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The circumgalactic medium (CGM) represents a key interface in the processes of galactic
evolution. Here, the gas which enters galaxies through mergers and filaments and the gas
expelled from a disk through stellar and black hole feedback intersect, maintaining a reservoir
that will shape a galaxy throughout its lifetime. However, due to the diffuse and difficult-to-
observe nature of this gaseous region, the degree to which galactic processes impact it are still
uncertain, making the CGM a natural laboratory for testing the impact of different feedback
models. The CGM of Milky Way-mass galaxies are the best targets for these analyses as
these galaxies lie at the turnover mass during which galaxies switch from being dominated
by stellar processes and become dominated by supermassive black hole (SMBH) or active
galactic nucleus (AGN) processes.

My focus of my thesis work is in exploring the impact of supermassive black hole (SMBH)
feedback on the evolution of Milky Way-mass (MW-mass) galaxies in hydrodynamic sim-
ulations. We use simulations from the N-body+Smoothed particle hydrodynamics code,
ChaNGa, and include a 25 Mpc cosmological volume, ROMULUS25, and a suite of ”genet-
ically modified” (GM) galaxies. These GM galaxies originate from nearly identical initial
conditions resulting in minor modifications to their accretion histories that maintain the

large scale structure and final halo mass of the original simulation. We find that (1) the



SMBH propagates metals from the disk out into CGM, (2) the mass of metals retained by
the galaxy depends on its deviation from the M-sigma relation, and (3) black hole accretion
histories can be influenced by larger scale galaxy accretion physics, which work in tandem

to quench star formation.
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Chapter 1

A BRIEF HISTORY OF THE (SIMULATED) UNIVERSE

A bright screen which shows a heroine frozen mid-run through an avenue of dark trees.
The dramatic beating of a drum and screeching strings momentarily silenced. The shape
of a monster in silhouette against the dark blue sky. A scene meant to inspire shock and
terror. By hitting the pause button on a scary movie such as this one, a viewer can admire
the technical skills required to make such movie magic. A cinematographers skilled eye. A
costumers skilled hands. More recently, the impressive (and only sometimes subtle) impact

of special effects.

However, it is only if you were to rewind this tale returned backwards in time from the
precipice of this monster’s attack, that you could learn the history of this moment. The
reason our characters have been drawn to the woods. The motivation of the heroine. The

evolution of the monster. All of the pieces that bring this story to life.
So what does this have to do with astronomy?

Well, as a theoretical astronomer, I am, in a sense, much like a movie director. I create
stories, or theories, about the evolution of galaxies and the way that the universe works by

stepping moment by moment through movies, that is simulations.

For decades, simulations have been a necessary tool for understanding the underlying
physics of the universe. These simulations allow us to continue the work of unpacking the
results of observational surveys by giving us a glimpse into the history of galaxy formation.
Returning to our metaphor, we can imagine the glowing spiral disk galaxy, Andromeda (seen
in Figure 1.1), as the ending to our movie. (If it helps to imagine Spock or Han Solo flying in
the foreground, please do.) A key benefit of studying galaxies in this manner come from out

ability to rewind our galaxy back through time, to witness the gas flowing in and out, the



Figure 1.1: An image of Andromeda taken by David Dayag. Also known as Messier 31,
Andromeda is the closest galaxy to our own Milky Way and the two are expected to collide
within the next ~ 5 billion years. Schiavi2020

colliding of galaxies with each other, and any other explosive and exciting events throughout
a galaxies life, or evolution. By combining the powers of these galaxy simulations with
observations, both in the creation of these simulations and afterwards by comparing them to
observations, we deepen our understanding of the universe and all the underlying physical

mechanisms at play.

Throughout my work, I use cosmological simulations to understand the evolution of
galaxies. Cosmological simulations include information about the cosmology, i.e. large scale
structure and dynamics, of the universe within which our galaxies form and evolve. There are
two main types of these cosmological simulations: volumes and zoom-ins. Volumes simulate

a fraction of the universe! and contain hundreds to thousands of galaxies, allowing us to draw

'For example, a common size for a dark matter-only volume is 50 Mpc on a side. That is 10'°, or 10
billion, times the size of our solar system. l.e. these simulations are quite large.



conclusions from the statistical sample of galaxy populations. Meanwhile, zoom-in galaxy
simulations focus on one main or central galaxy and trace its individual history through
time, while simulating the surrounding environment at a courser resolution. Due to the
differences in scales, zoom-in galaxies often have the benefit of being higher resolution, but
they lack the capability to draw statistically significant conclusions like from volumes. In
my work, I combine the power of both cosmological volumes and zoom-in galaxies to draw

precise conclusions that maintain cosmological context.

In particular, I use N-Body/smooth particle hydrodynamic (SPH) simulations which use
discrete particle to represent dark matter, gas, and stars. This method relies on the assump-
tion that gas, on large scales, behaves as a fluid, and solves the equations of hydrodynamics
using Lagrangian methods. There are other methods used to simulate galaxies, such as
adaptive mesh refinement (AMR), an Eulerian method, which represents the galaxy in the
form of a mesh or grid wherein each cell tracks the gas properties in the corresponding re-

28:29:162  Fach box in the grid represents an individual particle with its specific

gion of space
properties, and due to the nature of the grid-based system, each component of the grid can
selectively increase or decrease resolution. More recently, moving mesh, a combination of
Eulerian and Lagrangian techniques, has also been applied to galaxy formation studies?%.

While each of these methods have their strengths and their caveats, I will mostly focus on the
details of SPH simulations and characteristics that are broadly consistent across the different
types.

The process of accurately simulating a galaxy is complicated and through time has been
fraught by missing components and a lack of computational power. Some of the first galaxy
formation simulations, which were limited by early computational methods, focused only
on dark matter halos.? These simulations, though limited in scope, led important strides

in understanding halo population models?*°, the assembly of massive clusters®¢*, and the

2Semi-analytical models, which combine numerical dark matter-only simulations with analytical models
for the baryons, have and continue to bridge part of the divide between high computational expense and
resolution limitations41:63;116;146;294



growth of large scale structure!®2. Since this first wave of galaxy simulations the scale has
increased from a few thousand particles to over a trillion?3®, and exponentially increased
our understanding of the physics driving galaxy evolution. Nevertheless, the current scale of
resolution demands that some of the physical mechanisms in our simulations be implemented
through “sub-grid” physical models which attempt to capture the relevant physics at sub-
resolution scales. For example, one commonly used method to model the accretion of SMBHs
is to use Bondi-Hoyle accretion*, Thus, as the resolution of these simulations increases and
better, more accurate sub-grid physical models are created with each new generation, our
understanding of the universe grows as well.

It was only within this last decade or so that simulations began to reproduce observed

113;134;151;275;299;322;344;353

galaxy relations . One essential difficulty arising from the many dif-

ferent and co-dependent mechanisms at play in galaxy evolution.
1.1 The Prescriptions of Galaxy Simulations

Some of the key models and sub-grid prescriptions® in galaxy simulations include: gas cool-
ing, star formation, stellar feedback/energy ejection, supermassive black hole formation and
accretion, active galactic nuclei feedback, magnetic fields, and more recently, cosmic rays.
Gas cooling processes such as hydrogen and helium line cooling, Bremsstrahlung, inverse
Compton, and metal line cooling are a critical model within galaxy simulations as they di-
rectly impact the formation of stars. However, resolution effects can limit the implementation
of some models. For example, at the resolution of the cosmological volume, ROMULUS25 322
(Myas ~ 10°, Mpy ~ 10°, See Section 2.2 for additional details), we are unable to resolve
individual star formation regions. Therefore, the inclusion of a full treatment for metal cool-

ing results in over-cooling within a galaxy and creates an unrealistic interstellar medium?S.

3Depending on the resolution of the simulation, the physics that impacts the different components can not
be directly implemented hence the implementation for a “sub-grid” model. For example, in the resolution
of the ROMULUS25 cosmological volume (See Section 2.2), star particles are created with a mass of ~ 10*
Mg meaning that each particle must represent a stellar population. Therefore, we apply an initial mass
function to each particle which determines how many individual stars and of what mass are represented
within each star particle.



At higher resolutions, such as those of the Justice League!* (M, ~ 10%, Mpy ~ 10%),
the inclusion of a full prescription for metal cooling is possible. Thus, while gas cooling is
a physical process which does not require a sub-grid implementation, whether a simulation
can resolve different gas phases determines which cooling processes can be applied.

Star formation is naturally a key component in galaxy formation. Stars form from gas
particles which can be subject an array of specific criteria in terms of density 275353, temper-

134278 " oas prone to gravitational

ature3??, environment within gravitationally bound regions
instability (or Jeans Length criteria), and other requirements. An efficiency rate of 1% is
supported by observations3!17! for gas to convert into stars per expected rate of gravitational
collapse (i.e. free fall time), and star formation rates are typically use a Kennicutt-Schmidt

relation,
dM, €M,
dt— typ

(1.1)

where dM, /dt is the stellar mass production rate, € is the efficiency constant (usually a value
between 0.01 and 1 constrained by observations), M, is the mass of the gas particle, and ¢;¢
is the free fall time. After star particles are formed, stellar evolution is tracked including
supernova ejecta (typically Type Ia and Type II and more recently neutron star mergers)

and the metal enrichment of the surrounding gas?!%34%367,

The metal yields assumed in
simulations are determined through stellar evolution calculations and can often be a source
of uncertainty.

The injection of energy and momentum into the local environment by stellar winds and
supernova or by active galactic nuclei (AGN) is known collectively as stellar feedback or
AGN /supermassive black hole (SMBH) feedback. Feedback plays a critical component in
the growth and evolution of galaxies. My work in particular has centered on the analysis
of feedback prescriptions, with a focus on SMBH or AGN feedback, and how this feedback

impacts the gas inside and around galaxies. However, the implementation of sub-grid models

for feedback processes can vary widely between galaxy simulations which motivates both my

4This uncertainty has been an important caveat in my work, as shown in Chapters 2 and 4.



past and ongoing work as well as the continued progress needed to better understand the

coupling of feedback energy to gas physics.
1.2 Feedback, feedback, feedback

Decades of observations have shown that large scale gas outflows driven by energetic processes
in the disk of a galaxy are a critical component in galaxy evolution. Stellar feedback?%? from
supernova and stellar winds is an important source of energy for driving outflows through
radiation pressure, thermal pressure, and cosmic rays*®109:335 -~ Additionally, SMBHs, during
their growth phase as AGN, can drive powerful winds that evacuate gas from the center of
their host galaxy!®® and quench star formation®%86:8%:265 There is a variety of observational

evidence for stellar feedback driven outflows37:262

and observations of outflows driven by
AGN27316 hut a deeper understanding of the underlying physics driving these outflows is
still necessary.

Current stellar feedback methods have a variety of implementations but have two main
forms when it comes to supernova energy expulsion: thermal or kinetic. In the case of
thermal stellar feedback, nearby gas is heated after supernova events and, to avoid excessive
cooling, radiative cooling will be shut off for a specific amount of time (typically ~ 107 yr)3%3;
gas will be heated to high enough temperatures that radiative cooling is ineffective for ~ 107
yr%: or thermal energy will be tracked in a seperate hot phase!®%2%_ In other cases, kinetic
energy must thermalize before being radiated away. Newer models also include other feedback
channels such as the energy and moment injected via stellar winds and the photoionization
and radiation pressure of nearby young, massive stars¥129290:304 Gtellar feedback must not
only drive galactic-scale outflows to contend with observations, but this process is likely
also necessary to account for the low baryon retention in galaxies?%?% (See Chapter 4 for
further discussion). However, studies have shown stellar feedback is ineffective in shutting

4155354 - Nevertheless, additional work

off star formation in the high mass galaxy regime
is necessary to determine which stellar feedback models drive more accurate and realistic

galaxy evolution.



Supermassive black hole feedback, also called AGN feedback, is well accepted to be more
effective at regulating star formation in more massive galaxies (M, >3 x M) 6:231:285:292 " 5q
well as regulating the accretion and growth of the SMBH itself. Furthermore, theoretical
studies have shown that AGN feedback is a necessary component in full cessation of star
formation, or quenching, of galaxies, especially at the high mass end "%1°1:18%236:266 - Q\[BH
feedback is typically split into two modes, quasar and radio mode, to account for the related
phenomena observed from AGN jets including electromagnetic radiation, relativistic jets,
and non-relativistic outflows which are less collimated!®®. Quasar mode feedback, or the
radiatively efficient mode, injects energy and momentum while assuming the bolometric

75,297
)

luminosity is proportional to the accretion rate eg:

L, = ¢, Mpuc®, (1.2)

where L, is the bolometric luminosity, €, is the radiative efficiency, Mgy is the mass

accreted by the black hole, and ¢ is the speed of light. Then, the feedback energy is

E = erL, = ef@«]\%g}qc2 (1.3)

where €y is the feedback efficiency, which assumes some fraction of the luminosity can
couple thermally and isotropically to surrounding gas.

Comparatively, radio-mode or “mechanical” feedback, which is driven by highly-collimated
jets of relativistic particles, is thought to be important to the regulation of star forma-

86:192;282;284;354 This mode occurs when the SMBH is accreting at lower accretion rates,

tion.
but despite being launched at a few times the Schwarzchild radius can extend out to tens of
kpc from the galaxy. SMBHs may also provide a “preventative feedback” mode during which
impacted gas will maintain high entropy and long cooling times that continue to suppress
star formation. Similar to stellar feedback however, the implementation of AGN feedback is

widely contested and variable between simulations. The details of feedback remains uncer-

tain such as whether SMBHs heat up gas needed for star formation or eject it and how this



process scales at different masses and redshift®””. Predictions from these different simulations
need further validating before we can determine the true nature of feedback energy. Recent
studies of the circumgalactic medium (CGM) have shown that the gaseous halo around a
galaxy may be particularly sensitive to feedback processes in a galaxy. Though observations
of this diffuse region are still difficult, accurately simuating the gas in the CGM may be the
key to solving the myster of feedback.

1.3 The CGM and You

Observations of the circumgalactic medium, the halo of gas around a galaxy, show that it
must be impacted by feedback processes in the stellar disk (See Tumlinson, Peeples and Werk

(2017) for a recent review33Y)

. Accretion from the metal-poor intergalactic medium (IGM)
is unable to account for the amount of cold gas and the high metal content observed in the
CGM332, However, McQuinn & Werk (2018)!%* explain that the energy deposited onto halo
gas by black holes and supernovae appears too low to explain the multi-phase gas seen in the
CGM. Nearly an order of magnitude more feedback energy than we observe is necessary to
account for the vast quantities of material, like OVI ions, in the CGM. We require a better

understanding of both stellar and AGN feedback to determine the role they each play in

regulating and quenching star formation and enriching the CGM with gas and metals.

The CGM of Milky Way-mass (MW-mass) galaxies is a critical laboratory in which the
effects of all of these feedback processes are entangled. Galaxies in this mass range (virial
mass, Myi(z—g) ~ 10'2) live at the knee of the stellar mass—halo mass relation, the transition
between galaxies dominated by stellar feedback and higher mass galaxies dominated by AGN
processes. With their gas being impacted by both stellar and SMBH feedback, it is crucial
to study the CGM of MW-mass galaxies.

By examining the impact of feedback processes on the CGM of Milky Way-mass galaxies
in cosmological volumes and zoom-in simulations, my work aims to resolve these different

yet deeply interconnected questions about the formation of galaxies:



1. What role does SMBH feedback play in quenching galaxies in Milky Way-mass simu-
lations? (Chapter 2)

2. How well do our simulations match the observational properties of the galaxies in CGM
surveys? What processes, such as stellar or SMBH feedback, impact the amount of

O v1 in the CGM of our simulated galaxies? (Chapter 3)

3. Finally, where do the metals in a galaxy flow through and end up after being impacted
by different processes? (Chapter 4)

You'll find the answers to these questions and more in the following chapters.



Chapter 2

ONE TWO QUENCH:
A DOUBLE MINOR MERGER SCENARIO

10
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Portions of this chapter were originally published in collaboration with Michael Trem-
mel, Jessica K. Werk, Andrew Pontzen, Charlotte Christensen, Thomas Quinn, Sarah Loeb-
man, and Akazia Cruz in the April 2021 edition of The Astrophysical Journal (Sanchez,
N. N., Tremmel, M., Werk, J. K., et al. 2021, The Astrophysical Journal, 911, 116; 2021
©American Astronomical Society, DOI: 10.3847/1538-4357/abeb15), and are reproduced be-

low with the permission of the American Astronomical Society.

