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ABSTRACT

OBSERVING THE BARYON CYCLE IN HYDRODYNAMIC
COSMOLOGICAL SIMULATIONS

BY

JACOB RICHARD VANDER VLIET, B.S., M.S.

Doctor of Philosophy
New Mexico State University
Las Cruces, New Mexico, 2017
Dr. Christopher W. Churchill, Chair

An understanding of galaxy evolution requires an understanding of the flow
of baryons in and out of a galaxy. The accretion of baryons is required for galaxies
to form stars, while stars eject baryons out of the galaxy through stellar feedback
mechanisms such as supernovae, stellar winds, and radiation pressure. The inter-
play between outflowing and infalling material form the circumgalactic medium
(CGM). Hydrodynamic simulations provide understanding of the connection be-
tween stellar feedback and the distribution and kinematics of baryons in the CGM.
To compare simulations and observations properly the simulated CGM must be
observed in the same manner as the real CGM. I have developed the Mockspec

code to generate synthetic quasar absorption line observations of the CGM in

viil



cosmological hydrodynamic simulations. Mockspec generates synthetic spectra
based on the phase, metallicity, and kinematics of CGM gas and mimics instru-
mental effects. Mockspec includes automated analysis of the spectra and identifies
the gas responsible for the absorption. Mockspec was applied to simulations of
dwarf galaxies at low redshift to examine the observable effect different feedback
models have on the CGM. While the different feedback models had strong effects
on the galaxy, they all produced a similar CGM that failed match observations.
Mockspec was applied to the VELA simulation suite of high redshift, high mass
galaxies to examine the variance of the CGM across different galaxies in different
environments. The observed CGM showed little variation between the different
galaxies and almost no evolution from z=4 to z=1. The VELAs were not able to
generate a CGM to match the observations. The properties of cells responsible
for the absorption were compared to the derived properties from Voigt Profile
decomposition. VP modeling was found to accurately describe the HI and MgII
absorbing gas but failed for high ionization species such as CIV and OVI, which
do not arise in the coherent structures assumed by modelling. The technique
of mock QAL is useful for testing the accuracy of the simulated CGM and for
verifying observational techniques, but not for differentiating between feedback

prescriptions in dwarf galaxies.
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1. INTRODUCTION

1.1. Galaxy Evolution

Galaxies are the among the largest and most prominent structures in the
universe. Collections of dust, gas, stars, black holes, and dark matter (DM),
galaxies act as stellar factories to turn the hydrogen and helium gas created by
the Big Bang into heavier elements. The study of how galaxies form and evolve has
been a major field in astronomy since galaxies were first identified to be separate
bodies outside of the Milky Way. Early models by Eggen et al. (1962) described a
monolithic collapse scenario where galaxies collapse out of a gas and dust cloud in
the intergalactic medium (IGM). The field has advanced a great deal since then,

such as when Searle & Zinn (1978) described galaxy growth through mergers.

The modern understanding of galaxy formation follows from models describ-
ing the three main contributors to the energy balance of the universe. The domi-
nant source of energy density is dark energy, a negative pressure described by the
cosmological constant A, which accounts for 69.2% of the total energy density of
the universe (Planck Collaboration et al. 2016). The second largest contribution
to the total energy density is dark matter (DM), which is predicted to be cold and
to contribute 26.8% of the total energy density. The dark matter is predicted to
have speeds small compared to the speed of light and thus is referred to as cold
dark matter (CDM). The rest of the total energy density of the universe comes
from baryonic matter such as gas, dust, stars, and planets. Together the model
is referred to ACDM (see Frenk & White (2012) for a review). The large scale
structure of the universe is formed by the competing effects of gravitational col-

lapse of the dark matter (DM) and the acceleration of spatial expansion by dark



energy (A) on random density fluctuations created by the Big Bang. As the uni-
verse expands DM collapses into filamentary structures, creating the cosmic web.
Gravity pulls DM along the filaments to form dense halos at their intersections
which form the basis of galaxies. Surveys of galaxies such as the Sloan Digital
Sky Survey (Abazajian et al. 2003) have been able to detect the cosmic web by

the 3D location of galaxies (Sarkar et al. 2012).

The primary method to understand galaxy evolution from a theoretical stand-
point is using computational simulations. Simulations attempting to create the
large scale structure of the universe only include dark energy and dark matter.
While these simulations are very successful in reproducing observations of the
universe on the largest scales (Heitmann et al. 2005; Springel 2005; Springel et al.
2006; Klypin et al. 2011), baryons must be included to fully bring simulations into

agreement with observations.

Including baryons makes the simulations significantly more difficult. Dark
matter interacts only through gravity through general relativity which is rela-
tively easy to include in simulations. Baryons, however, also interact through the
electromagnetic force in addition to gravity. To properly account for baryonic
physics, simulations need to accurately describe radiative cooling, hydrodynamic

instabilities, and shocks, which requires high spatial and mass resolution.

The effect of baryons on the universe is limited to the interior of DM halos
where they can become dense enough to dominate over DM. Through interacting
with the electromagnetic force, which DM cannot do, baryons can radiatively cool,
allowing them to collapse into denser structures than DM can. The baryons cool

and form the basis of a galaxy by collapsing into structures that are able to form



stars.

