancements in SMBH accretion rate and star formation rate, and that

the strength of the two enhancements are, at best, weakly correlated (coefficient

0.28) within the first few hundred Myrs of coalescence. However, in Figure 3.8 I

show that there is a both a significant correlation (coefficient 0.47) and a co-incident

enhancement in the majority (∼ 76%) of gas rich major mergers.

In all three simulations, I find that post-merger galaxies, on average, demonstrate

sustained SMBH accretion rate enhancements for up to 2 to 3 Gyrs after coalescence

(shown in Figures 3.6 and 4.8). Therefore, my results suggest that merger events may

continue to influence SMBH accretion rates for many Gyrs beyond the immediate

coalescence phase.

In Figures 3.11 and 4.9 I demonstrate that post-mergers are more likely to expe-

rience a high accretion rate event within 500 Myrs post-coalescence than non-merger

galaxies within 500 Myrs of secular evolution. All three simulations demonstrate a
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luminosity dependence in the fractional excess of post-mergers that experience an

‘AGN phase’, demonstrating that post-mergers are up to 2 to 4 times more likely

to host the highest luminosity AGN. Finally, in Figure 3.12, I find that despite the

higher likelihood that mergers host high luminosity AGN, the majority of high lumi-

nosity AGN in TNG (∼ 90% at Lbol > 1045erg/s) are not recent mergers (of stellar

mass ratio > 1:10). Therefore, my results demonstrate that post-mergers are more

likely to have AGN, but the majority of AGN are not recent mergers.

5.2 AGN-merger connection in simulations revis-

ited

Now that the results of the research presented here have been outlined, I revisit the

predictions from previous binary and cosmological simulations of mergers and AGN,

and ask how the results of my work compare with the current and emerging picture

for a simulated AGN-merger connection.

The first result of my research, the population averaged enhancement of SMBH

accretion rate in post-merger galaxies (shown in Figures 3.1 and 4.7), demonstrates

that the foundation for an AGN-merger connection is broadly applicable to a cosmo-

logical post-merger population. It is not obvious that there would be a population

averaged signal of enhanced SMBH accretion rates in post-mergers. In fact, the re-

sults of my research also demonstrate that there is a large variation on a galaxy by

galaxy basis, and that not all post-mergers show enhanced SMBH accretion rates in

the snapshot immediately after coalescence. If post-mergers with enhanced SMBH

accretion rates were rare, a large diverse sample of post-mergers would not have an

averaged enhancement. Instead, I find that the majority (> 50%) of post-mergers,

in all three cosmological simulations studied, have SMBH accretion rates higher than

matched controls.

Furthermore, it is possible that temporal resolution and stochasticity contribute

to the ∼ 20-40% (depending on the simulation) of post-mergers which do not show

enhanced accretion rates. Stochasticity contributes to non-zero values in ∆ṀBH

that are unrelated to a merger process, as demonstrated in the non-merger sample

of Figure 3.1. In the case of temporal resolution, merger triggered enhancements

to SMBH accretion may occur in the interval of time between snapshots, but are

not represented in the calculation of ∆ṀBH . Therefore, my result demonstrates that
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despite the expected noise level due to stochasticity and the temporal constraint (both

of which are also relevant in observations), the majority of mergers still demonstrate

enhancements in SMBH accretion rate.

Returning to the variation on a galaxy by galaxy basis, it has been demonstrated in

hydrodynamic simulations (Mihos and Hernquist 1996; Di Matteo et al. 2007; Capelo

and Dotti 2016) that the strength of merger induced inflows will depend on various

merger and galaxy properties, such as the availability of gas, the orbital configura-

tion, or the initial morphologies of merging galaxies. In the work presented here, I

demonstrate that, in TNG, the post-merger characteristic that is most influential for

SMBH accretion rate enhancements is the gas mass and gas fraction. I reiterate that

in comparison with previous works, it is important to note that I consider the depen-

dence on the post-coalescence gas, rather than the initial gas of the merging system.

For example, the post-coalescence gas does not represent the change in gas content

(relative to pre-merger state) which has been shown to be relatively unimportant in

the strength of merger induced gas flows (Di Matteo et al. 2007).

I further note that the dependence of SMBH accretion strength on gas fraction

shown in Figure 3.4 is predominantly in the range of 0.01 < fgas < 0.1, corresponding

to M⋆/Mgas ratios around 100:1 to 10:1, a lower range than is studied in suites of

disk mergers (e.g. Capelo et al. 2015). In the regime of higher gas fractions, fgas >

0.1, I do not find a strong dependence with the accretion enhancement strength,

suggesting that enhancement strength depends on a sufficient amount of gas, but is

not necessarily strongest in the post-mergers with the highest gas fractions.