Summary

Using the N-body+Smoothed particle hydrodynamics code, ChaNGa, we identify two
merger-driven processes—disk disruption and supermassive black hole (SMBH) feedback—which
work together to quench L* galaxies for over 7 Gyr. Specifically, we examine the cessation
of star formation in a simulated Milky Way (MW) analog, driven by an interaction with two
minor satellites. Both interactions occur within ~100 Myr of each other, and the satellites
both have masses 5 to 20 times smaller than that of their MW-like host galaxy. Using the

260 we generate a set of four zoom-in, MW-mass galaxies all

genetic modification process o
of which exhibit unique star formation histories due to small changes to their assembly histo-
ries. In two of these four cases, the galaxy is quenched by z = 1. Because these are controlled
modifications, we are able to isolate the effects of two closely-spaced minor merger events,
the relative timing of which determines whether the MW-mass main galaxy quenches. This
one-two punch works to: 1. fuel the supermassive black hole (SMBH) at its peak accretion
rate; and 2. disrupt the cold, gaseous disk of the host galaxy. The end result is that feedback
from the SMBH thoroughly and abruptly ends the star formation of the galaxy by z ~ 1. We
search for and find a similar quenching event in ROMULUS25, a hydrodynamical (25 Mpc)?

volume simulation, demonstrating that the mechanism is common enough to occur even in

a small sample of MW-mass quenched galaxies at z = 0.
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2.1 Introduction

Benchmark astronomical surveys, such as the Sloan Digital Sky Survey (SDSS) and the
Cosmological Evolution Survey (COSMOS), have revealed how the bi-modality in galaxy
properties evolves over redshift e.g. 15:23:44:13%:208:308 = A ctively star-forming galaxies and non-

star-forming, “passive” galaxies occupy two distinct regions of parameter space in color

magnitude diagrams and exhibit distinct morphologies e.g.33%37 and stellar populations

e.g OEMSITHINS62 = Thoeoretical studies have been able to reproduce the bimodal galaxy

1

distributions in SFR®!, morphology?*!, and color!442: however, no theoretical consensus

has yet emerged to explain the increase of quenched galaxies observed from z ~ 1 to present

day 24;140

The general decline in star formation rate towards z ~ 0 has been well-described by

179;218

observational studies e.g. , and this process is almost certainly influenced by a decrease

3

in cool gas supply in the local universe e.g.?*3. However, there are many large-scale and

small-scale processes that can impact the star formation properties of a galaxy.

Peng et al. 2010%° describes two main quenching pathways: environmental!316147 and
mass 4 quenching. Examples of such quenching processes include halo quenching or starva-

tion —two types of mass-quenching—each cite a specific source driving their quenching.

For example, halo quenching relies on the long cooling times of high-temperature (~ 10°

K) halo gas!46:246:292 A5 [GM gas enters a high mass (Mpa, = 10 My) galaxy through

70;158

filaments, it shock heats to the virial temperature of the galaxy , ultimately depriving

galaxies of their star-forming fuel. However, within these massive halos, star formation

6

suppression through this mode can be less efficient in high baryon fraction galaxies?® and

cool gas may still permeate through shocked regions and accrete onto the galaxy*%73213,

Similarly, the process which includes the physical removal and suppression of the gaseous
fuel of a galaxy is called “starvation” and occurs in both low and high mass galaxies. In
low mass galaxies with small gravitational potential wells, star formation feedback processes

—such as stellar winds, radiation, and energy ejected via supernovae —are powerful enough
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to strip galaxies of some or all of their gas™!™. In more massive galaxies, AGN feedback is a
likely culprit for ejecting the cool gas from a galaxy disk through powerful outflows5%:86:88:90
and enriching the circumgalactic medium (CGM) with metals formed in the disk?!4266:399  Tp
some cases, the AGN feedback energy can be strong enough to expel gas out of the CGM into
the ICM 224, Additionally, the large scale cooling regulation which occurs in the CGM may
drive gas back towards the galaxy, which can then further fuel the AGN, in a self-regulating
galactic fountain 10:74105:216:318:345 * Nevertheless, the AGN alone may not be capable of fully

75;236;329

quenching a galaxy , and observations of highly star-forming galaxies can still show

significant AGN activity 46:20%:211:256:287

In both of these cases, halo quenching and starvation, the main source of quenching
comes from a specific physical driver—long cooling times and feedback processes—while
observational evidence shows that these sources of quenching can be disrupted by other
galactic properties such as AGN feedback in bright SF galaxies. Furthermore, additional
studies find that the combination of halo quenching and the AGN activity driving starvation
can work together to reduce star formation in some galaxies**'88. In our study, we focus on
the combination of physical processes which drive galaxy quenching through galaxy mergers.
A third quenching process described by Peng et al. 2010%Y, merger quenching is mostly
independent of mass and is typically associated with a major merger resulting in the cessation

62;103:297317 - However, we uniquely investigate this type of

of star formation in a galaxy
quenching through a series of minor merger interactions, rather than as the result of a single
major merger.

We use a carefully constructed set of initial conditions to study merger-driven quenching
within a controlled environment. Our study follows that of Pontzen et al. 2017236 (hereafter,
P17) which investigates quenching by black hole feedback and merger effects in tandem.
P17 utilize the ‘genetic modification’ technique GM,?%° to create a suite of cosmological
simulations of Milky Way-mass (MW-mass) halos at z = 2 with assembly histories that have

been modified in controlled ways. The environment and assembly history of each galaxy in

the suite was nearly identical, except for a significant merger event with varying mass ratio
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(1:10, 1:5, and 2:3) occurring at z < 2. The resulting physical state of the main galaxy ranges
from star forming to temporarily-quenched to permanently quenched due to the interplay
between the major merger and SMBH feedback. In the permanently-quenched case (2:3),
P17 show that the combined effort of the merger and the SMBH feedback work together to
halt star formation: the merger disrupts the disk while the AGN feedback ejects and heats
some, but not all, of the cold disk gas. It is the lack of an orderly disk that prevents further
star formation despite some cool gas remaining in the galaxy.

We follow the methods of P17 to investigate quenching in a new suite of genetically
modified MW-mass galaxies at z = 0. However, we note that P17 examines the major
mergers likely to occur at high-z for more massive halos, while we focus on MW-mass galaxies
which have more quiet recent histories, like our own MW. In this study, we examine the
influence of a more minor modification within these simulations and show that two minor
mergers can lead to a unique form of quenching in MW-mass galaxies.

This paper is organized as follows: Section 2.2 details our set of simulations and describes
the genetic modification process. Section 2.3 reports our findings and results. In Section 2.4,

we summarize our results and discuss the broader implications of our findings.
2.2 Simulation Parameters

To create our sample of galaxies, we used the modern SPH code, Charm N-body GrAvity

3505351 4nd in-

solver ChaNGa'%. ChaNGa inherents the same physical models as Gasoline
cludes the following physical prescriptions: cosmic UV background!!®, star formation using
an IMF given by!®, blastwave supernova feedback??6:3% for more details including both
SNIa and SNII3!3369  SNII feedback imparts 105! ergs of thermal energy per supernova onto

280;303;352 49 included to allow

surrounding gas particles. Low temperature metal line cooling
gas below 10*K to cool proportionally to the metals in the gas. Gas above this threshold
cools only via H/He, Bremsstrahlung, and inverse Compton. No high temperature metal
cooling is included due to the resolution of our simulations which does not resolve individual

star forming regions See3?* for more detailed discussion.
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Figure 2.1: Star formation histories of our 4 GM galaxies. The star forming galaxies, RO and
GM1, are shown in dark and light blue; the quenched galaxies, GM2 and GM3, are shown
in dark and light red; and the main sequence star formation rate, for My,, = 5 x 10°M
at z = 0, is shown in purple®%®. All 4 of our galaxies begin with very similar ICs which
have been genetically modified to shrink the mass of a satellite which enters the main halo
at z = 1. Despite their similar beginnings, two of the galaxies, RO and GM]1, remain star
forming through their lives, while the others, GM2 and GM3, quench just after z = 1 and
remain that way until z = 0 (~ 8 Gyr).

Our simulations use an improved set of black hole (BH) prescriptions including formation,
accretion, and dynamical friction®?. SMBH seeds form from dense, extremely low metallicity
gas particles which allows BHs to form early in low mass halos, as predicted by the majority
of theoretical models. Sub-grid models for SMBH accretion and dynamical friction have been
implemented, including realistic SMBH mergers and dynamical evolution. SMBH dynamics
are accurately followed down to sub-kpc scales®?!. In particular, the subgrid model for accre-

tion takes into account angular momentum support from nearby gas particles. This model
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allows for more physical growth compared to strictly Bondi-Hoyle accretion and does not
require additional assumptions or free parameters. Angular momentum support is included

in the accretion equation:

W(GMBH)zpCS

M
C Ty

7 (2.1)

where p is the density of the surrounding gas, ¢, is the sound speed, and vy is the rotational
velocity of the surrounding gas. The quantity vy is informed by the angular momentum
support of this gas on the smallest, resolvable scale. Additionally, a density dependent boost
factor is implemented to avoid underestimating SMBH accretion rates due to resolution
affecting temperature and density calculations of nearby gas. Using the prescription of Booth
et al. 2009%, the standard Bondi rate is scaled by a density dependent factor, (nges/n.)?,
where n, is the star formation density threshold and § is a free parameter. Combined, the
density dependent boost factor and inclusion of angular momentum support results in the

full equation from Tremmel et al. 20173%3:

(
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\
where vy, is the smallest relative velocity of the SMBH’s 32 nearest gas particles. Thus,
in cases where bulk motions dominate over rotational motion, the formula reverts to Bondi-

Hoyle.

Thermal SMBH feedback energy is determined by the accreted mass, M , and imparted
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on the nearest 32 gas particles according to a kernel smoothing;:
E = e,e; McAdt, (2.3)

where €, = 0.1 and €; = 0.02 are the radiative and feedback efficiency, respectively. Accretion
is assumed to be constant over one black hole timestep, dt. Cooling is shut off immediately
after AGN feedback events for a short (~ 10*7° years) time. These choices were calibrated
against dozens of zoom-in simulations to broadly reproduce observed galaxy and SMBH

scaling relations. Furthermore, this SMBH feedback prescription is shown to produce large

236;324 7323

scale outflows . For more details on the SMBH prescriptions, see Tremmel et al. 201
Our simulations were each run with the same ACDM cosmology, 2, = 0.3086, 2y =
0.6914, h = 0.67, 0g = 0.773, and have a Plummer-equivalent softening length of 250 pc (a

spline kernel of 350 pc is used). Initial conditions were generated using genetIC307.

2.2.1 Halo and Merger Identification

Individual halos are selected using the post-processing tool AMIGA HALO FINDER, which
selects halos using an overdensity criteria and grid based system which iteratively removes

107:163;164 - Virial mass, My,

particles that are gravitationally unbound from prospective halos
and virial radii, R,;., are determined using a spherical top-hat collapse technique. Halos are
traced backwards through time from z = 0 to previous snapshots, following the halo from
the previous snapshot which contains the majority of the same particles using the analysis
tools pynbody?** and TANGOS?3®.

Merger ratios are defined at infall, during the snapshot just before the center of the
satellite halo has first passed into the virial radius of the main halo (Table 2.1), and are
calculated as ¢ = Myir hato/ Myir sateniite- Larger infall ratios indicate mergers with smaller
satellite galaxies.

These following zoom-in simulations were first described in Sanchez et al. 20192% which

compared the O VI column densities within these galaxies to observations from the COS-

Halos Survey. This previous study examined the effects of star formation history and SMBH
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Figure 2.2: SMBH accretion rates for our four GM galaxies across time averaged using a
rolling mean of 450 Myrs. The peak of accretion and feedback energy occurs earlier in both
quenched galaxies, within ~ 100 Myr of the double satellite interaction (z ~ 1). The timing
of the satellite interactions are indicated in blue for the star forming galaxies, and red for
the quenched cases. Triangles connected with a dashed line indicate the interaction period
of the first satellite, from initial flyby (open marker) to time of its merger with the main
halo (solid marker). For the second satellite interaction, open and closed squares indicate
the initial flyby and time of merger, respectively. See Table 2.1 for flyby and merger times.

feedback on the circumgalactic medium. They found that while differences in the star for-
mation histories of the galaxies didn’t result in significant variations in the amount of O vI
in the CGM of these galaxies, SMBH feedback was a significant driver of the metals into the
CGM.
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2.2.2  The Genetic Modifications

We selected a Milky Way-mass “Organic” galaxy, henceforth RO, (M, = 9.9 x 10M M)
from an initial, dark-matter only cosmological volume which had uniform resolution and was
50 Mpc on a side. RO was selected for the Large Magellanic Cloud-mass (LMC-mass, My
= 2 x 10'% M) satellite galaxy which was contained within its virial radius at z = 0, and
was otherwise isolated (>2 Mpc) from other MW-mass galaxies. Once selected, we define
a Lagrangian region associated with this halo to create the "zoom-in“ simulation of our R0
galaxy using the technique of Katz et al. 199345, This zoom-in RO includes baryons and
their related physics while only re-simulating a few virial radii from the main halo at the
highest resolution (My,s = 2.1 x 10° Mg, Mpy = 1.4 x 10° M) while large scale structure
at farther distances are simulated only in DM at a much coarser resolution.!

To create the subsequent “genetically modified” galaxies, we used the method of Roth
et al. 20162 to modify the initial conditions of RO by decreasing the mean over-density
associated with the particles in the LMC-mass satellite which was present in RO at z = 0.
With this method, we created three GM galaxies (GM1, GM2, and GM3), each modified to
result in a subsequently smaller satellite mass see Table 1; 266, The benefit of this method is
that it allows us to fix the large scale structure and the final mass of the main halo (M,;,. ~
102 M) while varying specific aspects of the halos assembly history. The simulations resulted
in a set of four galaxies which, despite controlling for large scale environment and only slightly
modifying the assembly of the halo, have varying baryonic evolution. Two of these galaxies,
RO and GM1, are star forming, disk galaxies, similar to the Milky Way, while two of these
galaxies, GM2 and GM3, unexpectedly become quenched at z ~ 1 (Figure 2.1).

Simulation snapshots of particle data had varying cadences with medians of 700 Myr and
200 Myrs for RO and GM1, respectively, and 400 Myrs for both GM2 and GM3. Additional
static images were created on the fly during each simulation with a cadence of 3 Myrs.

While first introduced in Sanchez et al. 20192% two of these zoom-in simulations (GM?2

!Correction: Sanchez et al. 2019256 states that the DM mass is 3.4 x 10° Mg which is the DM mass
resolution for ROMULUS25 not the GM galaxies.
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and GM3 ) were additionally discussed in Cruz et al. 2020%°, which examined the effect of
self-interacting dark matter models on SMBH growth histories. Though the effects of varying
assembly and star formation have been explored in these papers, no thorough treatment
describing the quenching in these galaxies has yet been put forth. The purpose of the

present paper is to explore the physical processes driving quenching in these galaxies.

2.2.8  The RomuLus25 Cosmological Volume

ROMULUS253?3 hereafter R25 is a 25 Mpc cosmological volume that includes galaxies between
halo masses of 10 —10'3 M. The galaxies in R25 have been shown to lie along the Mpy-
M., stellar mass-halo mass, and Mpp-o relations?®?, and are consistent with observations of
of star formation and SMBH accretion histories at high redshift3**. Furthermore, Tremmel
et al. 201732 shows that SMBH physics plays a necessary role in reproducing MW-mass
galaxy evolution and quenching in high mass galaxies. R25 has a mass resolution of My, =
2.1 x 10> My and Mpy; = 3.4 x 10° M, for gas and DM particles, respectively.

For our study, we examine a set of 26 MW-mass galaxies which have final halo masses,
Mpato, between 5 x 10! and 2 x 10'2 M and which are not satellites of a more massive

halo at z = 0. Our M}, measurements use the corrections of Munshi et al. 2013204,

2.3 Results

2.3.1 Differences in Merger Timings

Due to the constraints that maintain the final mass of the main halo while changing the LMC
satellite mass, the genetic modification technique affects the timing of accretion throughout
the evolution of the galaxy. In GM2 and GM3, our two quenched cases and those with
the smallest satellite masses, the accretion of satellites onto the main galaxy must occur
faster and therefore earlier to maintain the final mass of the main halo. Consistently, SMBH
accretion also peaks earlier (z ~ 1.18), nearly 1 Gyr before the peak of SMBH accretion
in the two star forming cases, RO and GM1 (Figure 2.2, discussed in detail below). The
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differences in timing and order of the minor mergers which occur are key to understanding

the effect of the quenching in these two galaxies.

We note that the variations between the two star forming galaxies themselves are minimal.
Similarly, the two quenched cases have timing and sequence that are closely similar (Table
2.1). For that reason, we will generalize to two cases: the star forming case and the quenched
case.