Star form when the gas within a galaxy, called the interstellar medium (ISM),
gravitationally collapses into structures hot enough to fuse hydrogen and helium
into heavier elements (metals). Eventually a star burns through its supply of
fusible gas causing it to die in either a supernovae (SNe) for high-mass stars or
a red giant to white dwarf for low-mass stars, both of which return their metal-
enriched gas to the interstellar medium (ISM) of the galaxy. The returned gas can
then form new stars. Aslong as the galaxy has adequate gas supply it will continue
to form new stars and grow. Since stars do not return all of their mass back to the
ISM, over time the galaxy will deplete its gas supply. Timescales for gas depletion
are much shorter than the Hubble timescale (~ 14 Gyr) and are often on the order
of 3 Gyr (Kennicutt et al. 1994; Rahman et al. 2012; Plamm-Altenburg & Kroupa
2009). However many galaxies are observed to have sustained star formation for
time periods longer than the depletion timescales, necessitating the acquisition of
new material. Without accreting new gas a galaxy would deplete its reserve and
cease star formation. A galaxy’s star formation rate is a key difference between
the two main classes of galaxies, blue galaxies which have active star formation
and red galaxies that are quiescent with little star formation (Strateva et al. 2001;
Baldry et al. 2004, 2006; Faber et al. 2007; Martin et al. 2007; Schawinski et al.
2014).

Galaxies acquire their gas through several methods. Mergers between galaxies
combine their gas supply, fueling bursts in star formation. Gas can also be accreted

from the intergalactic medium (IGM), the gas between galaxies.

4

The accretion of IGM along DM filaments occurs in either “cold-mode” or



“hot-mode” accretion. Described in Birnboim & Dekel (2003) and Dekel & Birn-
boim (2006), their model states that small to medium galaxies (M,;, < 10'? M)
are fed by cold streams of gas pulled from the IGM along DM filaments. In
the early stages of galaxy evolution the cold streams efficiently deliver gas to the

galaxy itself which readily for stars.

As the galaxy grows it builds up a gaseous halo. Eventually the halo becomes
large enough it can support shocks and the inflowing streams become shock-heated
to the virial temperature (T;.) and cannot efficiently cool (T" > 10° K, M,;. >
10'2 Mg). The hot gas must cool before it can condense onto the galaxy. The
long cooling timescales of the hot gas leads to the creation of a hot gaseous halo
that cannot reach the galaxy. Without gas accreting onto the galaxy the gas
reserves are rapidly depleted, stagnating star formation through a process called
“strangulation” (Keres et al. 2005; Rasmussen et al. 2008; van de Voort et al.
2017). The shutdown of available cold gas for a galaxy to accrete is the most
common way for galaxies to transition from blue, star forming galaxies to red,

quiescent galaxies (Peng et al. 2015).

The mass delimitation between hot- and cold-mode accretion occurs in the
recent universe (z < 2). At high redshift (z > 2) the filaments are still dense
enough that they can potentially penetrate the hot halo of a massive galaxy with-
out being shock heating. The lack of shock heating in the core of the filament
allows for efficient accretion of gas to massive galaxies and is the source of massive
star-forming galaxies seen in the high redshift universe. A summary of these ac-
cretion modes are shown in Figure 1.1. The predictions of the two accretion mode
have been supported in hydrodynamic cosmological simulations (van de Voort &

Schaye 2012, e.g.).
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Fig. 1.1.— The conditions for hot-mode and cold-mode accretion. Adapted from
Dekel et al. (2009).

1.2. The Baryon Cycle

Of primary interest in simulations is the creation of galaxies that match
common observations, such as the stellar mass-halo mass relation, the Tully-Fisher
Relation, the Main Sequence Relation, and the Kennicutt-Schmidt Law. To meet

these goals simulations must create stars properly.

Stars have a greater impact on galaxy evolution than merely consuming gas.
The formation of stars is not an efficient process (McKee & Ostriker 2007), with
typically only 2-20% of the mass in giant molecular clouds (GMC) being converted

into stars (Zuckerman & Evans 1974; Evans et al. 2009; Murray et al. 2011).



The process of converting gas to stars is disrupted by the recently formed stars
themselves. Through stellar feedback processes such as supernovae (SNe), stellar
winds, and radiation pressure, the stars push back on the gas and dissipate the
GMC. Star formation becomes a self-regulated process in which only a small
fraction of the gas can turn into stars before being pushed dissipated (e.g. Hopkins
et al. 2011; Ceverino et al. 2014). The effect of SNe, radiation pressure, and
stellar winds disrupt the surroundings enough to prohibit gravitational collapse.
These processes import significant amount of energy to the gas enabling some of
it to escape the galaxy itself in the form of outflows and enter the circumgalactic
medium (CGM) (Oppenheimer et al. 2010; Davé et al. 2011). Once in the CGM

the ejected material has three possible fates (Ford et al. 2013):

e If the gas is cool enough or contains enough metals, it can cool quickly and
fall back into the galaxy with timescales of <1 Gyr in a process known as

galactic fountains (Bregman 1980; Sharma et al. 2014; Marasco et al. 2015).

e [f the gas is not able to cool, it is unable to fall into the galaxy and instead

becomes part of the ambient CGM.

e [f the outflows are moving fast enough they can escape the potential well of

the galaxy entirely and enter the IGM.

The flow of gas from accretion to star formation to outflows to re-accretion
is known as the “baryon cycle” and is one of the most influential processes that
govern galaxy evolution. Galaxy-scale outflows are required to explain several
observations, such as the mass-metallicity relation (e.g. Erb et al. 2006) and IGM

metal content (e.g. Aguirre et al. 2001; Pettini et al. 2003; Oppenheimer & Davé

6



2006).