Additionally, in contrast to Capelo et al. (2015), I do not find the merger (stellar)

mass ratio to be a good predictor of the relative strength of the SMBH accretion

rate enhancement. Such a tension may once again be influenced by stochasticity and

temporal resolution, since the SMBH accretion rate of major mergers immediately

post-coalescence does not capture the full effect of the merger on SMBH accretion

rates over the coalescence window. However, my result may instead demonstrate that

mass ratio is not the dominant factor influencing the strength of SMBH accretion

rate enhancements in a diverse population of mergers where the gas mass, orbital

configurations, and morphology are not held constant. In fact, I investigate the

combination of merger mass ratio and post-merger gas mass in Figure 3.10, and find

that, enhancement in SMBH accretion rate occur most reliably in gas-rich major

mergers (89% have enhanced SMBH accretion rate), compared with 68% of gas-rich

minor mergers, 71% of gas-poor major mergers, and 61% of gas-poor minor mergers.
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I therefore find that it is the combination of sufficient gas (in the post-merger) and

a high merger mass ratio that results in the overwhelming majority of post-mergers

having enhanced SMBH accretion rates.

A surprising result of my research is the long-lived enhancements in SMBH ac-

cretion rate. In fact, at face value, my result may seem at odds with the expected

short-lived burst of high SMBH accretion rate shown in previous works (see Figure 1.7

from Hopkins et al. 2008; Capelo et al. 2015; Volonteri et al. 2015b; Capelo and Dotti

2016). However, there are important differences in the methodology of my experiment

that affects the interpretation of my result and comparison with previous works. In

Figure 3.1, I re-match the post-mergers (i.e. re-select suitable controls within the

error tolerances) in the snapshots following coalescence. For each subsequent snap-

shot, a single post-merger may have enhanced, normal, or suppressed SMBH accretion

rates however the population average in the post-mergers remains enhanced over a

long timescale. Therefore, my experiment demonstrates the timescale over which the

post-merger population becomes indistinguishable from the control population, in

SMBH accretion rate.

The long-lived enhancements of SMBH accretion rate from my research suggest

that a post-merger population may have enhanced SMBH growth and AGN feedback,

at subtle levels, up to 2-3 Gyrs after the merger. In TNG, post-mergers have median

SMBH accretion rates 0.1 dex, or ∼25% higher than controls at 1 Gyr after coales-

cence. Illustris and EAGLE both have median enhancements of 0.3 dex or ∼100%

higher than controls after 1 Gyr. It has been demonstrated in EAGLE that despite

an enhancement in SMBH accretion in major mergers, the majority of SMBH mass

accretion occurs outside of major mergers (McAlpine et al. 2020), which is consistent

with the modest (within an order of magnitude) enhancement to SMBH accretion

found in the work presented here. However, subtle enhancements over a long period

of time would affect the SMBH population of the post-merger population. In fact,

a recent study on galaxy mergers in EAGLE cosmological zoom-in simulations by

Davies et al. (2022) show evidence for long-lived SMBH accretion rate enhancements,

demonstrating that a galaxy undergoing a major merger will have a larger z=0 SMBH

mass compared with a similar simulated galaxy that does not undergo a major merger

event.

Finally, I comment again on the incidence of high-accretion rate events in post-

mergers, and the contribution of post-mergers to the AGN population. In my research,

I demonstrate that post-mergers are more likely to have high accretion rates, com-
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pared with matched controls, by a factor 2-4. I also demonstrate that post-mergers

do not contribute significantly, at most 10-15% in TNG, to the highest luminosity

AGN population. My results quantitatively agree well with the incidence of AGN in

post-mergers found in EAGLE by McAlpine et al. (2020) and the percent of AGN

that are recent mergers in both EAGLE (McAlpine et al. 2020) and Magneticum

Pathfinder (Steinborn et al. 2018).

5.2.1 Connection to quenching

Recall from Figure 1.7 that the endpoint of the proposed evolutionary pathway for

mergers was an elliptical type galaxy where star formation was rapidly quenched

following a period of strong effective AGN feedback. In the work presented here, I

have demonstrated that most post-mergers do have enhanced SMBH accretion rates,

which will result in an increase in AGN feedback within those post-merger galaxies.