Figure 2.3 illustrates the differences in the order and timing of the minor mergers in the
star forming (Upper Panels) and quenched cases (Lower Panels). In the star forming case,
(1) satellite 1 and satellite 2 are both infalling towards the galaxy of the main halo by ¢t ~ 4.7
Gyr, when satellite 1 does a flyby of the main galaxy. (2) Satellite 2 then does a flyby nearly

Table 2.1: Timing of the Minor Merger Scenarios™

Sim Sat 1  Sat 1 Sat 1 Sat 2 Sat 2 Sat 2 SMBH
Infall  Flyby** Merger** Infall Flyby** Merger** Accretion

Ratio Ratio Peak

q Gyr Gyr q Gyr Gyr Gyr

RO 5.4 4.76 7.57 13.6 5.60 6.53 6.95
GM1 7.3 4.69 7.39 14.6 5.40 6.35 6.74
GM2 8.2 4.43 5.42 18.9 5.44 6.80 5.59
GM3 95 4.39 5.41 17.9 5.49 7.13 5.84

*Details about satellite interactions in our four GM galaxies, including infall merger ratios,
flyby times, merger times, as well as the time of the peak accretion rate of the SMBH.
Infall merger ratios, q, are defined as My nato/ Myir satenite @t the simulation output before
the satellite enters the main halo.

**Flyby and merger times were determined by visual examination of ppm image files

created on the fly during simulation with a cadence ~ 3 Myr.
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Table 2.2: Properties of Zoom-In Galaxies Prior to Minor Merger Interactions

Sim (z) Halo Mass Gas Mass Stellar Mass Cold Gas Dense Gas Ry,
(Mo) (Mo) (Mo) (Mo) (Mo) (kpc)

RO (1.18) 5.7 x 10" 7.1 x 10" 1.3 x 101 4.1 x 10° 7.0 x 10 122.8
GM1 (1.32) 4.9 x 10" 6.0 x 10" 1.2 x 10" 3.7 x 10 7.0 x 10° 110.0
GM2 (1.32) 5.1 x 10" 6.4 x 10" 9.1 x 10° 5.0 x 10° 4.6 x 10° 1114
GM3 (1.32) 5.0 x 10" 6.0 x 10 7.5 x 10° 5.0 x 10° 3.3 x 10° 110.5

*Details about the simulations prior to the start of the minor merger interactions at z ~ 1,
including total virial halo mass, total gas mass, total stellar mass, cold gas mass and dense
gas mass, all in the main halo. Virial radius of each halo is also included. The properties of
RO are shown at z ~ 1.18 due to the limited number of simulation outputs available for this

simulation. The properties of the three other simulations are shown at z ~ 1.32.

a Gyr later at t ~ 5.5 Gyr. (3) Satellite 2 merges another Gyr after that at t ~ 6.4 Gyr. (4)
Finally, satellite 1 merges last at nearly ¢t ~ 7 Gyr.

In the quenched case, the order and timing of these same interactions are markedly
different. (1) Satellite 1 does its flyby nearly half a Gyr earlier (¢t ~ 4.4 Gyr) than in the
star forming case, consistent with the earlier, faster accretion expected from the galaxies
with the most significantly shrunken satellite mass. (2) A Gyr after the flyby of satellite
1, satellite 1 merges with the main halo at t ~ 5.4 Gyr and the flyby of satellite 2 quickly
follows, occurring within the next 100 Myr. In the quenched case, (3) satellite 2 is the last
to merge, a little more than 1.5 Gyr after the double interaction preceding it. The specific
order and timing between these interactions are what set the stage for the stark result of
quenching in this galaxy rather than continued star formation.

Figure 2.4 includes a series of gas density maps spanning the time of these interactions.
GM1, our star forming case, is shown on the left, while GM2, our quenched case is on the

right. At t ~ 5.2 Gyr in the star forming case (Upper Left), satellite 1 has completed its
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Figure 2.3: Diagram detailing the order of the satellite merger scenario in the star forming
(Upper) and quenched (Lower) cases. In the star forming case, the satellite interactions
occur in this order: flyby of satellite 1, flyby of satellite 2, then the merger of satellite 2,
and finally satellite 1 merges last. In the quenched case, the order of these interactions is
different. Satellite 1 still interacts with a flyby first, however it then merges with the main
halo within a Gyr. Shortly after (<100 Myr), the flyby of satellite 2 occurs. Additionally, in
the quenched case, the time when satellite 1 merges and satellite 2 does its flyby is shortly
followed by the peak of SMBH accretion in these galaxies (a few 100 Myrs).

flyby of the main galaxy and is still moving away from it, while satellite 2 is infalling. At this
time, our quenched GM2 (Upper Right) has experienced the same interaction. However, by t
~ 5.6 (Middle Left Panel), satellite 2 in GM1 has completed its flyby of the main galaxy and
satellite 1 is falling back towards it returning from its initial flyby. In contrast (Middle Right
Panel), satellite 1 in GM2 has fully merged with the main halo by this time, with satellite
2 having completed its flyby as well. Finally, at t ~ 5.9 (Bottom Left Panel), both GM1
satellites are now infalling back towards the main galaxy. In GM2, (Bottom Right Panel),

satellite 2 alone is infalling and will complete its merger in about another Gyr.
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Figure 2.4: Gas density maps of the star forming galaxy, GM1, and quenched galaxy, GM2,
during their minor satellite interactions. Left: In GM1, satellite 1 and 2 are both infalling
at z = 1.18 (Top Panel). About a half a Gyr later (Middel Panel), satellite 2 has completed
its flyby and satellite 1 is still infalling towards the main halo. By z = 1, both satellites are
making their way toward the main halo where they will finally merge around t ~ 7.5 and t
~ 6.5 for satellite 1 and 2, respectively. Right: In GM2, one of our quenched galaxies, the
order and timing of these interactions have some key differences. At z = 1.18 (Top Panel),
like in the star forming GM1, the main halo of GM2 has experienced the flyby of satellite
1, while satellite 2 is still in its initial infall. However by z = 1.06 (Middel Panel), satellite
1 has fully merged with the main halo and satellite 2 has completed its flyby, in contrast
to the star forming case which still shows both satellites. Finally at z = 0 (Bottom Panel),
satellite 2 is infalling back towards the main halo and will merge with it in about 1.5 Gyr.
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Figure 2.5: Gas density (Upper) and temperature maps (Lower) of the star forming galaxy,
GM1, and quenched galaxy, GM2. The upper panels show both galaxies long before the
minor merger interactions which quenched GM2 while both galaxies experience a time of
disk stability. The lower panels of each galaxy show them at a time long after the interaction
has impacted the galaxies, showing the stable disk that GM1 has maintained through the
series of interaction at z = 1 and the complete lack of disk and cold gas in GM2.
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Figure 2.6: The mass flow as a function of time in GM1, the star forming case, and GM2,
the quenched case. Blue lines denote GM1, one of our star forming galaxies, and red lines
denote GM2, one of the quenched cases. Dotted lines indicate inflow at the virial radius,
while solid lines indicate outflow at the virial radius. The minor satellite flybys and mergers
are indicated as in Figure 2.2. A significant outflow occurs at z ~ 1, directly following the
minor satellite interaction (when satellite 1 merges and satellite 2 follows with a flyby) and
the peak in SMBH accretion.

2.8.2 Satellite Interactions and SMBH Feedback

While we’ve shown that these interactions do not have a large effect on the star forming
cases, RO and GM1, both GM2 and GM3 experience significant outflows at z ~ 1, quenching
the galaxy completely for the rest of the simulation (Figure 2.6). Outflows and inflows are
calculated by measuring the velocity of the gas passing through a shell at the virial radius
with thickness of 0.1R,;.. While the inflow rates of the galaxies generally follow a similar
shape (dotted lines), a clear and significant difference is present in the outflows (solid lines).
While there is no large outflow in the star forming case (blue solid line), in the quenched

case there is a large outflow (red solid line) directly following the minor satellite interactions
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Figure 2.7: Cold disk gas (T < 2 x 10* K, R < 0.1R,;) and cold gas mass (T < 2 x 10* K,
R < Ry;;) in our GM galaxies. Left: Prior to ~ 6 Gyr, the amount of cold gas in the disk of
the star forming and quenched galaxies is not significantly different. Right: Similarly, we see
consistent amounts of total cold gas mass in all 4 of the halos prior to this time. However,
in both figures, once the minor satellite interactions occur (red filled triangle and open red
square) and the SMBH accretion rate peaks in GM2 and GM3 (lower down-turned black
arrow), the majority of this cold gas is removed in a large outflow from the disk (Figure 2.6).
Line colors, styles, and marker styles as in (Figure 2.2).

and SMBH accreiton peak at t ~ 6 Gyr. These outflows expel most of the gas from the disk,

removing the fuel supply for further star formation (Figure 2.7).

We investigate the galaxy properties during the time just before quenching in GM2 and
GM3 to understand why they quench while the others do not. Specific characteristics of the
merger do not appear to be drivers of the quenching (Table 2.2). No significant differences
arise between the primary halos with regards to the total virial mass, gas mass, or stellar
mass at the time of the merger or leading up to it. There is also no significant difference
between the amount of cold (< 2x 10* K) gas in the disk or the entire halo (Figure 2.7). We
do not find significant differences between the properties of the star forming and quenched
galaxies prior to z = 1 (Figure 2.8), instead determining that the main difference between

these GM simulations is directly related to the timing of their satellite interactions.

Figure 2.2 not only shows the accretion rate of the SMBH at the center of each GM main
galaxy, but additionally the timing and sequence of the satellite interactions are marked. In

the star forming cases (solid lines in blue), the mass of the SMBH continues to grow during
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Figure 2.8: The total gas and total stellar mass for the 4 GM galaxies. Prior to ~ 6 Gyr, there
is little variation in either the total gas mass (left) or stellar mass (right) the star forming
or quenched galaxies. The key difference affecting the overall properties of the galaxies after
z ~ 1 is the timing between the minor mergers. Line colors, styles, and marker styles as
in (Figure 2.2). The timing between the mergers in the star forming case (~ 1 Gyr) is
significantly longer than that of the quenched case (~ 100 Myr) in which the timing of the
minor merger interaction coincides with the peak of SMBH accretion in the quenched case.

the times of the mergers (z ~ 1) and the first peak of SMBH accretion occurs at ¢ ~ 6.8 Gyr.
This peak in accretion coincides closely with the merger of satellite 2, but without disrupting
star formation. In comparison, the peak of SMBH accretion in the quenched cases occurs
at t ~ 5.8 Gyrs, following both the merger of satellite 1 and flyby of satellite 2 within a few
Myrs. This set of interactions is followed by a significant outflow at ¢ ~ 6 Gyr, after which
the galaxies remain quenched for the rest of their lives.

Given no significant differences in the physical characteristics of the galaxies, or their
SMBHs, prior to the series of interactions that occur at z ~ 1, we then look to the dynamics
of the disk to better understand how the differences in galaxy accretion history arise. Figure
2.9 shows the circularity parameter (j./jeire, see Keller et al. 20155 and Simons et al.
201928 and references therein) of cold gas (T < 2 x 10* K) for the star forming, R0, and
quenched, GM2. The galaxy disk is first oriented on the total angular momentum of the
gas within 5 kpc of the galaxy center. Then for each cold gas particle within 20 kpc,
the circularity parameter is calculated as ratio of its specific angular momentum component

perpendicular to the disk (j,) and the specific angular momentum for the theoretical circular



29

orbit of that particle in its current potential (je;c). Values of j,/jeire closer to 1 indicate gas
that is rotationally supported in a disk, while gas with j./jeir. < 0.5 is dispersion dominated.
Gas prior to the merger (upper panels) is stable and mostly rotationally supported in both
galaxies. Difference arise after the mergers occur (lower panels). We see that GM1 (bottom
left panel), our star forming case, retains a stable disk which has become compacted after
the merger ™. While GM2 (bottom right panel), our quenched case, has cold gas which is no
longer rotationally supported in a disk (j,/jeire values closer to 0). This difference is a key

component in our result.

2.3.8  The Quenching Combination

In both the GM cases where the galaxy quenches after z = 1, the difference in the satellite
merger combination is present. Additionally, the earlier accretion of satellite 1 feeds the
SMBH with its gas, resulting in an earlier peak of SMBH accretion than in the SF galaxies.
We determine that the subsequent disruption of the disk in these quenched cases —through
the minor merger interaction of the merger and subsequent flyby —allows the resulting
SMBH feedback (from the peak of SMBH accretion) to eject a majority of the cold gas in
the disk (Figure 2.7). This one-two punch combination of minor satellite interactions, in
tandem with the SMBH feedback, works to quench the galaxies until z = 0. In short, to
quench these galaxies, the combination of fuel given to the SMBH by satellite 1 and the
disruption of the main galaxy disk by both satellite interactions results in SMBH-driven
outflows strong enough to quench the galaxy until z = 0.

Our result is broadly consistent with that of POntzen et al. 2017236, Their results from
a different set of genetically modified galaxies show that a disk instability resulting from an
interaction is necessary for a galaxy to quench. Another requirement for quenching is the
presence of a SMBH, and in particular they concluded that continuous bursts of feedback
were necessary to maintain their quenched galaxies. Sanchez et al. 2019266 further refined
the latter requirement by examining R0 and the same GM galaxies explored in this paper,

both with and without BHs. Unlike in P17 however, we find that a single burst of SMBH
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is enough to quench two of our galaxies for nearly 8 Gyr without further episodes of SMBH
feedback. We attribute these varying results to the differences in redshift and galaxy mass

in each study, ours exploring lower mass galaxies at low redshift.

2.3.4 Quenching Galaxies in a Broader Context

Each of our quenched galaxies has an interaction timescale of ~ 100 Myrs between when
satellite 1 merges and satellite 2 does its subsequent flyby. The timescale between the mergers
of each satellite in the quenched cases are on the order of 1 Gyr (bottom panels in Figure
2.3). In contrast, the order and timing of the flybys and mergers are markedly different for
the two cases in which star formation does not cease. While in these cases satellite 2 merges
before satellite 1, these distinct events are separated by a similar 1 Gyr (top panels, Figure
2.3). We use the timing constraints above to guide an analysis of quenching in the larger,
cosmological simulation, ROMULUS2532. The purpose of this analysis is to understand the
role of minor mergers in quenching MW-mass galaxies, which has thus far been unexplored.

To constrain how likely this type of event might be in the (z <2) universe, we examine
a population of MW-mass galaxies from the cosmological volume R25. While a larger DM-
only volume may provide a more statistically significant measurement for how often these
minor mergers occur in MW-mass galaxies overall, we choose instead to select our additional
sample from R25. First, it provides a larger, uniform sample of isolated MW-mass galaxies
with the same physics and resolution as the GM simulations. Second, as we are interested
in determining whether the combination of minor mergers and the effects of the SMBH
can result in a quenched galaxy similar to what we see in the GM suite, a larger DM-only
simulation would not be sufficient due to the lack of baryonic physics.

From R25, we examined 26 MW-mass galaxies, 8 of which are quenched by z = 0.
To create this sample, we selected all the MW-mass galaxies in R25 with M,;, between
5 x 101 My and 2 x 1012M, at z = 0 that were not satellites of a more massive halo. There
were 26 MW-mass galaxies with these characteristics, each with varying star formation and

accretion histories. From each galaxy, we selected every minor satellite merger (¢ > 3) that
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had a mass ratio between 3 and 20 that occurred within z = 0.5 — 2.

We find that 70% (18/26) of MW-mass galaxies in R25 experience multiple minor mergers
occuring within 1 Gyr of each other. Of this population, one galaxy experiences a peak in
SMBH activity associated with the merger event which then quenches within a few hundred
Myrs, similar to our two quenched GM simulations. This quenched galaxy is one of 8 MW-
mass galaxies that are quenched at z = 0 in the simulation. The total number of galaxies
in R25 is therefore too small to make a meaningful statistical statement. Nevertheless, the
existence of a single example within such a small volume confirms that the minor merger and
AGN scenario we have outlined will arise completely naturally and contribute to quenching
in LCDM cosmologies. Future analyses based on larger volume simulations can confirm this

result.
2.4 Summary and Conclusions

Using the genetic modification technique of?%®°, we've created a suite of genetically modified
galaxies using an initial “Organic” MW-mass galaxy with an LMC-mass satellite at z = 0.
We use the GM process to create galaxies within DM halos with identical large scale structure
environments and nearly-identical halo growth histories but for slight variations in their
satellite accretion history. The result is a set of four MW-mass halos with accretion histories
which have been modified in this controlled way. Despite their overall similarities, we find
significant differences in their baryonic evolution. Two of these galaxies remain star forming
and two become quenched at z = 1. By examining the two quenched cases, we determine
that a pair of minor satellite interactions at z = 1, concurrent with the peak SMBH accretion
rate in the galaxy, can fully quench its star formation until z = 0.