Hydrodynamic simulations of galaxy evolution have supported the abilities of
outflows to govern galaxy and IGM evolution. The addition of momentum-driven
winds in SPH simulations in Oppenheimer & Davé (2006) match IGM-based C1v
absorption features at z ~ 2-5. Using the same recipes, Oppenheimer et al.
(2010) found galactic winds are the dominant factor in shaping the galaxy stellar

mass function at z = 0.

Bertone et al. (2007) predicted the existence of recycled accretion from semi-
analytic models of galaxy evolution, later confirmed in the hydrodynamic sim-
ulations of Oppenheimer & Davé (2008) The dominant fate of wind material is
reaccretion, with most wind material being ejected upwards of four times between
z = 6and z = 0. For z < 1, L* galaxies are mostly unable to eject wind parti-
cles from their halo, creating extensive galactic fountains where gas is continuous
ejected from the galaxy by stars then reaccreted later, with typical timescales of

reaccretion of ~ 1 Gyr.

By controlling the supply of gas to a galaxy, the baryon cycle is one of the
major drivers of galaxy evolution. The CGM is a massive repository of gas formed
from the mixture of outflows from the galaxy and inflows from the IGM. To
understand the wide variety of galaxies that exist, from the An active baryon
cycle is required for an active galaxy to exist. It can contain as much mass as the
ISM of the galaxy (e.g. Tumlinson et al. 2011; Thom et al. 2012; Stinson et al.
2012; Werk et al. 2014) and is a possible solution to the missing baryons problem
(Persic & Salucci 1992; Bell et al. 2003; McGaugh 2008; McGaugh et al. 2010),

with determined 25% of cosmic baryons exit in the CGM of galaxies (Davé et al.



2010).

1.3. Observing the Baryon Cycle in the CGM

Studying the baryon cycle in the CGM is difficult. Typical densities of gas
in CGM are low (ng < 1072 em™3) making any emission weak and difficult to
observe. The hydrogen CGM has been directly imaged around very large, active

galaxies, but these are rare cases (Martin et al. 2014, e.g.).

Without emission observations the primary method for observing the CGM
utilizes absorption spectra of background objects. Light from a bright background
source such as a quasar passes through the CGM and is partially absorbed by the
gas, leaving atomic fingerprints of the CGM’s constituents in the spectrum. A
benefit of this method is the gas can be observed from any distance as long as a
significantly bright background object exists, enabling the study of high-z CGM
and the evolution of the CGM.

Quasar absorption line (QAL) studies are a powerful method for exploring the
circumgalactic medium. Careful modeling of absorption features can determine
the temperature, column density, composition, ionization state, and kinematics
of the medium. There are limitations to the QAL method, however. The derived
kinematics are restricted to motion along the line of sight. The strength of ab-
sorption depends on the column density of material and not the number density,
meaning it is impossible to determine the exact spatial structure of the material
without assumptions. The feature modeling itself depends on assumptions of the

spatial structure and equilibrium status of the medium.

Due to the pencil-beam nature of the absorption, the observation only yields



information about the CGM in one very small section of the halo, restricted
to a single impact parameter D (the projected distance between the LOS and
the host galaxy). To build up information about the spatial structure of the
CGM multiple galaxies must be observed. On rare occasions a galaxy might have
multiple background QSO which allow for measuring the same galaxy multiple

times (Chen et al. 2014).

Another concern is the difficulties in detecting where the absorption is relative
to the hot galaxy. The line-of-sight velocity v;og of the absorbing material can be
determined from modeling of the feature. However, a redshifted feature relative to
the galaxy might be infalling material on the near side of the galaxy or outflowing

material on the far side.

The discussion so far has assumed that the host galaxy has been identified
which is not always the case. To identify the galaxy responsible for an absorp-
tion feature in a QSO spectrum requires follow-up observations to determine the
redshift of all galaxies along the LOS. Since CGM features have been detected
with D > 1 Mpc (e.g. Rudie et al. 2012), all galaxies within this large impact
parameter range must be identified with redshifts accurate enough to identify the
galaxy responsible for the absorption feature. The identification process by itself
is difficult and often impossible. Observations without identified associated galax-
ies are still useful in providing statistical restrictions on models (van de Voort &
Schaye 2012; Prochaska et al. 2010; Bird et al. 2013). An example is the bimodal-
ity of the metallicity of z < 1 Lyman-limit systems (LLS, Ng; > 10'"2 cm™?)
as observed by Lehner et al. (2013). The interpretation of the low-metallicity
LLS arising from pristine accretion and the high-metallicity LLS arising from re-

cycled accretion gives an observational method for identifying the physical nature
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of absorbing gas.

The central challenge in QAL observations is the difficulty in converting the
derived properties (column density, vog, etc.) to actual physical properties due
to projection effects and observational constraints. Simulations of the baryon
cycle can be used. Hydrodynamic simulations can be used to better understand
the connection between the structure and kinematics of gas in the CGM and the

resulting QAL observation.

When analyzing the simulated CGM there are two methods commonly used.
The first is to pull the gas properties, such as temperature, density, and metallicity,
directly from the simulation output. Studying the simulation outputs in this

manner enables a direct measure of the structure and evolution of the CGM.