I further demonstrate in Figure 3.8 that for TNG post-mergers that are experiencing

effective AGN feedback, the star formation rate is lower than control comparisons for

the first ∼ 500 Myrs. However, Quai et al. (2021) explicitly investigate quenching

in post-merger galaxies in TNG and conclude that quenching is rare in post-merger

galaxies, but that there is an excess of quenched post-mergers when compared with

matched controls. Specifically, Quai et al. (2021) find that post-mergers accelerate

quenching within galaxies that were already close to the transition (in TNG) for

effective AGN feedback.

The AGN feedback model in TNG is important in reconciling the enhancement

of SMBH accretion rates in post-mergers with the rarity of post-mergers that quench

rapidly in TNG. In TNG, high SMBH accretion rates are associated with radiative

mode feedback. Therefore, although we find post-mergers are more likely to have

high SMBH accretion rates, nearly 4 times more likely to have an SMBH accretion

rate higher than 0.1M⊙/year, all of these post-mergers are using radiative mode

AGN feedback. According to the feedback prescription in TNG, if energy is released

through the AGN mode that is inefficient at quenching, the high SMBH accretion

rates in post-mergers will not promote rapid quenching.

Alternatively, some post-mergers have enhanced SMBH accretion rates but re-

main in the low accretion rate state. In these post-mergers, the SMBH accretion

rate enhancement will increase the amount of effective kinetic mode feedback. This

scenario is consistent with the slight excess of quenched post-mergers found in Quai
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et al. (2021), where an increase in the effective kinetic mode feedback can speed up

quenching in the post-merger galaxies that are predisposed to quench.

Furthermore, it is also possible that the long-lived SMBH accretion rate enhance-

ments found in TNG, Illustris, and EAGLE may have long-term consequences for the

star formation rate in the host galaxy. In fact, Davies et al. (2022) find that quench-

ing can be causally connected to a merger event that occurred many Gyrs prior, due

to the disruption of the CGM by AGN feedback from the merger event. My research

would additionally suggest that SMBH accretion rates, and therefore AGN feedback,

remain influenced by a merger event for up to 2-3 Gyrs. Therefore, although most

post-mergers do not demonstrate rapid quenching, long-lived enhancements in AGN

feedback may promote quenching on longer timescales.

5.3 Insights for observational tensions

In Chapter 1, I commented on the tension that exists in observational studies on

the subject of an AGN-merger connection. One of the primary goals of my research

was to study AGNs and mergers in a simulation through methodology motivated by

observational studies. For example, in many binary simulations (such as Di Matteo

et al. 2005; Springel et al. 2005; Capelo et al. 2015), the AGN-merger connection

is studied over the full merger timeline. However, observational studies cannot ob-

serve the changes in SMBH accretion rate over hundreds of Myrs before and after

coalescence. The work presented here takes a more observational approach, looking

at whether post-mergers demonstrate an enhanced SMBH accretion rates for a single

snapshot (one instance in time) when compared with control galaxies matching the

post-merger characteristics.

As mentioned in the previous section, I demonstrate that, despite galaxy by galaxy

variation, there is a population averaged enhancement in SMBH accretion rate in

post-mergers. In fact, a population averaged signal is in agreement with the many

observational studies that find that AGN are more likely to appear in a post-merger

or interacting galaxy sample when compared with undisturbed controls (Woods and

Geller 2007; Alonso et al. 2007; Koss et al. 2010; Ellison et al. 2011; Ramos Almeida

et al. 2012; Ellison et al. 2013; Satyapal et al. 2014; Weston et al. 2017; Hewlett et al.

2017; Ellison et al. 2019b; Gao et al. 2020; Kocevski et al. 2015; Hong et al. 2015;

Chiaberge et al. 2015; Marian et al. 2020; Pierce et al. 2022; Rosario et al. 2015;

Goulding et al. 2018). Therefore, the results of my research support a scenario where



89

mergers can trigger AGN.

The work presented here also demonstrates that despite an enhancement in SMBH

accretion rates in post-mergers, most luminous AGN are not recent mergers, once

again in agreement with many observational studies (Cisternas et al. 2011; Schawinski

et al. 2011, 2012; Kocevski et al. 2012; Böhm et al. 2013; Villforth et al. 2014, 2017;

Mechtley et al. 2016; Hewlett et al. 2017; Marian et al. 2019; Lambrides et al. 2021),

however also in disagreement with some observational studies (Bennert et al. 2008;

Bessiere et al. 2012; Treister et al. 2012; Glikman et al. 2015). One caveat to the

disagreement with studies such as Treister et al. (2012) and Glikman et al. (2015)

is that the highest luminosity in the observed AGN in those observational studies

exceed the highest luminosity range that I am able to study in TNG, Illustris, and

EAGLE with statistical significance. It is possible that while only 10-15% of AGN

of Lbol > 1045 erg/s are recent mergers, the trend of increased merger significance

continues into the highest luminosity AGN, such that mergers become increasingly

important for Lbol > 1046 erg/s. Additionally, my research agrees with observational

studies that find a luminosity dependence in the merger fraction of AGN (Schawinski

et al. 2012; Pierce et al. 2022), such that the highest luminosity AGN are more

likely connected to mergers, but is in disagreement with studies that find the most

luminous systems are not more likely to have disturbed morphologies (Villforth et al.