In the two quenched galaxies, the genetic modification process results in a change to
the timing of early satellite mergers. Thus, the two satellites interact with the main galaxy
within a period of ~ 100 Myrs at z = 1. The first satellite merges with the main galaxy,
adding to the fuel available to the SMBH, while the second passes through the main galaxy

in a flyby. These minor satellite interactions disrupt the disk, and are followed by a peak of
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Figure 2.9: Plots of the circularity parameter jz/jcirc of the cold gas (T < 10° K) for the
star forming MW-mass galaxy, GM1, and a quenched MW-mass galaxy, GM2, around the
time of the satellite merger in each galaxy. Gas that has jz/jcirc closer to 1 is rotationally
supported (i.e. in a disk), while gas with jz/jcire closer to 0 is dispersion supported. (Top:)
Prior to the satellite mergers which result in GM2 quenching, both galaxies have fairly stable
gaseous disk components. (Bottom:) After the interaction and mergers occur, however, the
star forming galaxy (Left) retains a stable disk. You can also see compaction of the gas in
the post-merger case”™. Meanwhile the quenched galaxy (Right) at the post-merger time
lacks a stable cold gas disk.

SMBH activity within a few hundred Myrs.

The timing of these events is roughly consistent with the rapid delay times observed
between mergers and AGN activity by Schawinski et al. 201427, They examined GALEX
SFRs and SDSS colors of a sample of galaxies from the Galaxy Zoo Citizen science project 1™
and found that early-type galaxies are quenched by rapid processes (tyuencn < 250 Myrs).

Other observational results find longer quenching timescales using similar methods e.g. 272289,
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To better understand our results on a broader scale, we estimate the number of these
nearly simultaneous events within a cosmological volume that eventually quench a MW-mass
galaxy. In a sample of 26 isolated MW-mass galaxies from the ROMULUS25 simulation,
there are 10 galaxies that quench by z = 0 and one experiences multiple minor mergers that
coincide with a peak in SMBH accretion that result in a quenched galaxy:.

Given current observational capabilities, assessing the impact of minor mergers on star
formation history remains a challenge. However, work disentangling minor merger effects on
SF galaxies has been ongoing'®® and references therein and JWST will likely improve upon
these observations in the future.

Major mergers (¢ < 3) between massive galaxies have long been thought to be the pri-
mary means by which spiral galaxies transform into ellipticals 75128:142:272:293:297 " Tpy addition,
these mergers drive starbursts and fuel central SMBHs, where the latter process may sup-

press star formation in the remnant galaxy 131:245:253:267

. The tidal torques, combined with
the angular momentum of infalling gas, funnel gas into the center of the galaxy, which subse-
quently increases the accretion rate of the SMBH %7133 However, recent observational and
theoretical studies have called into question the efficacy of major mergers in driving SMBH
fueling 74:87:126:127:301:340 " For example, Del Moro et al. 20167 examined a sample of luminous
mid-IR quasars and found no direct evidence linking SFRs and AGN luminosity.

While previous work has explored the galaxy-scale physical consequences of major merg-
ers, the role of minor merger disruption in galactic evolution and SMBH fueling is less
understood but see;?0:133i166:225:317 = A recent simulation study by Hani et al. 202012 explores
the relationship between mergers and galaxy evolution. They find that both major (¢ < 3)
and minor mergers (¢ 2 3) can significantly increase the sSFR of the post-merger galaxy.
However, the enhancement of the sSFR is a factor of ~ 2 for minor mergers (¢ ~ 3 —10) and
~ 2.5 for major mergers. While Hani et al. 2020'%® do not find that galaxy mergers are glob-
ally quenching their post-merger galaxies, they conclude that the strongest merger-driven

galaxies become quenched faster than their control galaxies.

We therefore explore the role of minor mergers, in tandem with the feedback of the SMBH,
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as drivers for quenching massive galaxies. The closely timed interaction of the minor merger
and flyby ultimately disrupt the galaxy disk, and drive gas into the vicinity of the SMBH,
thereby fueling it'67. Thus, it is the sequence and combination of these events that occur
during a short period of few hundred Myrs —the SMBH fueling and subsequent feedback
coupled with the disruption of the disk —that fully quench both MW-mass galaxies in GM2
and GM3 by z = 1. Our study has revealed a complex story where the dual impact of two
minor mergers, and the increased SMBH fueling that these mergers drive, create a viable
pathway for quenching in MW-mass galaxies and supports the growing evidence that the

mechanisms that quench a galaxy are numerous and varied.
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Portions of this chapter were originally published in collaboration with Jessica K. Werk,
Michael Tremmel, Andrew Pontzen, Charlotte Christensen, Thomas Quinn, and Akaxia Cruz
in the September 2019 edition of The Astrophysical Journal (Sanchez, N. N., Werk, J. K.,
Tremmel, M., et al. 2019, The Astrophysical Journal, 882, 8; 2019 (©)American Astronomi-
cal Society, DOI: 10.8847/1538-4357/ab3045), and are reproduced below with the permission

of the American Astronomical Society.

Summary

We examine the effects of supermassive black hole (SMBH) feedback on the circumgalac-

5;3%% and a

tic medium (CGM) using a cosmological hydrodynamic simulation ROMULUS2
set of four zoom-in “genetically modified” Milky Way-mass galaxies sampling different evo-
lutionary paths. By tracing the distribution of metals in the CGM, we show that O VI is
a sensitive indicator of SMBH feedback. First, we calculate the column densities of O VI
in simulated Milky Way-mass galaxies and compare them with observations from the COS-
Halos Survey. Our simulations show column densities of O VI in the CGM consistent with
those of COS-Halos star forming and quenched galaxies. These results contrast with those
from previous simulation studies which typically underproduce CGM column densities of
O vi. We determine that a galaxy’s star formation history and assembly record have little
effect on the amount of O vI in its CGM. Instead, column densities of O VI are closely tied
to galaxy halo mass and black hole growth history. The set of zoom-in, genetically modified

Milky Way-mass galaxies indicates that the SMBH drives highly metal-enriched material out

into its host galaxy’s halo which in turn elevates the column densities of O vI in the CGM.
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3.1 Introduction

The circumgalactic medium (CGM), the extended region of gas surrounding galaxies out to
their virial radii, is richly structured and composed of the raw materials and by-products of
galaxy evolution. Due to its extremely diffuse nature, the CGM is the component of a galaxy
that presents perhaps the greatest challenge to extragalactic observers. The most sensitive
probes of the predominantly ionized gas in the CGM are background QSO sightlines. The
spectra of these background QSOs show the absorption signature of a foreground galaxy’s
halo e.g.1%3Y. Such studies provide an inherently one-dimensional picture of the gas, typically
along only a single sightline. Other observational techniques of studying the CGM include:
stacking analyses, which combine between hundreds and thousands of spectra and/or images
to detect the faint signals of CGM 227:300:373:375:376. «qown-the-barrel” spectroscopy, which em-

37:125;184;261.
b

ploys a galaxy’s own starlight as the background source for CGM absorption and

emission line maps, which search for the few photons emitted directly by CGM gas4%i124:243,
Additionally X-ray observations by Chandra and XMM Newton have been used to help

constrain the extent and nature of the hot, 106 K CGM e.g. 67217372,

Significant progress in the study of the z < 1 CGM followed the 2009 installation of the
UV-sensitive Cosmic Origins Spectrograph (COS) on the Hubble Space Telescope HST,'%.
Numerous successful absorption-line surveys with COS have reported a structurally com-
plex, multiphase medium with column densities and covering fractions of metal ions and

38;39;143;152;176;241;306;327;332 For exam-

hydrogen depending strongly on galaxy properties e.g.
ple, while actively star-forming galaxies exhibit a highly-ionized component to their CGM
characterized by strong O VI absorption out to at least 150 kpc, non-star-forming, elliptical
galaxies show weak or no detections of O vi33'. However, these same passive galaxies exhibit
a high incidence of strong H 1 absorption in their CGM, as much cold, bound gas as their
star-forming counterparts!4324%314 - These results emphasize that the processes that trans-

form galaxies from star-forming disks to passive ellipticals do affect the physical state of the

CGM, but do not completely deplete it of cool, 10* K gas.
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Numerous studies of the CGM indicate that it hosts a substantial fraction of a galaxy’s
baryons e.g.5%241:358 = Qverall, the observational studies on the low-redshift CGM all high-
light the driving role played by gas in the galactic halo in shaping the evolution of stars and
gas in the disks. It is clear that understanding the CGM is crucial for understanding the
complex nature of galaxy evolution and growth.

The widespread O VI absorption in MW-mass halos, referenced above, has presented a
particularly intriguing puzzle for theorists e.g.19%214:222302309 = Oppenheimer et al. 20162%
argue that the O vi bimodality in SF vs non-SF halos arises due to collisionally-ionized O vi
acting as tracer of the virial temperature of gas in these galaxy halos. In this scenario,
galaxies with M, > 10'' Mg would have more of their oxygen in a more ionized phase
such as O vir and O viit. This hypothesis is supported by observations of non-SF galaxies
in the COS-Halos sample, which show lower O VI column densities, reportedly due to the
intrinsically higher virial temperatures of these generally more massive, red ellipticals. In
contrast, Suresh et al. 20173% argue that O VI is built up by supermassive black holes
(SMBH), which can physically modify the CGM via outflows and heat it to 105758 K the
temperature at which the fraction of oxygen as O VI is maximized. Meanwhile, Oppenheimer
et al. 201822! suggests that photo-ionizing energy from a flickering AGN might be required
to raise the column densities of OVI within the virial radius to observed levels. These two
pictures differ greatly in terms of the physical processes that give rise to widespread O VI in
the CGM. In one, O VI traces the hot halo that forms in conjunction with the galaxy through
gravitational processes. In the other, pc-scale processes in the inner, central galaxy provide
enough heat and energy to impact the physical state of extended halo gas out to 100 kpc.

With respect to the picture put forward by Suresh et al. 20173% it is not unreasonable
to propose that a galaxy’s SMBH influences the content of its CGM. Galaxy properties in
general have been shown to be strongly tied to the evolution of its central SMBH. Relations
such as the M- and the bulge mass-BH mass correlation1% indicate that the SMBH

106;167;249;347

and its host galaxy halo co-evolve and references therein. However, the direct

mechanisms for SMBH-CGM impact remain unclear.
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SMBHs have been proposed to effect the CGM in a variety of ways. First, feedback from
the active SMBH may inject energy into the surrounding material, raising temperatures,
resulting in collisionally- and photo-ionized metals in the gas!®6:193221  Additionally, the
SMBH may physically push multiphase gas out of the galaxy. Some of this material may end
up falling back into the galaxy as part of the “recycling” of the CGM?3% enriching CGM
gas with metals from the center of the galaxy, or may leave the CGM entirely and instead

enrich the intergalactic medium (IGM).

In tandem with observational progress on characterizing the CGM, cosmological hydro-
dynamic simulations have become a powerful tool for examining the physics driving the
multiphase nature of the CGM 52:97:99:136:177:214;222;:280:305:309 - Degpite significant effort, few of
these studies are able to match the observed properties of the CGM. For example, most
previous studies underpredict the column densities of O vi found by COS-Halos including

136:219:222:309 -~ Nonetheless, these studies have led to important

the aforementioned studies,
physical insights. Using the smooth particle hydrodynamic code GADGET-2212% Ford et
al. 2014°7 found that the presence of O VI in the CGM likely arises from metals ejected very
early on in the galaxy’s evolution. More recently, Nelson et al. 201824 matched the COS-
Halos observations using the [lustrisTNG simulations and determined that the amount of
O vi the CGM can depend on a variety of galactic properties including sSFR. In particular,
they find that BH feedback (specifically, their low-accretion, kinetic-feedback mode) plays a
crucial role in setting the amount of O vI in the CGM by affecting the amount of metal mass

ejected by the galaxy:.

Motivated by previous theoretical and observational work, we use two sets of simulations

5 323

to study circumgalactic O VI: the cosmological volume, ROMULUS2 , and three “geneti-

236;260 golacted from a

cally modified” variations of a zoom-in Milky-Way (MW) mass galaxy
cosmological volume. These genetically modified zoom-in galaxies are run with and without
the implementation of BH physics to test the effect of SMBH feedback on the CGM. To com-
pare our results with observations, we rely primarily on data from the COS-Halos Survey.

Although several other surveys have examined the CGM around a wide-range of galax-
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ies e.g 3907152270306 - G(OS-Halos3? remains the best-studied, uniformly-selected sample of
MW-mass host galaxies to-date, and one of the few to focus on O vi. Furthermore, COS-
Halos tabulates CGM gas column densities along with spectroscopically and photometrically-
determined galaxy properties (e.g. SFR, M,) allowing for a straightforward comparison
between our simulations and the data.

Ultimately, we examine the effects of both environmental and internal galaxy processes on
the physical state and content of the CGM. Specifically, we address how the star formation
and assembly history of the galaxy impact the content of the CGM and how SMBH activity
imprints itself on the CGM. Using these zoom-in simulations in tandem with the RoMULUS25
simulation, we illuminate the roles that stellar evolution and SMBH feedback play in setting
the properties of the CGM of MW-mass galaxies.

In Section 3.2, we describe the underlying physics used in our two galaxy samples. Section
3.3 details our results from examining the CGM in ROMULUS25 and comparisons with the
zoom-in galaxies and observations. We discuss these results and their implications for future

studies in Section 3.4. In Section 3.5, we summarize and offer conclusions.

3.2 Simulation Parameters

3.2.1 ChaNGa Physics

Both RomuLus25 (hereafter R25) and our set of zoom-in galaxies were run using the
smoothed particle hydrodynamics N-body tree code, Charm N-body GrAvity solver ChaNGa, 1.
ChaNGa includes the same models for a cosmic UV background, star formation (using a
Kroup IMF), ‘blastwave’ SN feedback, and low temperature metal line cooling as previously
used in GASOLINE281:303:350:352 = Neither ROMULUS25 or the zoom-in simulations utilize
metal cooling as the resolution of these simulations is too large to consider individual star
forming regions. Instead, our simulations use a low temperature extension to the cooling
curve such that only gas below 10* K cools proportionally to the metals in the gas. Gas

above this threshold cools only via H/He, Bremsstrahlung, and inverse Compton. This lack
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of metal cooling in our model likely causes our galaxies to over predict O VI by approximately
0.3 dex?®!; however, as our study compares total quantities of oxygen between simulations
and the relative motions of metals, the relative values of Noy1 between simulations remains
valid.

ChaNGa includes an improved SPH formalism which includes a geometric density ap-

351

proach in the force expression This update to the hydrodynamic treatment includes

281

thermal diffusion“®* and reduces artificial surface tension allowing for better resolution of

fluid instabilities'!1:196:254

Additional improvements have been made to the BH formation, accretion, and feedback
models as well an improved prescription for dynamical friction?!:323, BH seed formation is
tied to dense, extremely low metallicity gas to better estimate SMBH populations in a wide
range of galaxies. Sub-grid models for both dynamical friction—to better simulate realistic
SMBH dynamical evolution and mergers—and accretion have been implemented. The new
SMBH accretion model considers angular momentum support from nearby gas allowing for
more physical growth compared to Bondi-Hoyle prescription alone or other methods that
require additional assumptions or free parameters®?25. Angular momentum support is taken
into account in the accretion equation:

M M, (3.1)
(05 +c3)°

where vy is the rotational velocity of the gas surrounding the BH and is informed by the

angular momentum support of the gas on the smallest, resolvable scale. However, when bulk

motion dominates over rotational motion, the formula reverts to the original Bondi-Hoyle.

Thermal SMBH feedback energy is imparted on the nearest 32 gas particles according to a

kernel smoothing and is determined by the accreted mass, M, as:
E = e,e; McAdt, (3.2)

where €, = 0.1 and €y = 0.02 are the radiative and feedback efficiency, respectively, and dt rep-

resents one black hole (BH) timestep, during which the accretion is assumed to be constant.
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Figure 3.1: We show that the 39 galaxies from R25 in our sample, which are selected along
the distribution of COS-Halos stellar masses within the range (3 x 10° Mg —3 x 10" My,).
Including the corrections of Munshi et al. 20132%, the galaxies follow the stellar mass-halo
mass (SHMH) relation up to ~ 10'® above which they are slightly higher than predicted.
Red squares and blue circles represent passive and star forming galaxies, respectively. The
4 zoom-in galaxies with BH physics are outlined in black.