A common part of the direct measure method is to post-process the simulation
to determine the distribution of an ion of interest based on the location, density,
temperature, and metallicity of the gas, then creating a 2D projection map to
determine the column density profile of the ion. (e.g. van de Voort & Schaye
2012; Shen et al. 2012, 2013; Hummels et al. 2013; Rahmati et al. 2016; Gutcke
et al. 2017). The comparison of the column density profile from a projection to one
determined from observation should be done with caution though as observations
determine the column density by modeling the absorption, which involved several
assumptions that may not hold in all situations. The direct analysis approach has

been used extensively in the past.

The limitation of the projection is its inability to verify the accuracy of the
simulation CGM through comparison with observations. Observations do not

measure the temperature, density, and metallicity of the gas in a galaxy’s CGM.
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The gas properties are the results of modeling absorption profiles.

The second approach is to construct mock observations of the simulated
CGM. By mimicking the method by which observers use to study the CGM around
real galaxies the veracity of the simulated CGM can be determined. Additionally
the process can be turned around and the accuracy of observational modeling can
be determined by comparing the modeled physical gas properties to the actual

gas properties taken from the simulation.

The mock observation method has been implemented by fewer studies due to
its additional complexities. Ford et al. (2013) used synthetic observations of the
simulations of Oppenheimer & Davé (2008) to determine the effect of different
wind models have on the CGM as traced by various commonly observed tran-
sitions. In Ford et al. (2014) they determined which ions should be observed to
study various parts of the baryon cycle. For example, MgII absorption traces recy-
cled accretion of recently ejected winds while O V1 absorption traces old outflows

that are now a part of the stagnant CGM.

1.4. Purpose of this dissertation

The primary method of observing the CGM, QAL studies, is fraught with
assumptions and simplifications. The theoretical approach to galaxy evolution,
using cosmological simulations, is likewise restricted by simplifications. By com-
bining these two approaches, the strengths of one can be used to overcome the
weaknesses of the other. This leads to a better understanding of the limits of each

toolset and to a better interpretation of evidence for galaxy evolution.
The structure of this dissertation is as follows. The first half of Chapter 2
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describes details of hydrodynamic simulations that pertain to studying the baryon
cycle. The primary product of this dissertation is the MOCKSPEC code which stud-
ies the simulated CGM by generating mock QAL observations. The second half
of Chapter 2 describes how MOCKSPEC works. Chapter 3 describes the application
of MOCKSPEC to hydrodynamic simulations of dwarf galaxies to examine how dif-
ferent models of stellar feedback alter the observable properties of the CGM. The
connection between the properties of the CGM as derived from observational tech-
niques and the true properties is also discuss in Chapter 3. Chapter 4 describes
the application of MOCKSPEC to high redshift simulations of massive galaxies to
examine how the observable CGM evolves across time and environment. Chapter
5 describes how cosmological inflows evolve in response to major mergers and star-

bursts. Chapter 6 contains a summary of the conclusions from this dissertation.
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2. THE MOCKSPEC CODE

2.1. Overview

The circumgalactic medium (CGM) is a critical driver of galaxy evolution
through its participation in the baryon cycle. Understanding how the reservoir
of gas in a galaxy’s halo interacts with the galaxy through accretion and galaxy
outflows is challenging to do in observations. The CGM is diffuse and only reliably
observable through absorption features in the spectra of background objects. In-
terpreting absorption spectra is difficult and full of assumptions about the physical

and kinematic structures of the material creating the absorption.

Hydrodynamic cosmological simulations can be used to compliment obser-
vations of the CGM. The physical and kinematic structures of the gas can be
directly taken from the simulation output. However comparing the simulated gas
properties to the observed absorption profiles directly is difficult. A commonly
used technique (Hummels et al. 2013; Smith et al. 2011; Liang et al. 2016) is
to generate column density maps from projections of the gas distribution in the
simulations after it has been post-processed with CLOUDY (Ferland et al. 2013) to
combine gas density, temperature, metallicity, and ionization conditions to obtain
densities of ions of interest such as Mgit or OVI. From the column density maps
an equivalent width map can be determined using the curve-of-growth (COG)
analysis outlined in Draine (2011). The COG method is simple to implement but
is also very limited as it assumes all gas along the LOS contributes to the final
equivalent width while ignoring any velocity structure in the gas or instrumental

effects such as ISF and noise.

The proper method for comparing the simulated CGM with the observed
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CGM is to create mock observations of the simulations and analyze the resulting

spectra with the same tools used by observers to analyze real observations.

There are a few tools to generate the mock observations. To analyze SPH
simulations there have been SPECWIZARD (Theuns et al. 1998) for GADGET simu-
lations and SPECEXBIN (Oppenheimer & Davé 2006) used by Ford et al. (2013,
2014, 2016) to analyze the outputs of GADGET-2 simulations. There have been
no synthetic spectra generation codes for AMR simulations. The general simula-
tion analysis toolset yt (Turk et al. 2011), has a recent addition named TRIDENT
(Hummels et al. 2016) which creates mock quasar absorption spectra for the most

commonly used cosmological simulation codes.

A shortcoming of all previous codes is their lack of consistent analysis. The
codes generate spectra but it is left to the user to apply their favorite analysis

tools to determine column density and equivalent distributions.

In this chapter the code MOCKSPEC is presented. MOCKSPEC is a pipeline to
analysis the CGM of galaxies simulated with ART through the generation and
analysis of mock quasar absorption spectra with the full treatment of instrumental

effects.