2014; Mechtley et al. 2016; Villforth et al. 2017; Marian et al. 2019).

Finally, in the work presented here, I study the co-incidence of star formation rate

and SMBH accretion rate enhancements on a galaxy by galaxy basis. The results of

my research demonstrate that, when observing post-mergers for one instance in time,

the strength of the star formation rate and SMBH accretion rate enhancements are

not correlated, in agreement with simulations by Hickox et al. (2014); Volonteri et al.

(2015b). However, I do find a connection between star formation rate and SMBH

accretion rate in post-mergers with both a high mass ratio and significant amount

of gas, as demonstrated in Figure 3.10. Such a connection may reflect the general

preference for AGN to reside in gas rich and star forming galaxies, as demonstrated in

simulations (Ward et al. 2022) and observations (Rosario et al. 2013; Bernhard et al.

2016; Ellison et al. 2019a; Jarvis et al. 2020; Shangguan et al. 2020; Xie et al. 2021;

Koss et al. 2021). In addition, I demonstrate in Figure 3.10 numerous individual

cases where a post-merger may have a strongly enhanced SMBH accretion rate and

simultaneously suppressed or normal star formation rate relative to controls. My

results are therefore consistent with observations which show that most AGN (not
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strictly post-mergers) have typical rates of star formation (Rosario et al. 2013, 2015),

although some observations demonstrate higher than normal star formation rates in

the highest luminosity AGN (Schweitzer et al. 2006; Lutz et al. 2010; Shao et al. 2010;

Santini et al. 2012).

5.4 Limitations

One of the largest challenges in comparing the results of my work to observational

studies is the non-trivial connection between the observational definition of AGN and

the implementation of AGN in simulations. Full cosmological scale simulations do not

resolve many AGN physics processes that are important for AGN selection techniques

such as the emission associated with synchrotron processes which are important for

the selection of radio AGN. A better comparison with observations would require

the relevant processes to be modelled as well as the use of radiative transfer code

to generate mock observations (e.g. Blecha et al. 2018), which is challenging on a

cosmological sample scale.

Furthermore, in cosmological simulations, enhancements in the central gas density

direct relate to AGN activity (feedback) through the SMBH accretion subgrid recipes.

However, theoretical models for SMBH accretion disks suggest the processes through

which material in the accretion disk loses sufficient angular momentum to fall into the

SMBH is quite complicated, and can depend on the local stellar and AGN feedback

(Netzer 2015).

Although cosmological simulations provide the advantage of diverse and ‘realis-

tic’ merger samples, the large scale of cosmological simulations necessitate a loss of

resolution. Resolution will no doubt play an extensive role in processes occurring

on parsec and subparsec scales such as SMBH accretion, as mentioned in the previ-

ous paragraph. However, resolution also has an impact on the subgrid recipes used

in cosmological simulations. For example, Sivasankaran et al. (2022) demonstrate in

high-resolution simulations of a galaxy merger, including a multiphase ISM and super-

Lagrangian refinement surrounding the SMBH, that SMBH accretion rates measured

using a Bondi model are even more stochastic, varying orders of magnitude on Myr

timescales, due to the accretion of now resolved clumps of gas in the ISM surround-

ing the SMBH. Another simulation study by Negri and Volonteri (2017) looked at

how well a Bondi accretion model, tested over progressively lower resolutions, esti-

mates the ‘true’ accretion rate from a high-resolution reference simulation. Negri and
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Volonteri (2017) demonstrate that the accuracy of the Bondi model is reduced with

decreasing resolution. Negri and Volonteri (2017) also find that the accuracy is non-

trivially related to how the local density and sound speed is sampled, with certain

methods resulting in under or over-estimated accretion rates.

An additional limitation of this work has to do with the implementation of SMBH

relocation in cosmological simulations, and the subsequent effect on SMBH accretion

and SMBH mergers. Bahé et al. (2022) investigate the effects of SMBH reposition-

ing in simulations using the EAGLE galaxy physics model, and demonstrate that

the repositioning of SMBHs to the potential minima can result in significant boosts

to SMBH accretion rate due to the increased density at the gravitational potential

minima and the reduced relative velocity of the SMBH after repositioning. In addi-

tion, SMBH repositioning promotes early SMBH merging as it places the SMBHs of

the merging galaxies in close proximity. A higher SMBH mass, due to ‘pre-mature’

merging, will promote higher accretion rates due to the dependence on SMBH mass

in the Bondi model.