Cooling is briefly (~ 10*~ years) shut off immediately after AGN feedback events.3* Our

SMBH feedback prescription is also shown to be able to produce large scale outflows?3¢:319,

All our simulations were run with a ACDM cosmology from the most recent Planck
collaboration utilizing €29 = 0.3086, A = 0.6914, h = 0.6777, g = 0.8288 and have Plummer
equivalent force softening lengths of 250 pc. For simulating the cosmic reionization energy,
both simulations have a Haardt et al. 20121? UV background applied at 2z ~ 9 through the
evolution to low-redshift. For our purposes, we’ve defined the CGM in each simulated galaxy
as all the gas inside the galaxy’s virial radius, defined as the radius at which the density is
200 times the critical density, p., where p/p. = 200 (Rggo), and outside a spherical 10 kpc

from its center.
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3.2.2 RomuLus25 Cosmological Volume

The RoMULUS25%%® R25 simulation is a 25 Mpc cosmological volume which includes galaxy
halos within the mass range 10° —10'3 M. R25 has a mass resolution of 3.4 x 10° Mg
and 2.1 x 10° M, for DM and gas particles, respectively. Galaxies in R25 have been shown
to lie along the Mpy-M, and stellar mass-halo mass relation (Figure 3.1, though slightly
higher than predicted for the highest mass galaxies), and are consistent with observations
of star formation and SMBH accretion histories at high redshift3**. Both our M4, and M,
measurements use the corrections from Munshi et al. 20132°4. Additionally, Tremmel et al.
2017323 shows that SMBH physics is a necessary component for reproducing the evolution of
MW-mass galaxies as well as quenching in massive galaxies. For our study, we focus galaxies
in R25 that fall within the stellar mass range of COS-Halos: 3 x 10° Mg and 3 x 10 M
and populate a similar distribution of stellar masses.

With these selection criteria in place, our sample includes 39 galaxies. Using the specific
star formation (sSFR = SFR/M,) cut of COS-Halos, 32 of these galaxies are star forming
(sSFR > 1.64 x 107 yr7!) and 7 are passive at z ~ 0.17. The sSFR of COS-Halos
(previously >107!! yr=!) has been corrected by a factor of 1.64 to account for the fact that
COS-Halos uses a Salpeter IMF while our simulations use a Kroupa IMF 1%, This correction
only affects the categoration two of our R25 galaxies. We further note that this fraction of
passive galaxies is a conservative estimate. However, by z = 0, the quenched fraction in R25

is about 40 % for the highest mass galaxies3'.

3.2.83 Zoom-In Galaxies: Patient 0 and its Genetic Modifications

While R25 gives a cosmological context to our analysis, we examine our set of genetically
modified zoom-in galaxies to better understand the physical and phenomenological processes
that influence the CGM. To select our MW-mass galaxy, we ran an initial dark-matter-only
simulation in a 50-Mpc-on-a-side cosmological volume. From this simulation, we selected

a MW-analog (M,;, = 9.9 x 10! M) halo at z=0 as our “Patient 07 (hereafter P0) and
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Table 3.1: Zoom-In Galaxies Modification

Sim  Satellite Dark Matter Mass

(Mg) at z =1
PO 7.3 x 101
GM1 5.9 x 10
GM2 4.0 x 101
GM3 2.5 x 1010

then re-simulated it at a higher resolution with baryons. We additionally required that the
galaxy be >2 Mpc away from another MW- or higher mass galaxy. Finally, we selected
our PO for the satellite galaxy (My; = 2 x 10 M) contained within its virial radius at
z = 0 which acts as a proxy for a LMC satellite. Selecting a MW-analog galaxy in halo
mass allows us to compare directly with the COS-Halos observations, which observed ~
L* galaxies. For the subsequent, “genetically modified” (GM) zoom-in runs, we use the
method of genetic modification of Pontzen et al. 2017236 which creates a set of very similar
initial conditions that result in galaxy simulations which keep the large scale structure and
cosmological conditions consistent (as in P0), while resulting in slight modifications to their
accretion histories?%”. In our work, we uses the GM technique to decrease the mass of the
satellite which exists at z = 0 in PO and shrank its mass prior to when it enters the galaxy
at z = 1. To create the modified set of initial conditions, we determined which elements in

the linear overdensity field of the initial condition grid map to the particles in the satellite.

We then decreased the mean overdensity of these elements in the initial linear vector,
all the while, maintaining the mean overdensity of the elements mapping to the main halo
to preserve the final mass. We note that the effect of changing the satellite mass for the
GM galaxies with BH physics does produces a shift in the dark matter mass of the halo
(decreases < 20%). The physical reason for this drop is that AGN feedback suppresses

DM accretion following a particularly strong expulsion of gas. Additionally, the inclusion
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Table 3.2: Properties of Zoom-In Galaxies with BHs at z = 0.17

Sim Halo Mass Gas Mass Stellar Mass CGM Gas Mass Ry, Tyir
(Mo) (Mo) (Mo) (Mo) (kpc) (K)
PO 9.9 x 10" 1.1 x 10" 5.0 x 10'° 9.3 x 100 277.0 5.5 x 10°
GM1 9.7 x 10" 99 x 10 4.7 x 10'° 8.5 x 100 2749 5.4 x 10°
GM2 8.1 x 10" 6.9 x 10 1.4 x 10" 6.9 x 1010 259.2 4.8 x 10°
GM3 6.6 x 10" 5.1 x 10 1.1 x 10'° A1 % 1010 2417 A9 % 10°
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Figure 3.2: A face-on and edge-on view of our Patient 0 galaxy in projected gas density at

z = 0.. The virial radius is designated by the white-dashed circle.

of baryonic physics can result in a decrease in total halo mass?** which helps account for

this drop. However, as the difference between our halo masses (~ 0.2 dex) is much smaller

than our stellar masses (~ 0.2 dex), to a good approximation, we clearly explore the effect

of changing M, with fixed My,,.

3.2.4  Zoom-In Galaxies: With BH Physics

At z = 0, our PO galaxy is a star forming galaxy with a disk (Figure 3.2). PO has an

incoming satellite at z = 0 with an original mass of 7.34 x 10'° My, (mass ratio, q = 0.12)

prior to entering the main halo’s virial radius at z ~ 1. For each GM galaxy simulation, we

g cm



Table 3.3: Properties of Zoom-In Galaxies without BHs at z = 0.17
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Sim Halo Mass Gas Mass Stellar Mass CGM Gas Mass Ry, Toir
(M) (M) (Mg) (Mo) (kpe)  (K)
POnoBH 9.8 x 10 8.2 x 101 7.9 x 10'° 7.5 x 10 276.1 5.4 x 10°
GMI1noBH 9.9 x 10 8.7 x 101 7.4 x 101° 8.0 x 10% 276.2 5.5 x 10°
GM2noBH 9.6 x 10* 8.8 x 10 7.0 x 10'° 8.0 x 10% 274.0 5.3 x 10°
GM3noBH 8.4 x 10" 7.1 x 101 7.3 x 10'° 6.4 x 101° 261.9 4.9 x 10°

systematically shrink this satellite halo’s mass prior to its entry into the main halo (Table
3.1). GMI results in a similar disked, star forming galaxy, while GM2 and GM3 become
quenched at z ~ 1 (Table 3.2).

Patient 0 and its 3 GM simulations have mass resolutions of 1.4 x 10° Mg and 2.1 x 10°
Mg for DM and gas particles, respectively. The DM field in these galaxies is simulated at
twice the gas resolution to reduce noise in the potential near the galactic center?3” and more

accurately trace BH dynamics32!,

While these GM galaxies are generated using the same method as Pontzen et al. 2017236,
their study examines a different set of galaxies. The three galaxies in Pontzen et al. 2017237
were run to z = 2 and have Mpqo ~ 102 M. They each have incoming satellites whose
masses are both increased and decreased prior to merging with the main galaxy, as in our
galaxies. We note that the genetic modifications performed on the galaxies of Pontzen et al.
201727 were different from the ones implemented here. In their case, it was an enhanced
merger (increased satellite’s mass) that resulted in a quenched galaxy, rather than a shrunken
satellite mass as we implement here. However, in our quenched galaxies, we see that the
mass is compensated by faster, early accretion to account for maintaining the main halos’

final masses.
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3.2.5  Zoom-In Galaxies: Without BH Physics

One key benefit of the individual zoom-in galaxies includes the ability to remove or adjust
the parameters affecting our galaxies. This capability allows us to test different theoretical
models which would be too computationally expensive to do with a large volume like R25.
In particular, we may exploit this utility to understand directly the effects of the SMBH. To
isolate the effect of the SMBH on the CGM, all four of the zoom-in simulations (PO and its
3 GMs) were re-simulated at the same resolution and with all the same physics ezcluding
BH formation, feedback, and dynamical friction (Table 3.3). Black hole seed formation was

disabled and the BH feedback and accretion efficiency parameters set to 0.

3.2.6  Zoom-In Galaxies: Quenching in GM2 and GMS3

The top panel of Figure 3.3 shows star formation histories of the four zoom-in galaxies with
BH physics included. PO and GM1 are in light and dark blue, respectively, while GM2 and
GM3 are shown similarly in dark and light red. Their star formation histories demonstrate
that, unlike PO and GM1 which remain star forming throughout their history, GM2 and
GM3 become quenched at z ~ 1. Contrastingly, the lower panel of Figure 3.3 shows the
star formation histories of the four zoom-in galaxies without BH physics and all four of their
histories remain star forming and are fairly similar. The immediate quenching seen in the
upper panel for GM2 and GM3, which occurs just after the merger of the satellite with the
main halo, does not take place in the simulations of GM2 and GM3 without BH physics,
consistent with Pontzen et al. 2017, Significant outflows after the time of the merger (z ~
1) result in the quenching we see in GM2 and GM3 due to the combination of minor merger
interactions that occur at this time as well as a peak in the SMBH accretion as a result of
fueling from the infalling satellites. See Chapter 3 for a detailed analysis of the quenching
mechanism.

Pontzen et al. 201723¢ previously explored the relationship between BH feedback and

mergers and its effect on quenching, using the same genetic modification technique as we
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Figure 3.3: The star formation histories for the zoom-in galaxies: Patient 0 and its 3 GM
galaxies with BH physics (Left) and without BH physics (Right). In the galaxies including
BH physics, PO and GM1 remain star forming throughout their histories while GM2 and
GM3 become quenched at z ~ 1. Without BH physics, all four galaxies remain star forming
until z = 0.

use for the GM galaxies in our study. They determine that SMBH feedback is critical to
quenching a galaxy, which is consistent with our finding that quenched galaxies arise only
in simulations that include SMBHs (Figure 3.3). Pontzen et al. 201723 argue that mergers
can disrupt the cold disk of the galaxy, allowing SMBH feedback to more strongly suppress
star formation in the disk and keep the galaxy in a state of quiescence. Mergers have
also been shown to help funnel gas into the region of the SMBH allowing for more direct

accretion 131;213;253;267 .

We further examine the effects of the BH by looking to the accreted mass and accretion
rates of the BHs. The upper panel in Figure 3.4 (colors as in Figure 3.3) shows the cumulative
accreted SMBH mass as a function of time. Here we see that the accreted mass growth in the
quenched galaxies, GM2 and GM3, is similar to that of the star forming galaxies. However,
more significant differences arise in the lower panel of Figure 3.4, which depicts the SMBH
accretion rates as a function of time. From this figure, we can see an increase of accretion
occurs for both quenched galaxies near the time of the merger (z ~ 1, t ~ 6 Gyr). In
particular, for the two quenched galaxies GM2 and GM3 (shown in dark and light red,

respectively), we see that the accretion rate peaks about a Gyr earlier than for the star
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Figure 3.4: SMBH accreted mass (Left) and SMBH accretion rates (Right) for our 4 zoom-in
galaxies. Colors as in Figure 3.3. The accreted mass of all the SMBHs are comparable.
However, both quenched galaxies also have a sharp peak in accretion rate around the time
of the most significant merger (z ~ 1, t ~ 6 Gyr), indicated by the dashed grey line.

forming galaxies. The accretion rate in the quenched galaxies continues to drop after this
point, while the SMBH in each star forming galaxy continues to accrete. Although the BH’s
activity and growth are not directly affected by the changing mass of the incoming satellite,
together the modified satellite mass and effect of the BH make a significant impact on the
star formation history of the galaxy. Thus, while the peak accretion rates are similar in
quenched and unquenched cases, the resulting energy couples differently to the galaxies and
only in the latter case do they lead to a reduction in later inflows.

This set of galaxies was produced from very similar initial conditions and therefore have
near-identical large scale filamentary feeding. However, they illustrate very different star
formation and accretion histories and allow us to directly examine how assembly history
may imprint itself on the CGM. Additionally, they allow us to concretely confirm the result
of Pontzen et al. 2017236 that the effect of a SMBH, while not the only requisite, is vital to

the quenching process in galaxies.
3.3 Results

With the simulations we’ve described, we examine the effects of stellar evolution and SMBH

feedback on setting the contents and physical state of the CGM in MW-mass galaxies.
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Individual halos in the ROMULUS25 cosmological volume and in the individual zoom-in

164 and central SMBH positions

galaxies are extracted using the Amiga Halo Finder (AHF)
and velocities are defined relative to the center position and inner 1 kpc center-of-mass
velocity of their host halo, respectively. All zoom-in galaxies have their most major merger
occurring at z ~ 1 (mass ratio = Mpao/Msat, @ <10) and an additional merger occurs (q
~ 10) close to z = 0.2, though this time varies slightly across the simulations (See Section
3.3.2).

The CGM of each individual galaxy halo (within the 39 selected R25 galaxies and our
zoom-ins) is defined as the mass enclosed within the virial radius, but further than a spherical
radius of 10 kpc away from the center. While the genetic modification process results in
galaxies with similar final masses in the absence of strong ejective feedback, we find that the
mass of the CGM correlates with the mass of the halo when BH physics is included. PO,

which results in the most massive halo at z ~ 0, has the most mass in its CGM, while GM3

results in the least massive CGM mass and halo mass (Table 3.2).

3.3.1 O vl as a Tracer of Virial Temperature Material

24 Oxygen

Column densities of O VI are calculated using the analysis software Pynbody
enrichment from supernovae and winds is traced throughout the integration of the simu-
lation and ionization states are calculated during post-processing, assuming optically thin
conditions, a Haardt et al. 20129 ultraviolet radiation field at z = 0, and collisional ion-
ization equilibrium. Recent papers have raised concerns that this UV background is too
weak 169283 However, as we will soon demonstrate, the O VI in our simulations is predomi-
nantly collisionally ionized, so our choice of UV background does not affect our results. We
use the CLOUDY software package 3% to create models with varying temperature, density,
and redshift to determine O VI fractions for all the gas in each simulated galaxy. Figure 3.5
shows the column densities of O VI as a function of radius for our 39 R25 MW-mass galaxies.

Red and grey solid lines represent the column densities of quenched and star forming galax-

ies within the R25 sample, respectively. The COS-Halos dataset is plotted on top in black,
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Figure 3.5: Mean column densities of O VI as a function of radius for all 39 of the galaxies in
R25 which fall within the COS-Halos stellar mass range and our family of zoom-in galaxies.
All galaxies are examined at z = 0.17. Solid grey and red lines indicate R25 star forming
and quenched galaxy column densities, respectively. Solid black lines describe the column
densities of our four zoom-in galaxies. Filled circles and squares indicate star forming and
passive galaxies from the COS-Halos Survey dataset. Unfilled markers indicate upper limits.

with red squares and blue circles distinguishing between elliptical and spiral galaxies. Upper
limits are designated with arrows and unfilled markers. The column densities of O vifor the

four zoom-in GM galaxies are shown in solid black lines.

Figure 3.5 shows that our simulations reliably reproduce the column densities of O VI
in the CGM. While this agreement is a substantial improvement over previous simulations,
which significantly underpredict NOVI, we stress that the lack of high temperature metal-line
cooling in our simulations could be artificially boosting O vi abundances. However, given
that the inclusion of high temperature metal cooling would only decrease the cooling time
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of gas by a factor of ~ 2 at temperatures and metallicities relevant to this study="", it is

unlikely to be the dominant effect in setting Noyy, particularly when compared to AGN and



02
1.2

I Ol ol /] ov /3 ovi [/ OIX
B Ol [ oV [E@3 Oovi mm ovil

- ——

0.8 0.005 0.040 0.205

Oxygen Fraction (CGM <R,qq)

5x 1010-5x 101! 5x1011-2x 102 2 x 101?2-2x 1013
Averaged My, Range

Figure 3.6: Average oxygen ion fractions in the CGM of R25 within 3 My, range bins: 5
x 1010 —5 x 10, 5 x 10 —2 x 102, and 2 x 102 —2 x 10'3. O v1 is shown by green
bars. The individual ion fractions are given in their corresponding colors to the right of each
bar, ascending in order from least to most ionized such that O v1 is fourth ionization fraction
from the top. The average O VI fraction decreases as halo mass increases.

halo mass, which we demonstrate can change NOVI by factors of 10 or more. We see this in
both the R25 galaxies, which in addition to providing evidence for this initial result also gives
cosmological credence to our suite of GM galaxies, and our four GM galaxies that include
BH physics. Most significantly, we note that the column densities of O vI in the CGM of
these galazies does not depend on the assembly history of the galaxy. All of our galaxies well

match the O VI observations despite their differing assembly histories.