2.2. Simulations

To generate a galaxy in simulations that resembles observed galaxies, the code
must address the two dominant constituents of the galaxy: the dark matter (DM)
and the baryons (gas and stars). The DM particles only interact through gravity
(for a review on gravity solvers, see Dehnen & Read (2011)). The baryons are

subject to the Euler equations of hydrodynamics. The details of how simulations
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handle hydrodynamics is key to studies of the baryon cycle as many approaches

exist and each have unique strengths and weaknesses.

Hydrodynamic simulation codes are broadly separated into two groups: (1)
Adaptive Mesh Refinement (AMR) (e.g. Berger & Colella 1989), and (ii) Smooth-
Particle Hydrodynamics (SPH) (e.g. Gingold & Monaghan 1977; Owen et al.
1998). In recent years, there have been attempts to create codes that feature traits
of both code families with moving-mesh codes such as AREPO (Springel 2010). A
brief discussion on the differences between AMR and SPH codes is included here

(see Agertz et al. 2007, for a detailed analysis).

The primary different between AMR and SPH codes is how they handle the
hydrodynamic equations. AMR codes utilize a Eulerian approach, where the
coordinate system remains fixed. The volume is divided into cells, quantizing
space, and the advection of gas properties across the cells are computed. The
solutions to the hydrodynamic equations are more accurate (e.g., able to resolve
shocks) with smaller grid sizes but this leads to an increase in computational load.
A compromise between the competing effects of accuracy and computational load
is to adaptively refine the size of cells based on conditions of the gas, typically
the density. The result is high spatial resolution in areas of high density where
the increased accuracy is needed and low spatial resolution in areas of low density
to reduce the computational load. However, since gas is treated as a field it is
impossible to track the trajectory of a gas structure such as winds in an AMR

simulation.

The SPH method utilizes a Lagrangian approach to the equations of hydro-

dynamics where the coordinate system moves with the gas. Gas is divided into
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particles, quantizing mass, and the gas properties of each particle are tracked. A
strength of the SPH method is the ability to track the trajectory of a gas particle
which AMR simulations cannot do. Shortcomings of the SPH method include
difficulties in resolving shocks and instabilities such as the Kelvin-Helmholtz in-

stability and handling gas mixing effectively.

2.2.1. Adaptive Refinement Tree

The MOCKSPEC code works with the code hydroART, an AMR code using the
Adaptive Refinement Tree method to refine space along with an Eulerian approach
to solve the hydrodynamics. The refinement tree is able to achieve high resolution
(sub-kpc) in regions of high density to properly resolve the relevant physics while

maintaining low spatial resolution in other areas.

The hydroART code was written by Andrey Kravtsov (Kravtsov et al. 1997;
Kravtsov 1999). It has been improved by Daniel Ceverino (Ceverino & Klypin
2009; Ceverino et al. 2010), Sebastian Trujillo-Gomez (Trujillo-Gomez et al. 2015)
and Kenza Arraki (Arraki 2016).

The galaxies simulated with hydroART are cosmological zoom-in simulations.
The zoom-in method enables the study of galaxy evolution in a cosmological
setting. Initially, a large volume, typically on the order of 10 Mpc A along a side,
is simulated with DM only. DM only interacts through gravity, so the equations of
hydrodynamics are not relevant, greatly simplifying the computations. When the
simulation has reached the target age, usually z = 0, the resulting DM systems
are examined. The box is searched for halos that are of the mass desired with the

correct history (e.g. quiet vs active merging). When the desired halo is found,
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the DM particles that make up the halo are traced back to the beginning of the
simulation. The initial conditions of the relevant particles are used as the initial
conditions for a second simulation. The second run includes baryons and the
required hydrodynamics. To make the run more efficient, only the area around
the identified DM particles are simulated in high resolution. The end result is a
large cosmological box simulated in very poor resolution with only the area around

the galaxy of interest simulated in high resolution.

One of the chief advantages of hydroART over other simulation codes is its
ability to reach high spatial resolution, achieved through the Adaptive Refinement
Tree method which describes how the code divides up space to solve the Eulerian
equations for hydrodynamics. In its initial state the code quantizes space into a
uniform grid. When the refinement criteria in a cell is reached, the cell is divided
into eight equal sized subcells. This process continues until a maximum depth is

reached, typically around 11-13.

Galaxies are composed of more than dark matter and gas, however. Pre-
scriptions for star formation and feedback are needed. The current star formation
prescription was implemented in Trujillo-Gomez et al. (2015) and changed star
formation from a stochastic sampling to a deterministic process. Star formation
methods are activated anytime the gas in a cell would reach a certain density
threshold. In previous versions of hydroART there would be a random chance
that the gas would be consumed to form a star. On a “success” all the gas in the
cell would be turned into a stellar particle. Observations have determined that
star formation is an inefficient process, with only ~2% of gas in a giant molecular
cloud being converted to stars (Krumholz & Tan 2007). To match the observations

the probability of a dense gas cell being converted into a stellar particle was low.
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The result is that on average the fraction of gas able to form stars that actually
do matches the observations, but each individual dense cell either does form stars

or does not. The result is few, massive stellar particles.

In the new version of hydroART every cell that reaches the critical density to
form stars does, a description that matches the actual events in a galaxy. Instead
of having all the mass in the cell being converted into a stellar particle, only a
fraction of the cell’s mass is converted. The results is more, smaller stellar particles

in the simulation.

Once a stellar particle has formed it begins to influence its surroundings.
Since hydroART is unable to simulated individual stars the details of stellar
feedback are included in sub-grid models. The details of sub-grid models is one

of the largest open questions in simulations of galaxy evolution.