Finally, the last limitation to this work concerns the SMBH merger model used

in all three cosmological simulations. In combination with the SMBH relocation

scheme, SMBH mergers occur promptly in all three simulations. However, it is not

well understood the timescale over which SMBH mergers take place, and how the in-

teractions between SMBHs affect the accretion rates and AGN activity. Furthermore,

SMBH mergers may further complicate the timescale and delay between processes like

starbursts and AGN activity. For example, Ni et al. (2022) demonstrate using the

ASTRID cosmological simulations, which do not anchor SMBH particles to the grav-

itational minima and instead include a subgrid recipe to compensate for unresolved

dynamical friction, that there is a delay of ∼ 200 Myrs between first close encounter

of SMBH pairs and the SMBH merger.

5.5 Future directions

The last topic I wish to discuss is the future directions for the work presented here.

In particular, I wish to highlight follow-up projects complimentary to my research.

First, there is the role of minor mergers. Recall from Figure 3.5, that I do not

find a strong relationship between the relative SMBH accretion rate enhancement

strength and the merger mass ratio. In fact, I find numerous individual cases of

highly enhanced SMBH accretion rates in minor mergers (shown in Figure 3.10). In
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our Universe, minor mergers are much more common, and if some can produce SMBH

accretion rate enhancements of similar strength (up to 100 times higher than matched

controls), it is possible that minor mergers may play a significant role in triggering

AGN activity. I demonstrate that in TNG most high luminosity AGN are not recent

mergers of mass ratio exceeding 1:10, however a follow up experiment to my work

would be to investigate how much of a contribution is made by mergers of increasingly

smaller mass ratio. In fact, in a suite of high resolution hydrodynamic simulations,

Yang et al. (2019) demonstrate AGN luminosities > 1043−44 erg/s for minor mergers

(mass ratios of 1:10).

Finally, in my research, I have focused on AGN activity in post-mergers. However,

a full picture of the connection between AGN and mergers warrants investigation of

how AGN activity may be influenced in the pair interactions leading up to coalescence.

Once again, I bring back the result that 90% of high luminosity AGN in TNG are not

recent mergers. Understanding how much pre-merger interactions contribute to the

‘missing 90%’ is crucial to determine whether the majority of AGN activity in TNG

is unrelated to galaxy interactions. In fact, Prieto et al. (2021) demonstrate in parsec

scale simulations that pericentre interactions leading up to a merger can result in near

Eddington rate SMBH accretion. In addition, a follow up study on the role of pair

interactions will investigate how the diversity in the merging galaxy characteristics

affect SMBH accretion rates. For example, I demonstrate the importance of post-

merger gas mass in determining the strength of SMBH accretion rate enhancement.

However future works can investigate, on a cosmological scale, the importance of the

initial gas content of the merging pairs.

5.6 Concluding remarks

In the research presented here, I look at the connection between enhanced SMBH

accretion rates and post-merger galaxies in cosmological simulations IllustrisTNG,

Illustris, and EAGLE. I find that post-mergers have a population averaged enhance-

ment in all three simulations, supporting the scenario where mergers can trigger AGN,

and in agreement with observational studies finding that post-mergers are more likely

to host AGN. The population averaged enhancements are long-lived, suggesting that

the merger event influences SMBH accretion and AGN feedback up to 2-3 Gyrs af-

ter coalescence. I also demonstrate the significant variation of SMBH accretion rate

enhancement on a galaxy by galaxy basis, where most (>50%) but not all (exclud-



93

ing 20-40%) post-mergers have enhanced accretion rates, highlighting that enhanced

SMBH accretion rate is not ubiquitous in the post-merger sample. Finally, I find that

the majority of high luminosity AGN in TNG are not recent mergers (of stellar mass

ratio > 1:10), in support of observational studies that find mergers do not majorly

contribute to the AGN population.
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Bahé, Y. M., Schaye, J., Schaller, M., Bower, R. G., Borrow, J., Chaikin, E., Kugel,

R., Nobels, F., and Ploeckinger, S. (2022). The importance of black hole reposition-

ing for galaxy formation simulations. Monthly Notices of the Royal Astronomical

Society.

Baldry, I. K., Glazebrook, K., Brinkmann, J., Ivezić, Ž., Lupton, R. H., Nichol, R. C.,
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