Following Figure 10 of Oppenheimer et al. 2016222, Figure 3.6 shows the average ioniza-
tion fractions for all the ionization states of oxygen within three mass ranges: low mass (5
x 101 —5 x 10" M), Milky Way-mass (5 x 10" —2 x 102 M), and high mass (2 x

1012 —2 x 10'® My). These three mass ranges include galaxies in R25 outside our sample
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Figure 3.7: Column density profiles of O VI in the high mass (M,;. > 2 x 10" M) galaxies
of R25 at z = 0.17.

of 39 COS-Halo mass galaxies. Dark purple, light purple, red, orange, yellow, green, light
blue, dark blue, and gray indicate the oxygen ions, O 1, O 11, O 111, O 1V, OV, O VI, O VII,
O v, and O 1X, respectively. The average ion fraction for each ion of oxygen is shown to
the right of each column for the designated mass bin in its corresponding color. Ion fractions
are in order from the top, highest to lowest. From the figure, we see that the O vI fraction
(in green) decreases from the MW-mass range to the high mass regime due to the increase in
virial temperature of higher mass galaxies, which moves from a value close to the ionization
peak for O vi, T ~ 10°5K, to 103 K. Similarly, Figure 3.7 shows the column densities of O vI
for only the highest mass galaxies in R25 (2 x 10" <My, <2 x 103 Mg). Lines of Noyy
are colored by halo mass, with light red being the least massive and dark red denoting the
highest mass galaxies. COS-Halos observations are plotted on top as in Figure 3.5. Figure

3.7 confirms that as galaxy virial mass increases, column densities of O VI decrease. This
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Figure 3.8: Column density profiles of O VI in our 4 zoom-in galaxies with (solid lines) and
without (dashed lines) BH physics. PO and GM1, our two star forming galaxies are marked
in light blue and dark blue, respectively. Our quenched galaxies, GM2 and GM3, are labeled
in dark red and light red, respectively. These column densities show that the BH is essential
to shaping the O vI in the CGM of star forming and passive galaxies alike.

finding is consistent with the results of Oppenheimer et al. 201622 which determined that
O VI acts as a tracer for the virial temperature of a galaxy. From this study, we determine
that the star formation properties of the galaxy do not correlate with the evolution of O vi
in the CGM. This result does not include local photoionization effects from the galaxy’s
star formation or AGN on the CGM. When these effects are included, especially the effect
of ‘AGN flickering,” Oppenheimer et al. 201822?! finds a significant increase in CGM OVI
column density. Instead, it appears that the mass of the galaxy, as it affects its virial tem-
perature (Table 3.2), plays a more significant role in determining the column density of O vi

seen in the CGM of the R25 galaxies.
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Figure 3.9: Clockwise from Upper Left: Temperature, density, metallicity, and total oxygen
mass profiles of the CGM of our 4 zoom-in galaxies with and without BH physics at z =
0.17, the average redshift of COS-Halos. Colors and linestyles as in Figure 3.8. Solid and
dashed lines designate simulations with and without BH physics, respectively.

3.3.2  Metal Transport by the SMBH

With both the R25 galaxies and zoom-in GMs, we have been able to examine the effects of
star formation on the CGM. However, the zoom-in galaxies additionally offer us a controlled
environment with which to more directly probe the impact of BH physics on the CGM. We
examine the column densities of O VI in the CGM in our 4 zoom-in galaxies without BH
physics and compare them to the cases where BH physics is included. Figure 3.8 shows the
column densities of O VI in the CGM of all four of our zoom-in galaxies with BH physics
(solid lines) and without (dashed lines). PO and GM1 are light and dark blue, respectively,
with GM2 and GM3 in dark and light red, as before. We can see that in the cases where

BH physics is not included (dashed lines), the values of Noyy are significantly lower implying
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Figure 3.10: Metallicity profile of the gas within the disk of our 4 zoom-in galaxies with and
without BH physics. Colors and line styles as in Figure 3.8. Without the BH physics, metals
remain trapped near the center of the disk with no mechanism to propagate out into the
CGM.

that the presence of the SMBH must play an important role in populating O V1 in the CGM.
We look to the temperature, oxygen mass, density, and metallicity of the CGM to investigate

the cause of this decrease in O VI.

Figure 3.9 shows the temperature (Upper Left), density (Upper Right), total mass in
oxygen (Bottom Left), and metallicity (Bottom Right) profiles of CGM in our 4 GMs with
and without BH physics (colors and line styles as in Figure 3.8). From the upper plots in
Figure 3.9, we see that the temperatures and densities of the CGM in our GM galaxies are not
significantly changed by the lack of a SMBH. However, as we examine the bottom panels, we
note a distinct difference. The CGM of the galaxies without BH physics have significantly
less oxygen mass and are lower in metallicity. It appears that rather than energetically
changing the temperature or physical modifying the gas density in the CGM, the lack of BH
physics in these galaxies results in CGM with significant lack of metals. We look to the disk
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of the galaxy for more clues about this difference. Figure 3.10 (colors and line styles as in
Figure 3.8) shows that, in the galaxies without BH physics (dashed lines), there is a large
reservoir of metals being created near the center of the disk that is not being propogated
outwards. It is the lack of SMBH feedback in these galaxies that is resulting in CGM that
are severely lacking in metals.

Figure 3.11 shows the phase diagrams of the CGM of the 4 zoom-in galaxies both with
(Left Column) and without BH physics (Right Column). Examining the CGM phase dia-
grams for the GMs that include BH physics, we note the following key differences. First,
there is decreasing overall mass from the uppermost (P0) to lowermost (GM3) figure. We
can attribute this difference to the slight decrease in total halo mass from P0 to GM3 (Table
3.2) and to the fact that both GM2 and GM3 are quenched galaxies.

Second, the amount of cool, dense gas (T <10*®) ny >1073) in each galaxies’ CGM
varies. We attribute this to various characteristics of each simulation. In particular, for
PO and GM1 with BH physics much of this gas comes from some disk gas present at our
definition of the CGM boundary, R = 10 kpc. For GM2 with BH physics, this gas comes
primarily from incoming satellite galaxies. We attribute the same reasoning to the 4 galaxies
without BH physics which also have a similar structure in their CGM phase diagrams (as
we explore below).

Finally, there is a significant lack of hot, dense gas (T >10%5 ny >1073) in the phase
diagrams of GM2 and GM3, our quenched galaxies. To study this final difference, we explore
the CGM phase diagrams that ezclude BH physics (Right Column of Figure 3.11). We note
that the overall shapes of these phase diagrams are somewhat similar to the star forming
galaxies with BH physics. All four of these galaxies remain star forming throughout their
evolution (Figure 3.3b). The similarities end there, however, as the merger histories of these
galaxies are characterized by a late-z merger which occurs at slightly varying times for the
4 galaxies without BH physics. This late-z merger is separate from the modified satellite
which is still present at z = 0 in each galaxy’s halo.

PO has its last significant merger (q ~ 10, where q = Mpuo/Msat) at z ~ 0.7. GM1
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Figure 3.11: Phase diagrams of the temperature and density of the two star forming zoom-in
galaxies, PO (Top row) and GM1 (Second row), and the two quenched galaxies, GM2 ( Third
row) and GM3 (Bottom row). The phase diagrams of galaxies with BH hole physics vary
quite widely between the star forming (PO and GM1) and quenched cases (GM2 and GM3),
particularly in the highest temperature and density gas. However, the phase diagrams of
the galaxies without BH physics appear more similar, as are their star formation histories.
Semi-transparent light and dark gray boxes span the region of collisionally and photo-ionized
O vI as temperature and density regions where fractions of O VI are larger than 0.05 %.
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Figure 3.12: Phase diagrams of the temperature and density of the star forming, PO, and
quenched, GM2, with BH physics ( Top two rows and the same two galaxies without (Lower
two rows). Left: The phase diagrams of these galaxies weighted by the total oxygen mass in
each bin. Middle: The same phase diagram showing temperature and density, however, the
colorbar is weighted by the average metallicity of the gas in each bin. We note that the high
density, high temperature gas we see in the star forming PO, is also the highest metallicity
gas in the CGM. Right: Similarly, a phase diagram with the colorbar now weighted by the
average distance from the center of the galaxy of the gas particles in each bin.
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has a similar minor satellite merger at z ~ 0.5 which increases the amount of metal in the
CGM (up to ~ 2 % compared to P0), but by z = 0.17, the satellite galaxy has merged fully
with the galaxy of the main halo. Only 0.1 % of the highest metallicity gas remains outside
of 20 kpc from the galaxy, or about 10° M. In GM2, the minor satellite galaxy merger
occurs at z ~ 0.17 causing a large swell in the amount of metal enrichment seen in the CGM.
This high metallicity gas (Mz=0.52,,r>200pc = 2.3 x 10° Mg) accounts for 3 % of the total
CGM gas mass, the majority of which is outside of 20 kpc from the main halo’s disk (still
concentrated in the region of the satellite galaxy). This satellite in GM3 doesn’t fully merge
with the main halo until almost z ~ 0. We note that similar, late-z mergers are present in
the zoom-in galaxies with BH physics. However, their effect is less significant due to the

metal enrichment caused by the SMBH.

There is a lack of the hot, dense gas in the quenched galaxies. However, we do see
the hot, dense gas feature in the CGM phase diagrams of the galaxies without BH physics,
which all result in star forming, disked galaxies. Figure 3.12 examines this difference with
the same CGM phase diagrams of PO and GM3 weighted by oxygen mass, metallicity, and
distance from the center of the galaxy, with (Two Upper Rows) and without (Two Lower
Rows) BH physics. The hot, dense gas in PO with BH physics (Upper Row) appears to be
mostly comprised of high metallicity gas that is close to the disk (R <50 kpc). Quantifying
properties of this gas, we find that 3 % of the CGM gas has metallicity Z >0.8 Zs, at z =
0.17. Furthermore, of this 3 %, nearly 30 % is farther than 20 kpc from the center of the
galaxies. For GM1, the CGM is comprised of 6.7 % gas with Z >0.8 Zs with 55 % of that
gas farther than 20 kpc. Contrastingly, a negligible amount of the CGM of both GM2 and
GM3 have Z >0.8 Zg at z = 0.17. The CGM of the four galaxies without BH physics also
have small amounts of gas with Z >Z, from 0.2 % in POnoBH to 0.1 % in GM3noBH, when
discounting the contribution from the satellite merger at z ~ 0.2. These percentages of high
metallicity gases in PO and GM1 with BH physics point to metal exchange in the galaxy that
is strongly dependent on the SMBH. This result is consistent with our discussion of Figure

3.10 and with Nelson et al. 20182 who also find that metal mass ejection due to the BHs
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in their simulations is key to their results (See Section 3.4 for more details).

The lack of high metallicity gas in the CGM phase diagrams of the galaxies with no BH
physics (Figure 3.12, Right Column) implies that metals are not being driven out of the disk.
We find that feedback does not play a significant role in directly heating or excavating the
CGM gas. Instead the SMBH’s feedback is pivotal in transporting the metals from the center
of the galaxy out into the CGM.

3.4 Discussion

Our results are broadly consistent with those of Oppenheimer et al. 2016222 who use a
suite of EAGLE simulated galaxies to examine the bimodality of O vi column densities in
star forming and quenched galaxies discovered by Tumlinson et al. 201133!. They argue
that the star forming galaxies with M, = 10! - 102 M are most likely to exhibit high
fractions of O VI because they have a virial temperature, T ~ 10°°, which corresponds to
the maximum O VI ionization fraction in collisional ionization equilibrium. Meanwhile, their
quenched galaxies (Mg, = 10 - 10'3 M) have high enough virial temperatures such that
the dominant ionization state of oxygen is not O vI but rather O Vil or above. Oppenheimer
et al. 201622 argues that the O VI content is not a tracer of star formation directly, but
rather a more direct thermometer for the temperature of the halo.

We note that the quenched galaxies in our sample have slightly smaller My, than our
star forming galaxies, unlike those in Oppenheimer. This difference explains the lack of
bimodality in our sample. While all 4 of our zoom-in galaxies with BH physics have virial
temperatures which maximize O VI, we looked at a sample of R25 galaxies that spanned
a mass range extending to My, = 2 x 103 My to test the [Oppenheimer et al. 201672
bimodality argument.

Figure 3.7 directly shows that the column densities of O VI in the R25 sample indeed act
as thermometer for the temperature of the halo. Furthermore, in Figure 3.6 we show that as
the virial temperature increases in the R25 sample, oxygen is likely to be ionized to a higher

ionization state than O VI. Examining galaxies within low, MW-, and high mass bins from
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the R25 suite, we see that the column densities of O Vi decrease as the temperature which
maximizes O Vi (T = 10°9) is surpassed by the virial temperatures of these halos.

This lack of bimodality contrasts with the findings of Suresh et al. 20173% and Nelson
et al. 20182, Suresh et al. 20173% examined a sample of star forming and quenched
galaxies from the moving mesh-based Illustris simulation**. The column densities of O VI

1331 wherein star

in these galaxies reproduce the bimodality seen in Tumlinson et al. 201
forming galaxies have higher column density of O Vi than quenched galaxies of the same
mass. However, they find the total column densities of O vI are lower than expected based
on the COS-Halos observations. Suresh et al. 20173% argue that the bimodality arises due
to the effect of AGN feedback in their model rather than O VI acting as a temperature gauge

7399 ran smaller

for the halo virial temperature. To arrive at this result, Suresh et al. 201
simulation volumes which did not use their AGN prescription. In these smaller volumes, the
bimodality disappeared.

In comparison, Nelson et al. 201824 uses IllustrisTNG 329 to examine the O vI bi-
modality. This updated version of Illustris uses a new “multi mode” BH feedback model
which allows for a thermal “quasar” mode at high accretion rates and a kinetic “wind” mode
at low accretion rates. With this new AGN accretion model, the column densities of O VI
in their galaxies match the COS-Halos observations and show the same bimodality as Tum-
linson et al. 201133 and Suresh et al. 20173%. Specifically, Nelson et al. 20182 finds that
there is likely more O VI in the CGM of galaxies if their galaxy has any of the following
characteristics: higher gas fraction, higher sSFR, higher gas metallicity, bluer color, or a
less massive BH. In addition, they conclude that the energy injected by their AGN in the
kinetic feedback mode (low accretion rate) can significantly affect the O vI content of the
CGM. They also conclude that BH feedback in this mode directly affects the O vi and results
in higher O VI columns in star forming galaxies. They attribute this affect to the ejection
of metal mass from the central galaxy and (to a lesser extent) the heating of CGM gas by

energy infusion from the SMBH.

Despite differences in their methods, both studies attribute the existence of a bimodality
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in the O VI column densities to the SMBH feedback in their simulations. We see no such
effect. Our 4 zoom-in GM galaxies all have very similar characteristics (Table 3.2 and Figure
3.4) and we do not see significant differences between their column densities of O vi. Our
results are consistent with those of Nelson et al. 20182 in that the SMBH is responsible
for enriching the CGM by physically driving metals out of the disk.

In our study, we establish that the SMBHs at the center of our galaxies are crucial for
ejecting metal-enriched material out into the CGM, thereby elevating the column densities
of O vi. This result implies that galaxies with lower mass BHs—and therefore less BH feed-
back—are likely to have lower metallicity gas in their CGM. In contrast, galaxies with higher
mass BHs will have more metal-enriched CGM material. We may infer that varying BH prop-
erties result in the large distribution of CGM metallicities measured by observers 75241370,
The lower right panel of Figure 3.9 shows that within our 4 zoom-in galaxies, we span a
range of metallicities from -1.25 to solar, nearly the full range seen in observational studies.

We predict that the early growth of the BH’s mass (or more specifically, its accretion
history) correlates directly with CGM metallicity. The lower panel of Figure 3.4 shows the
accretion history of the SMBHs in our 4 zoom-ins. While the accretion histories are similar
up to z ~ 1, they have significant differences at later times. This result is consistent with
the idea that the CGM metal budget is built up at early times through BH feedback, while
later BH feedback does not significantly change the amount of O vi in the CGM of their
host galaxies. Using HST /COS observations, Berg et al. 2018%" (COS-AGN) examines the
kinematics of cool gas in the CGM of both AGN and non-AGN host galaxies. They find
no signature of recent AGN activity in the inner (< 160 kpc) CGM of their sample, but do
find kinematic differences at high impact parameters. They interpret this difference as an
indicator that the CGM is built up by activity in the host galaxy at early times.

While many studies, both theoretical and observational, have sought to connect galaxy
star formation rates, ISM content, and environments to CGM properties, there has been
no observational study to explore a direct link between SMBH properties and the CGM.

Future observations of the CGM in galaxies with well-known SMBH masses could attempt
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to address this missing link.
3.5 Summary and Conclusion

We have examined the effects of SMBH feedback and star formation history on the column
densities of O vIin the CGM of galaxies with stellar masses between 3 x 10° —3 x 10! M.
To do so, we have used the cosmological volume ROMULUS25 and a zoom-in galaxy with 3
genetic modifications run with and without BH physics.