The sub-grid model used in hydroART contains descriptions of stellar winds,
supernovae, and radiation pressure (Ceverino & Klypin 2009; Ceverino et al. 2014;
Trujillo-Gomez et al. 2015, see). Stellar winds are treated as a thermal energy
source. SNe feedback is separated into SNIa and SNII feedback due to the different
timescales they affect. SNII act on a shorter timescale than SNIa. Radiation
pressure from massive stars is the newest addition to hydroART to reflect findings
that it is a primary cause of molecular cloud disruption, acting before SNe occur

Murray et al. (2011); Hopkins et al. (2011).

2.2.2.  Simulations of Dwarf Galazies

The dwarfs used in the study described in Chapter 2.7 were generated with
the N-body plus hydrodynamics AMR code hydroART (Kravtsov et al. 1997;
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Kravtsov 1999). They are the result of a cosmological “zoom-in” simulation de-

tailed in Trujillo-Gomez et al. (2015).

The thermal balance of the gas is determined using heating and cooling func-
tions obtained form the radiative transfer code Cloudy (Ferland et al. 1998, 2013).
The heating and cooling functions include metal and molecular line cooling, and
a uniform ionizing background Haardt & Madau (2001) with self-shielding of high
column density gas. The star formation model implemented in hydroART is based
on observations of star forming regions in molecular clouds. Stars are formed de-
terministically with the observed low efficiency in cold, dense gas of ~ 2-3%.
The stellar feedback model includes the major contributions from photoionization
heating, direct radiation pressure, energy from type Ia and type II supernovae,
and stellar winds. The star formation and feedback model was shown to repro-
duce many properties of low-mass galaxies at z ~ 0 without fine tuning, such as
the stellar to halo mass ratio, cold gas fraction, baryon content, star formation

history, rotation curves, and morphologies.

The CGM of the simulations of low-mass galaxies designated dwSN, dwALL_1,
and dwALL_8 presented in Trujillo-Gomez et al. (2015) were analyzed. The host
dark matter halo hosts an isolated dwarf galaxy with M,;, = 2.8 x 10 Mg,
R,ir= 80 kpc. The simulations reached a minimum cell size of 40 h~! pc and a
DM mass resolution of 9.4 x 10* M. The simulation was run multiple times with
different feedback recipes to explore the effect feedback has on the galaxy and its
surroundings. The feedback prescription for each run are summarized in Table
2.1. SNII4SN indicates supernovae and stellar winds, RP stands for radiation
pressure, and PH stands for photoheating. Run dwSN includes only supernovae

and stellar wind feedback while dwALL_1 and dwALL_8 include radiation pressure
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and photoheating. The radiation pressure is modeled as an additional momentum
source whose strength depends on the optical depth of the gas 7;,,. The pho-
toheating is modeled as an additional pressure. The subscript in the run name

denotes the strength of the photoheating pressure in units of 106 kp K ecm=3.

The stellar properties of the simulations depends heavily on the feedback
prescription. Radiation feedback stops star formation earlier than supernovae, re-
sulting in fewer stars being formed. Consequently the runs with stronger radiation
feedback result in a galaxy with a lower stellar mass. The properties of the runs
are shown in Table 2.2. Despite the similar virial mass, the stellar mass varied by
two orders of magnitude in dwSN and dwALL_8, revealing the magnitude of the

effect additional stellar feedback physics had on the evolution of galaxies.

2.2.3.  Simulations of Massive Galazies

Investigating the evolution of Milky Way-massed galaxies is of central interest
to the field of galaxy evolution. Galaxies in this mass range rest at the peak of
star formation efficiencies (Behroozi et al. 2013a) and are thus expected to be
actively producing stars. The active star formation suggests an active baryon
cycle, providing a valuable test bed for studying star formation, stellar feedback,

and the role of the baryon cycle.

Table 2.1. Parameters for feedback in the simulations.

Mode Feedback Ttot Ppu/kp (106 K cm*?’)
dwSN SNII+SW - 0
dwALL_1 SNII+SW+RP+PH 1 1
dwALL_8 SNII+SW+RP+PH 1 8
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The CGM of massive galaxies were analyzed using the VELA simulation suite
as described in Ceverino et al. (2014); Zolotov et al. (2015). The VELA simulation
suite was run to compliment the HST CANDELS survey (Barro et al. 2013, 2014).

An overview of the suite is included here.

Each VELA galaxy was simulated in a box 20 h™! Mpc along a side using
the 5 year WMAP results (Komatsu et al. 2009) utilizing the zoom-in technique
outlined in §2.2.1. The halos selected for the hydrodynamic run were selected
based on their mass and merging history at z = 1. To be selected galaxies need
to have M;.~ 101 — 2 x 10'2 My and to not be experiencing a major merger. The
final simulations achieved a maximum spatial resolution of 17 pc, a DM particle

mass of 8 x 10* My, and a minimum star particle mass of 10 M.

The hydrodynamic code used included prescriptions for gas cooling and heat-
ing, star formation, and stellar feedback in the form of stellar winds, SNe, radiation
pressure and photoheating. Details on the gas cooling, heating and star forma-
tion can be found in Ceverino & Klypin (2009); Ceverino et al. (2014). The stellar

feedback details are of interest to the baryon cycle and are briefly described here.

Stellar winds and SNe feedback were implemented as thermal energy sources.
Stellar winds and SNII were combined into a single parameter that deposits ther-

mal energy into the surrounding medium at a constant rate for the first 40 Myr

Table 2.2. Final mass of each dwarf galaxy

Model Myir M.

dwSN 3.0 x 1010 8.1 x 108
dwALL_1 3.2 x 1010 1.3 x 108
dwALL8 2.8 x 1010 2.1 x 107
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after a stellar particle forms. The energy from SNIa are included after the time

period ends.

Radiation pressure was added as a momentum driven wind. A non-thermal
pressure was added to gas cells around a massive stellar particle younger than 5
Myr. For exact details on the implementation, refer to Ceverino et al. (2014);

Agertz et al. (2013).

Photoheating was included as a separate pressure. In regions where the gas
density is high enough (p > 300 cm™3) the IR radiation from stars can become
trapped and increase the pressure in the gas by a factor proportional to the IR

optical depth in the gas, 775.

The full VELA suite contained initial conditions for 35 galaxies, however only
nine were used in this work, specifically halos #21-29. To accurately study the
baryon cycle in the CGM of a galaxy the simulation must be run long enough
to be able to build a healthy CGM. At very high redshift the galaxy has not
experienced enough generations of stars to have a complete baryon cycle. The
halos selected for the study were halos that had been run to the lowest redshift,

reaching z=1, allowing for a study of the long-term evolution of the CGM.

Each halo in the VELA suite was simulated with three different feedback mod-
els. The first feedback model, formally named v1, contained models for stellar
winds and SNe. The second model, formally named v2, included all the physics of
the first model included as well as radiation pressure. The third model, formally
named v2.1, included all the same physics as v2 but also included photoionization,
photoheating, and radiation pressure IR trapping. The v2 and v2.1 simulation

runs were renamed to VELA2a and VELA2b respectively for clarity in this work.
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An analysis of the v1 simulations in Ceverino et al. (2014) found the simple
feedback models were unable to create realistic galaxies as the simulations require
radiation feedback to reduce the SFR to observed values. An analysis of the 2a and
2b simulations by Arraki (2016) found slight differences between the simulations.
To reduce redundancies, the work presented in this chapter only used the 2b

simulations.

The evolution of the properties of the galaxies are shown in Figure 2.1 with the
final properties tabulated in Table 2.3. The galaxies all grow steadily throughout
their evolution both in M,;, and M,. A few of the galaxies experience major
mergers which can be seen in the rapid increases in M,;, of VELA2b-29 at z ~ 2.75,
VELA2b-27 at z =~ 2.25, and VELA2b-23 at z =~ 1.25. The mergers created
corresponding peaks in the SFR. None of the galaxies are quiescent, with the
sSFR> 107! yr=! for all snapshots. While the galaxies grow throughout the
times studied here most of their mass had already been established before z=4,
the earliest snapshot used. On average the galaxies have 90% of their z=1 stellar

mass already formed at z=4 and 94% of their virial mass.

Table 2.3. Final Properties of VELA Runs

Number Final 2 My [Mg] Ms [Mg] SFR [Mg yr~!]  sSFR [yr—!]

21 1.0 12.0 10.9 8.3 -10.0
22 1.0 11.8 10.7 1.5 -10.6
23 1.0 11.7 10.4 7.5 -9.5
24 1.2 11.6 10.3 1.3 -10.2
25 1.0 11.5 10.2 0.6 -10.4
26 1.0 11.6 10.4 1.0 -10.4
27 0.9 11.6 10.3 0.7 -10.4
28 1.0 11.3 9.9 0.2 -10.6
29 1.0 12.0 10.6 5.3 -9.9
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Fig. 2.1.— The mass and star formation histories of the VELA simulations. Shown
here are the virial mass M,;. (upper left), stellar mass M, (upper right), star
formation rate SFR (lower left), and specific star formation rate sSFR (lower
right).

2.3. ANA

The remainder of this chapter details the methods used to analyze the simu-

lated galaxies.

The first step in processing the simulation outputs was to convert between
the raw outputs to a data format that is easier to process. The simulation outputs

were stored in unformatted binary for faster reading and writing, as well as smaller
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file sizes. The cost of these benefits is making the files difficult to work with, as well
as impossible for humans to read. In order to work with the data each code must
read in the unformatted Fortran. To reduce redundancies and the possibilities
of error a code named ANA was written to interpret the simulation outputs and
write them out plain ASCII. ANA is a Fortran code and was initially written by
Daniel Ceverino as a part of his doctoral work, with significant additions by Kenza

Arraki.

ANA has multiple purposes. As stated, the primary purpose is to convert the
unformatted binary format to plain ASCII, enabling the output to be read in
by any coding language. It also selects out a small sample of the cosmological
simulation that is of interest. In the zoom-in simulations used, a galaxy was
simulated with high spatial resolution only around the selected halo, resulting in
only a small portion of the initial large cosmological volume that was simulated
with high enough resolution to be useful. In order to facilitate ease of working
with the data, ANA selects out a smaller volume around the center of the DM

halo as determined by the halo finding code Rocktar (Behroozi et al. 2013b).

The size of the smaller box is measured in units the galaxy’s virial radius,
Ry,ir. By default it is selects a box of length 6 R,; along a side with the galaxy
at the center. The coordinates of all DM particles, stellar particles, and gas cells
are converted to a new reference frame where the center of the galaxy is at the

origin.

ANA also performs necessary unit conversions. For each gas cell, the ART code
keeps track of a several parameters to define the state of the gas such as the

spatial location, metal content, and internal energy. The location and velocities
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are calculated in code units during the simulation’s run; ANA converts these values
to physical units, namely parsecs distances and km/s for velocities. The energy
content of the cell is convert to temperature in units of Kelvin, and the density is

converted from code units to number of hydrogen atoms per cubic centimeter.