In our simulations, we determine that the SMBH transports metals into the CGM. Previ-
ous studies have examined the effect of AGN heating on the CGM as a way to raise ambient
gas to a temperature that optimizes the production of O vi8¢193309 =~ OQthers have proposed
that SMBH feedback may physically push outflows of gas from the galaxy, resulting in a
higher mass CGM and therefore higher column densities of O vi. Neither of these cases is
what we see in our simulations. Instead, our SMBH feedback propagates metal mass (but not
total gas mass) into the outer halo. Furthermore, we find that O VI column densities depend
on the virial temperature of the galaxy halo. Relatedly, we determine that the presence of a
SMBH alone cannot quench a galaxy. Rather a SMBH and additional factors, such as the
presence of a satellite galaxy and/or previous mergers, are necessary for a galaxy to quench.

The combined results of our large R25 cosmological simulation and our zoom-in galaxies
with BH physics imply a mechanism by which column densities of O VI are set primarily by
the virial temperature of the host galaxies and accretion history of the SMBH. However, we
do not include a photo-ionization prescription in our simulations, which may have a small
effect on the O VI content close to the disk of the galaxy. Furthermore, we find that O vi
column densities in the CGM of our galaxies are not significantly affected by the evolution
of the stellar disk. Their phase diagrams also show significant differences in response to their
overall assembly histories, showing more overall and higher metallicity gas in the star forming
cases. Despite these gas phase differences, the column densities of O VI remain unchanged.
We conclude that the physical conditions that give rise to widespread O vI absorption in

the CGM are not set by whether a galaxy quenches, but instead are driven by early SMBH



feedback and the virial temperature of the galaxy halo.
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THE SCATTER MATTERS:
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CONTENT OF THE CGM
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Portions of this chapter are intended to be published in The Astrophysical Journal in col-
laboration with Michael Tremmel, Jessica K. Werk, Charlotte Christensen, Grace Telford,

Michael Tremmel, Thomas Quinn, Jennifer Mead, Ray Sharma, and Alyson Brooks.

Summary

By comparing a supermassive black hole’s (SMBH) mass to the properties of its stellar
population, we explore the BH feedback’s impact on metal retention and flow into and
through the circumgalactic medium (CGM) of simulated galaxies of Milky Way-mass and
below. We examined 140 galaxies from the 25 Mpc cosmological volume, ROMULUS25,
between the masses of 3 x 10° — 3 x 10'* My. We measured the metals retained in each
component of the galaxy (disk and CGM) by comparing the amount of metals in each region
to the metals expected to form through stellar evolution. By calculating the theoretically
expected mass of each SMBH based on the M-o relationship, we determined the deviation
from M-o for each SMBH (i.e. how over- or under-massive a SMBH is compared to their
host stellar dispersion). We find that SMBHs which are over-massive compared to their host
galaxy (BH masses above the M-o relation) are 20-40% more effective at removing metals
from their disks than under-massive SMBHs. This effect is even stronger in galaxies that
are quenched by z = 0. Non-star-forming galaxies at z = 0 can retain up to 20% less of
the metals that they originally form compared to galaxies of similar mass that remain star
forming. Additionally, over-massive BHs begin accreting material earlier than their under-
massive counterparts. Our results indicate that SMBHs which are over-massive are more
effective at both regulating star formation in the center of their galaxies and moving metals

out from the disk into the CGM and IGM.
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4.1 Introduction

The vastly different scales between the event horizon of a supermassive black hole (SMBH)
and its host galaxy have been creatively described as the difference between a grain of sand
and the entirety of the Saharan Desert A difference of approximately 10 orders of magni-
tude?™. While the size difference between the objects makes their interaction surprising,

more and more evidence continues to connect the evolution and properties of galaxy hosts

to their SMBHg%4:106:120;182;249;263  ()f the relations drawn between the SMBH and its host

167

galaxy, the M-o remains the most fundamental.*®" and citations therein

The M-o relation describes the relationship between a SMBH’s mass and the velocity
dispersion of its host galaxy’s bulge. A tight correlation across three orders of magnitude,
this observed relation is theorized to tie together the growth of a SMBH-during its tenure as
an active galactic nuclei (AGN)-and the energy-driven winds which its accretion disk drives
resulting in the removal of the gas necessary for continued star formation. In this way, the
energetics of the SMBH work to regulate the star formation in the bulge of the galaxy, until
such time that it is no longer accreting (and thus driving powerful outflows) which then allow

gas accretion and star formation to resume.

Despite showing the strong correlation of this relation, the scatter in the M-o relation
has driven observers and theorists alike to find explanations for the deviation of galaxies and
SMBHS from this theoretical predication. At the high mass end, we see scatter with more
over-massive BHs residing in the massive ellipticals above ~ 10 M. 8085205212337 YWhjle

scatter on the lower end of the relation has driven an examination into the variable pathways

that drive BH growth 112:197:248:349

While a concerted effort has gone into explaining the physical processes that result in
the scatter on the M-g 112:197:248:219:349 " the impact on a galaxy whose SMBH deviates from
the M-sigma relation has not been well constrained, especially within the circumgalactic

medium.

Since the installation of the Cosmic Origin Spectrograph (COS) on HST in the early
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2010s, the impact of the SMBH’s feedback on the phase and metallicity of CGM gas has been
a critical outstanding question in galactic evolution. Simulations were initially hard-pressed
to match the observational surveys taken with COS such as COS-Halos33%357, Measurements
of high ions like OVI were too low, and low ions were difficult to replicate in the simulated
environment 222309,

Many cosmological simulations have also worked to update the gas physics in their codes
to better characterize the low density, multiphase medium of the CGM; furthermore, recent
work has focused on connecting the impact of energetic feedback of a galaxy’s SMBH to the
diffuse CGM. Broadly, simulations have shown that the SMBH can impact the CGM in a
multitude of ways: heating and evacuating gas to quench star formation in the disk Illus-
trisTNG and EAGLE simulations?'%22%3% " driving metal rich gas out of galaxy centers and
enriching the CGM with metals IllustrisTNG and ROMULUS25216266 a5 well as evacuating
CGM gas out into the IGM EAGLE?*. Another study of the EAGLE simulations finds
that more gas is flowing out of the halo virial radius than from the ISM of central galax-
ies 98, while??? finds that CGM mass fraction declines after explosive episodes of AGN-driven

feedback in galaxies from both EAGLE and IlustrisTNG.

Interestingly, % ties the expulsion of gas by SMBH-driven outflows to the scatter in the
halo gas fraction, feoga, at fixed Mygg. They find that galaxies with more massive BHs
(within a fixed halo mass bin) reside within more gas-poor halos and that galaxies with
under-massive BHs retain a higher gas fraction as well as show elevated star formation
rates. In a follow up study,® show that the evacuation of CGM gas by SMBH feedback is
a critical step in the morphological evolution and quenching of their galaxies. Furthermore,
they determine that the BH mass is tied to the dark matter halo binding energy, wherein
galaxies with more tightly (loosely) bound halos host BH which are more (less) massive
and thereby eject more (less) material from the CGM. These results point to an intrinsic
connection between black hole masses and the evolution of the CGM. We follow this line
of investigation to further our understanding of how the deviation of a SMBH’s mass from

theoretical expectations impacts its host halo gas.
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In our paper, we examine how deviation in SMBH mass from M-o changes the overall
effectiveness of a SMBH in terms of gas and metal flow into the CGM. We explore this change
across two orders of magnitude in mass, including Milky Way-mass galaxies and down to 3
x 10° Mg, in stellar mass. Our study also includes comparisons between our simulations and
observational constrains such as metal retention fractions and expected column densities of
high and low ions in the CGM.

This paper is organized as follows: Section 2 introduces our simulations and the galaxy
selection process, and Section 3, we describe our results. In Section 4, we compare our
findings to obsrvational data and discuss a broader context and their implications. Finally,

in Section 5, we summarize our conclusions.
4.2 Simulation Parameters

All of the galaxies examined in this paper were selected from the RoMULUS25 (R25) simula-
tion, a 25 Mpc cosmological volume, run with the smoothed particle hydrodynamics N-body
tree code, Charm N-body Gravity solver ChaNGa!?. ChaNGa adopts its models for cosmic

UV background, star formation based on a Kroupa IMF, and ‘blastwave’ supernova feedback
from the well-tested GASOLINE code?81:303:350:352

ChaNGa includes updated SPH formalism which updates the force expression to in-

h351

clude a geometric density approach®’*. This new hydrodynamics treatment includes thermal

2

diffusion?®! and reduces artificial surface tension to result in improve resolution of fluid

instabilities 196:2%4,
R25 does not include a full treatment of metal cooling due to a resolution limit too large

to consider individual star forming regions®.

Nevertheless, we include a low temperature
extension to the cooling curve which allows only gas below 10* K to cool proportionally to
the metals in the gas. Gas above 10? K cools only by H/He, Bremsstrahlung, and inverse
Compton effects. (See Tremmel et al. 2017 for full details.) Sanchez et al. 2019 describes

how a lack of full metal cooling treatment may over-predict the amount of individual ions

measurements; however, as we only consider the relative total metals between galaxies in our
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Figure 4.1: The relation between the stellar mass and gas phase metallicity for our sample
(black crosses) and a wider selection of ROMULUS25 galaxies (grey circles). The black dashed
line indicates the SDSS fit relation!®%232326 and the purple solid line indicates the same
relation from the Galaxy and Mass Assembly (GAMA) survey'%'. Our sample of galaxies (3
x 102 <M, <3 x 10M) fit well within the errors of the expected gas-phase metallicity of the
galaxies from the GAMA survey, but over-predict the amounts expected from SDSS.
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suite of galaxies, our results remain valid.

R25 includes updated black hole formation, accretion, and feedback prescriptions. BH
formation ties seeds to dense and extremely low metallicity gas to more effectively estimate
SMBH populations in a variety of galaxy mass regimes. The SMBH accretion model is based
on Bondi-Hoyle, but includes a consideration for angular momentum support from nearby
gas. This update allows for more physically motivated growth than Bondi-Hoyle alone®27.
An updated dynamical friction prescription has been included to better track SMBH growth

and dynamical evolution. Thermal SMBH feedback imparts energy on the nearest 32 gas

particles according to a kernel smoothing and is based on accreted mass, M, via:

E = e,ef McAdt, (4.1)

where ey = 0.1 and e, = 0.02 are the feedback and radiative efficiency, respectively.
Accretion is assumed to be constant for one black hole timestep, dt, and cooling is shut
off immediately after feedback events. This SMBH feedback prescriptions has been shown

236:325

to successfully produce large scale outflows Finally, an updated dynamical friction

prescription has been included to better track SMBH growth and dynamical evolution®2!.

For additional details about BH prescriptions, see323.

R25 was run with a A CDM cosmology with €2, = 0.3086, 2, = 0.6914, h = 0.67, oy
= 0.773. R25 has a Plummer equivalent force softening length of 250 pc and has a UV
background applied at z ~ 9 through the evolution to z = 011,

R25 consistently matches the stellar mass-halo mass?%°, and SMBH-stellar mass relation
using stellar mass and halo mass corrections from?%*. It has also been shown to match the

M-o relation?%2.

Figure 4.1 shows the stellar mass and gas phase metallicity relation for
galaxies selected from R25. Grey circles show galaxies across five orders of magnitude and

black crosses indicate the sample of galaxies we will analyze throughout this paper (See

Section 4.2.1 below).
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Figure 4.2: The M-o relation for the 140 galaxies within ROMULUS25 that are within the
COS-Halos stellar mass range and that contain a SMBH. Star forming galaxies are denoted
by squares and quenched galaxies (sSFR j 1.6 x 107! My, yr~!) are shown as circles. Points
are colored by the stellar mass of the galaxy. The spread of the galaxies fall along the
empirical M-o relation'®”, grey dashed line, though we note that our sample tend to lie
slightly above the line?®?.

4.2.1  Galazy Sample Selection: ROMULUS25 Galazies from the COS-Halos Mass Range

For comparison with observations, we selected our sample of galaxies using a roughly L*
stellar mass range well inspected by observations (COS-Halos, CGM?) of 3 x 10 M, >M,
>3 x 10" M. Within RoMULUS25, there are 282 galaxies within this stellar mass range
at z ~ 0. We further refined our selection to remove galaxies that we considered satellites.
We defined satellites as galaxies within 300 kpc of another more massive galaxy. Using this
definition, our final sample consisted of 140 galaxies. There are 119 star forming (specific
star formation rates, sSFR ; 1.6 x 107!) galaxies in our sample and 21 are quenched (sSFR
i 1.6 x 107 at 2z ~ 0.

Figure 4.2 shows the M-o relation for our 140 galaxies. Our sample fall along the line

produced using the M-o equation of 157

M. B <0 309_"_0.037) < o )4,38i0.29 (4 2)
109M,  \77 008 X200 km sl '

where M, represents the mass of the SMBH and ¢ indicates the stellar dispersion of the
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Figure 4.3: Left: The metal retention, f,, of each of the 140 galaxies within ROMULUS25
as a function of their deviation from the M-o relation. Points are colored by the fraction
of total disk metals contained in stars. SMBHs which are over-massive compared to their
host galaxies (left of the grey, dashed line) stellar population (BH masses above the M-o
relation) are 20-40% more effective at removing metals from the disk. This effect is even
stronger in quenched galaxies. Non-star-forming galaxies at z = 0 can retain up to 20% less
of the metals that they originally form compared to galaxies of similar mass that remain
star forming. Right: The metal retention in the CGM, fzcqum, as a function of the metals
retained in the disk, fza4sx. The grey solid line indicated the one-to-one line where halos
that fall along the line still retain all the metals formed in their galaxies, while galaxies below
the line have lost metals to the IGM. From this figure, we see that in most cases, the metals
that are ejected from the disk remain in the CGM with few galaxies having lost metals to
the IGM. We find that the SMBH in our simulations don’t evacuate the gas and metals from
their CGM, instead enriching them.

galaxy’s bulge.
4.3 Results

4.8.1 Metal Retention

We find the metal retention fraction, the metals retained by the central 0.1R,;. of each
galaxy, correlates with the deviation of each galaxy’s central SMBH from the M-o relation
(Figure 4.3).

Metal retention fractions are calculated using the formula:

M. resen +M *,presen
fZ o Z,9,p t Z *,p t (43)

MZ,formed

where Mz g present ad Mz 4 present are the amount of mass contained in metals or stars, re-

spectively, within the central 0.1R,;, at z = 0. My formeq indicates the amount of metals
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formed throughout the simulation from stars residing anywhere in the halo by z = 0.
The deviation from M-¢ is calculated based on the distance between each galaxy’s location

on the M-o relation (Figure 4.2) and the theoretical line of'97

, indicated by the dashed grey
line at 0.0.

Galaxies with over-massive SMBHs retain significantly less metals within their disks, star
forming galaxies losing up to ~ 60% of their metals from the disk, and quenched galaxies
as much at ~ 80%. Galaxies with under-massive black holes retain most, if not all of their
metals within the disk, with most of those metals locked in stars (yellow points). Meanwhile,
galaxies with under-massive SMBHs have a majority of their metals locked in the gas phase
(purple points).

We can determine where the metals lost by each galaxy end up in the right hand panel of
Figure 4.3. It compares the metal retention in the CGM to the metal retention in the disk.
We find that the majority of our star forming galaxies keep nearly all of their metals within
the disk and CGM with only up to ~ 10% of their metals being lost to the IGM. Only 7%
(8/119) of these SF galaxies lose more that 10% of their metals to the IGM. Meanwhile, all
but one quenched galaxy have lost some metals to the IGM, nearly half of which have lost
more than 20%. Furthermore, by comparing the color of the points, we can see that in the
star forming galaxies which keep most of their metals, those metals are stored in stars within
the disk (yellow points). The galaxies that lose more of their metals to the CGM (purple
points) have more of the metals in their disk contained within the gas phase.

The left panel of figure 4.4 similarly shows the metal retention of the CGM as a function
of the metal retention in the disk, now colored by each galaxy’s deviation from M-o. Red
symbols indicate galaxies with over-massive black holes and blue galaxies contain under-
massive black holes. We find that the galaxies that retain the most metals in their disks
(Left figure, bottom right) have under-massive black holes. Additionally, these are the same
galaxies in the right panel of Figure 4.3 that maintain all their metals within stars. In
contrast, the galaxies with over-massive BHs are those which lose the most metals to the

CGM and IGM from the disk.
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The right panel of 4.4 shows the fraction of baryons in the CGM as a function of the
baryonic fraction in the disk. Comparing the left and right panels in this figure, we see that
the metals in the galaxy do not follow the baryonic component. l.e. the different trends we
see between these plots tells us that the motion of the metals is not strictly following the
motion of the gas and stars. Instead, we see a distinct trend for the metal retention that
points to interactions from the SMBH. We discuss the implications of this result below in
Section 4.4.

We calculated the metallicity gradient of each of our galaxies, splitting the sample into
two bins which included all the galaxies with over-massive black holes (deviation from M-
o <0) and those with under-massive SMBHs (deviation from M- >0). Figure 4.5 shows
the averaged metallicity gradient for all the galaxies with over-massive BHs (red) and those
with under-massive BHs (blue). We see that, on average, galaxies with under-massive BHs
are more likely to have a concentration of metals built up in their centers. By comparison,
galaxies with over-massive BHs have fewer metals in their centers and have an overall flatter

metallicity gradient on average.
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mass in the disk. Points are colored by the deviation in M-o.
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4.3.2  Column Densities

To make some predictions about expected column densities, we first selected only the star
forming galaxies from our sample due to the small number statistics of our quenched galaxies.
Then we subdivided the SF galaxies into the two sets: galaxies with under-massive black
holes and galaxies with over-massive black holes. Finally, we selected a matching pairs from
each set with similar stellar masses and SFHs. This selection resulted in a subsample of 64
galaxies, 32 each with over- or under-massive SMBH, from which we could specifically isolate
differences due to the SMBH mass excess.

For each of these 64 galaxies we calculated the C 1v column densities as a function of radius
and calculated the median value (Figure 4.6). We find that there is more abundant C1v in
the CGM of galaxies with over-massive SMBHs than those with under-massive SMBHs.
This difference is as large a dex at a few tens of percent of the virial radius, with an average
difference of 0.5 dex between 0.1 to 0.8 R,;,.

Future HST/COS surveys will be able to determine whether these predictions hold for
observations. COS-Halos?*®, one such future survey, will connect the UV absorption mea-
surements made with COS to dynamically-resolved SMBH measurements for galaxies in the
line-of-sight of the background quasar. We discuss the implications of this result and compare

our predictions to those from other simulations in Section 4.4.

4.4 Discussion

4.4.1 BHs Primarily Drive Metals into the CGM not the IGM

Our results paint a consistent picture of galaxy evolution wherein galaxies that accrete more
gas grow central SMBHs that are over-massive compared to their stellar dispersion (an
approximation for their potential) and these over-massive BHs are more effective at ejecting
metals from the center of their host galaxies (Figure 4.5).%2" determined that galaxies with
over-massive black holes formed earlier and comparable to lower stellar densities. We see

similar indications of star formation suppression in our galaxies hosting over-massive black
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holes. These results are also consistent with® who found that in a sample of galaxies
from EAGLE and IllustrisTNG those with over-massive black holes formed within dark
matter halos with tightly bound centers and were characterized by systematically lower star
formation rates.

Despite these similarities, we find a distinct result in our sample of galaxies compared
t0%. They find that the galaxies in their sample with over-massive BHs negatively correlate
with the fraction of total gas in their CGM. l.e. galaxies with BHs that are over massive
evacuate more of their CGM. In contrast, the galaxies that host over-massive black holes
in our sample do host a smaller total baryon fraction than the hosts of under-massive BHs,
but the over-massive BH hosts host a higher fractions those baryons in the CGM. In other
words, the over-massive BHs in our galaxies are effective at evacuating both gas and especially
metals from their disk, but they are not adept at evacuating material out of the CGM and
into the intergalactic medium.

This distinction is likely due to the difference in the implementation of BH feedback. We
expand on these details below.

To confirm the BHs role in driving metal out of the center of the galaxy, we refer to
the work of?%%, which explored the metal content of the CGM in a set of 4 galaxies run
with the same code and similar conditions to ROMULUS25. In that paper, they compare 4
galaxy simulations with and without black hole physics and find that the galaxies without
BH physics end up with a concentration of metals in their centers as we see here in the
galaxies with under-massive BHs. Figure 4.5 above is very similar to their Figure 10. The
consistencies between these simulations leads us to determine that the SMBH, which was

266 is also key in ejecting metals from the

responsible for ejecting metals from the galaxies in

galaxies with over-massive BHs in our sample.
This result also helps explain what we see in the galaxies with under-massive BHs. These

galaxies, which accrete less gas, have SMBHs which grow less. These under-massive BHs are

less effective at regulating star formation which results in two of the characteristics we see.

First, more metals end up locked in both the the gas and stars at the center of the galaxies.
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Second, more stars have formed at the center of these galaxies. This point further confirms

£27 which noted that the hosts of under-massive black holes followed

one for the results o
nearly identical evolutionary tracks to galaxies without black holes.

We further compare our results to those of® which find that galaxies with over-massive
BHs have a lower fraction of baryons locked in their CGM due to the evacuation of gas by
black hole feedback both for IllustrisTNG galaxies and those in EAGLE. Interestingly, we

find the opposite. Figure 4.7 shows the fraction of baryons in CGM gas, defined as in%® by:

M

gas, T>104K

4.4
Mvir ( )

fCGM =

We find that the galaxies in our simulations that host over-massive black holes have the
highest fraction of baryons in their CGM in addition to having more metal enriched CGM
gas (Figure 4.3). It’s worth noting that the right hand panel of Figure 4.4 shows that these
over-massive BH hosts have fewer baryons overall compared to their counterpart galaxies
despite having more of those baryons in the CGM. This distinct differences between our
£69

findings and those o
BH physics.

are likely due to the differences in the implementation of sub-grid

In the EAGLE simulation, AGN feedback?® is implemented via stochastic, isotropic heat-
ing applied to gas particles (AT 4gn = 1085 K) and the AGN feedback efficiency was chosen
to reproduce the z = 0 scaling relation between galaxy stellar mass and their central SMBH
masses. The energy injection rate is: fagnTaecc? Where 1. is the BH accretion rate and
facn = 0.015 is a fixed value where f3,, determines the fraction of available energy coupled
to the ISM. AGN feedback is the primary form of self-regulation in EAGLE once a hot CGM
has formed, limiting the impact of stellar-driven winds out of the galaxy 2.

In IustrisTNG, AGN feedback is implemented in two modes: high accretion rates drive
a feedback mode which injects energy thermally, heating nearby gas cells to the BH using
an efficiency of fagninm = 0.02. Meanwhile, feedback associated with low accretion rates
inject energy kinetically with a random direction chosen for each inject event. The efficiency

of the kinetic mode, facn rin, scales with local gas density up to 0.2. Kinetic AGN energy is
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Figure 4.5: The log of the averaged metallicity gradients for all the over-massive (red) and
under-massive (blue) galaxies in our sample, focusing on the central 0.1R,;. that we use to
calculate our metal retetion values. Overall, galaxies with over-massive black holes show a
flatter distribution of metals with no strong build up of metals in the center. By comparison,
galaxies with under-massive black holes tend to have a build up of super-solar metal-rich gas
at their centers and a steeper metallicity gradient.

coupled to the hydrodynamic scheme such that the injection velocity is determined by the

mass of gas associated with the inject region. Additionally, the coupling efficiency of kinetic
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feedback is reduced at low gas densities in order to avoid runaway feedback. The threshold
between high and low accretion scales as a function of the BH mass and is written in terms

of the Eddington ratio:

x = min[0.1, xo(mpr/10°My)?] (4.5)

where xo = 0.002. Regardless of mass, a BH can inject feedback via the thermal mode at
sufficiently high accretion rates3**; however, once a BH reaches the pivot mass of 103M,,
this mode becomes rare thereby setting this mass as the transition between thermal and
kinetic feedback modes.

It is therefore interesting to note that in the galaxies of these two simulation suites, % find
that the SMBHs effectively eject gas and metals from the CGM out into the IGM, resulting
in smaller fogy values. In contrast, the SMBHs in our galaxies do not appear to evacuate

gas and metals from the CGM, driving galaxy-scale outflows that can enrich the CGM of

their hosts, but are unlikely to drive material out past the virial radius.

4.4.2  Predictions for Future CGM Surveys

From Figure 4.6, we predict that surveys like COS-Holes will see a distinction between the
amount of C1v and other ions like O vI in the CGM of galaxies that host over- and under-
massive central SMBHs. An observable test for these predictions could come in the form
of future HST/COS observations, specifically those like COS-Holes?* that will pair UV
absorption measurements to dynamical BH mass measurements. With such observations,
we will additionally be able to determine whether or not SMBH are evacuating gas in the
CGM of their hosts. Furthermore, metal line measurements paired with dynamical BH mass
estimates would allow us to determine whether SMBHs that are over- or under-massive play
different roles in setting the metal content of the CGM.

One case of note is M31.311

measured the disk of the Andromeda Galaxy had lost up to
66% of the metals formed by its stellar population. Therefore, the metal retention of the

disk, f. 4isk, is 38%, which is close to the lowest metal retention rates we find in our sample
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(Figure 4.3). The galaxies with the lowest metal retention rates nearly all host over-massive
black holes, which also appears to be the case for M31. M31 has a velocity dispersion in
the bulge of 151-153 km /s%6%3™ and a central SMBH mass of 1.4 x 10% M, % which is 1.5x
larger than expected based on equation 4.2'67.

While this is only one case, it demonstrates a clear example of galaxy with metals that
have been ejected from the disk in the presence of a SMBH that is over-massive compared
to its stellar dispersion. It remains clear that there is plenty of exciting work to be done

connecting the flow of metals in a galaxy to the properties and effects of SMBHs.
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Figure 4.6: Column densities of C1v as a function of radius for subsample of stellar-mass-
matched galaxies with over-massive (red) and under-massive (blue) SMBHs. The upper
panels show N(C 1v) for all 64 galaxies split between each subset of BH and the lower panel
shows the median for each subset as well as the standard deviation of the median. Our
measurements predict that upcoming UV absorption missions that include host galaxy SMBH
information, such as the COS-Holes survey, will observe a difference in the amount of C1v
in their CGM. Galaxies with over-massive black holes will contain up to 0.5 dex more C 1v
in their CGM gas than galaxies hosting under-massive black holes.
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Figure 4.7: Measurements of the fraction of baryons in the CGM, as calculated in®, as a
function of the virial radius for all 140 of our galaxies. Points colored by deviation from M-o
as in Figure 4.4. We find that galaxies hosting over-massive SMBHs (red) contain a high
fraction of baryons in their CGM, in addition to containing more enriched gas in the CGM
(Figure 4.3).
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5.1 Summary

The primary goal of this dissertation has been to understand the different roles of stellar
feedback, SMBH feedback, and environment play in setting different observable properties of
the CGM, specifically how environment, accretion history, and SMBH feedback can impact
the global properties of the CGM (Chapter 2); how measurements of O vI in the CGM
vary based on differing star formation histories and BH physics implemention (Chapter 3),
and where enrichment from the stars in the galaxy disk end up due to feedback processes

(Chapter 4).

Throughout this work, I have motivated the benefits and caveats of using my suite of
ChaNGa simulations, including all galaxies from ROMULUS25 and the set of zoom-in galax-
ies run using the GM technique. The GM process allowed us to create galaxies from nearly
identical initial conditions and these subsequent simulations, with such similar starting char-
acteristics, created a critical test case for the effects of star formation history on the CGM.
Similarly, testing the original GM galaxies with a sample that does not include BH physics
allowed us directly test its effect on the metal enrichment of the CGM. Exploring the cause
of the differing star formation histories, the subtly changed minor merger interaction, gave

us a unique view into the possible quenching mechanisms of Milky Way-mass galaxies.

The various subsamples of galaxies I explored from ROMULUS25 added necessary com-
ponents to my work. In understanding the quenching mechanism of the GM galaxies, it
provided critical cosmological context and was used to determine how likely such a case
would be in the observable universe. By measuring the column densities of O vI from a
sample of L* galaxies in ROMULUS25, we confirmed that the star formation rate plays a less
significant role that halo mass in setting the amount of O vi in the CGM of these galaxies.
Finally, we used a much larger sample of galaxies, still centered on the Milky Way-mass
regime, to determine that the accreted mass of the SMBH at each galaxy’s center can be

used to inform the metal content of both the ISM and CGM of the galaxies.

By furthering our understanding of the critical role SMBH feedback plays in setting
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the nature of circumgalactic gas, this research makes important strides in broadening our
understanding of the interdependent and complex mechanisms driving galaxy evolution.
Nevertheless, our understanding of precisely how to best implement the energetics of feedback

sources and how they couple to gas remains incomplete?.
5.2 Connecting The Dots

The chapters of my work individually highlight the processes of quenching in Milky Way-
mass galaxies, compare to metal line observations of the CGM, and predict measurements
for future observational surveys. Together, they further develop a deep connection between
the growth and evolution of SMBHs and their host galaxies as well the gas accretion and
motion throughout time.

Chapter 2 shows not only an additional mechanism for driving quenching in Milky Way-
mass galaxies, but also the impact of quenching processes on CGM gas. I.e. the removal
and disruption of the cold gas supply from the disk.

Chapter 3 shows how early enrichment of the CGM by AGN feedback is observable in
both quenched and star forming galaxies, despite varying star formation histories. It also
shows that the SMBH is a critical component in enriching the CGM, far more than stellar
feedback in our simulations.

Finally, Chapter 4 brings all this together by exploring a specific quality of the SMBH,
how massive it is in comparison to the potential of the host galaxies and how this quality
impacts the effectiveness of its enrichment of the surrounding CGM.

Together, the body of my work shows that the CGM of Milky Way-mass galaxies in
simulations is in particular an interesting place to explore the impact of feedback on gas

physics, and that the SMBH play a key role in driving the evolution of these galaxies.
5.3 Future Work: Isolating Processes in Galaxy Evolution

One of the key obstacles to quantifying the role of feedback on gas is that galaxy evolu-

tion is complicated and chaotic by nature. The complex interactions of a galaxy with its
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environment, such as mergers and accretion, make it challenging to study and disentangle
the different feedback processes at play. To shed light on this problem, we must continue
advance novel techniques like the genetic modification process to cosmological simulations
and carry out multi-epoch, multi- wavelength observational studies of the CGM.

Recent studies of simulated galaxies have shown that the circumgalactic medium is partic-
ularly sensitive to feedback prescriptions which makes it a good test laboratory for continued
feedback process studies®2®. Though simulations have struggled to replicate the complicated
multi-phase structure of the CGM, the varying implementations of feedback processes make
differentiating the different sources building up the multi-phase CGM even more difficult.
Different simulation prescriptions show different results, some heating and evacuating gas
from the CGM??*, others enriching the CGM with metals from the disk?'%266:3%9 and quench-
ing galaxy star formation 7%26%:286,

So, the same problem arises: Galaxy evolution is complex and interdependent. Assembly
history impacts star formation as well as SMBH growth, which in turn impacts star formation
and accretion history, which impacts the CGM, and so on. Therefore it is critical to create
better, controlled tests which can disentangle not only the differences between stellar and
SMBH feedback processes but that can also isolate the impact of a galaxy’s assembly and
accretion history.

One way to attempt to solve this problem is with high-resolution cosmological simulations
with reliable gas tracking, metal cooling, and advanced stellar and SMBH feedback prescrip-
tions that allow for the controlled numerical tests. I plan to develop a new generation of

genetically modified galaxies to just that.

5.4 Future Work: More CGM Observations and Better, More Controlled
Simulations

In preparation to move on to my postdoc this Fall, I have designed two suites of genetically
modified simulations that are currently being run with the same N-body-+smoothed particle

hydrodynamics code CHANGA %, However, the improved resolution in our simulations will
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allow for the inclusion of upgraded physics, such as better ISM modeling, full treatments
for metal cooling and H2 abundances, and the implementation of a super bubble feedback
model*** for both supernovae and SMBH feedback. Additional improvements to the SMBH
physics have been included, such as the direct collapse of black hole seeds based on local gas
properties and more realistic interactions between the SMBH and multi-phase gas, including
gas rich mergers, at earlier times. The new GM suites will also include variations in the
models for SMBH accretion and feedback to further explore the connection between star
formation history, assembly history, and the impact of the SMBH.

These two suites of GM galaxies will be a powerful tool to distinguish the different
processes that impact the observable properties of the CGM. While one will focus on isolating
stellar and SMBH feedback effects from one another and from individual late-z mergers, the
other will give us the power to trace differences due to the overall accretion history and how
that varies along the axis of modified assembly histories. The full set of GM simulations will
contain all the information needed to disentangle and isolate the tracers that couple feedback
to the complex, multi-phase structure of the CGM.

Nevertheless, while there have been many advances in understanding of the physics of
the CGM, ongoing observations are critical. The upcoming COS-Holes?* survey will give
us incredible insight into how the CGM is impacted by SMBH characteristics at previously
observerd UV wavelengths. New observations at unobserved wavelengths will also be key
however. For example, recent studies of the X-ray emission lines in L* galaxies have shown
points of improvements for current feedback models. Amidst both star forming and quiescent
galaxies in this mass range, the effectiveness of feedback prescriptions has been called into
question with stellar feedback prescriptions that are too weak and SMBH feedback which
may be too strong®.

As of now, there is no end in sight to work needed to disentangle the details of this
multiphase region. As a statement, it is not meant to be a deterrent, but in fact the opposite,

and this author looks forward to a future full of research possibilities.
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