For the purposes of this work, the last useful parameter calculated by ANA
is the rotation matrix which defines the orientation of the galaxy relative to the
orientation of the small box. The orientation of the galaxy is defined by a new
coordinate system with the z-axis aligned with the galaxy’s rotation axis as defined
by the cold gas. The rotation matrix is vital for controlling the orientation of the
galaxy when running lines of sight through the box and is discussed more fully in

§2.5.2.

The output of ANA is a small box containing all information about the gas
cells in the high resolution part of the simulation. The columns of the file and

their units are shown in Table 2.4.

2.4. MOCKSPEC

The MOCKSPEC code was designed to examine the simulated CGM through the
application of mock quasar absorption line studies. The first step to analyzing
the output of ANA is to solve for the ionizatoin correction. The simulations do
not track the distribution of specific elements nor their ionization state. The
distribution of metals is tied into the metal mass fraction due to SNII and SNIa.
The mass fractions need to be combined with the cell density to calculate the
number density of each element to be examined. Then the ionization correction

of the element needs to be calculated to determine the number density of the ion
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of interest. The ionization correction is handled by the HARTRATE code written by

Chris Chruchill and is detailed in Churchill et al. (2014).

After HARTRATE converts the gas boxes into ion boxes the data is ready for
the mock quasar absorption analysis. The rest of the process is performed by a

code named MOCKSPEC. The code follows the following structure:

1. Generate lines of sight (LOS)

2. Run the lines of sight through the ion boxes and identify the gas cells that
lie along the LOS.

3. Determine the path length of the line of sight through each cell to calculate

its column density contribution

4. Generate the synthetic spectrum based on the column density of the ion,

kinematics and the instrument selection

5. Analyze the spectrum to calculate the equivalent width and AOD column

density

6. Determine which cells are actually responsible for the observed absorption

Each step is controlled by a separate code. MOCKSPEC is the driver that unifies

everything into a single structure.

MOCKSPEC and all of its required sub-codes are publicly available in a GitHub

repository at https://github.com/jrvliet/mockspec.

MOCKSPEC is a python code, written with python 2.7. In its current state it is

not compatible with python3. The code is controlled by a single control file, which
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contains the information on what simulations are going to be analyzed and flags to
turn on or off various parts of the pipeline. The file is named mockspec.config and
a sample version is contained in the controls directory in the mockspec repository.
The control file contains the following fields that need to be updated for every

run:

e GalID: The root of the ion box file name. The GallD uniquely identifies
which simulation the galaxy came from and which halo it is. Examples are
D902, which is the ninth halo in the dwarf simulation run using feedback

prescription o2.

e Expansion parameter: The expansion parameter, a, of the simulation

1

output that is being used, which is related to the redshift by a = 5

and is written to three decimal points. MOCKSPEC uses expansion parameter
and not redshift since the simulation snapshots are output in equal steps of

expansion parameter.

e Number of LOS: The number of lines of sight to generate and run through
the simulation. The default is 1000. The maximum value is 9999 due to

filename conventions in some parts of the pipeline.

e Maximum impact parameter: The largest impact parameter to use when
generating LOS, in units of R,;.. The default is 1.5, since the CGM is
mostly confined to be within 1 R,;. which effectively includes all observable
material. Care must be taken if this value is increased. The maximum
impact parameter is limited by the size of the gas box output by ANA. By

default, ANA creates a box where the largest distance any gas cell can be
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from the galaxy is V3 ~ 1.73 Ry;r. At the farthest corners, the LOS would
run into edge effects. In order to equally compare absorption along an LOS
at the far edges of the CGM to absorption closer to the galaxy, both LOS
must have comparable path lengths through the box. Absorption strength
depends on the column density of material along the path of the LOS, which
is given by N;o, = njon, L where n,, is the number density of particles along
the LOS and L is the path length of the LOS. If weaker absorption is detected
at large impact parameters compared to small impact parameters and the
LOS do not have comparable path length, then it would be impossible to
disentangle what is actually causing the lack of absorption at large impact
parameters. Thus the maximum impact parameter should be kept at 1.5

R, or lower unless ANA is changed to output a bigger gas box.

Galaxy inclination: The inclination of the galaxy to use. The inclination
is used when generating the LOS and is discussed more in §2.5.1. An in-
clination of i = 0 corresponds to a face-on view of the galaxy and i = 90

corresponds to an edge-on view.

Equivalent width (EW) cut: A possible cut to not include absorption
with an equivalent width less than this value, given in angstroms. The
default is to zero, which still implements an effective equivalent width cut
due to the noise added to the spectrum. The noise could obscure weaker

absorption and result in a non-detection.

Signal-to-Noise: The signal-to-noise ratio (SNR) the generated spectrum
should have. The default is set to 30. The presence of noise imposes an

effective EW cut on the detections as the noise will overwhelm very weak
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absorption features. For SNR = 30, the effective EW cut is ~0.05 A.

Number of processors to use: The most computationally intensive part
of the code is CELLFINDER, discussed in §2.5.2. It has been parallelized to
help speed up the calculations. This field sets how many processors should

be used by cellfinder. No other part of MOCKSPEC is parallelized.
Root location: No longer used

Percent EW change: The last part of MOCKSPEC, SIGCELLS, determines
which cells along the line of sight are actually the source of the observed
absorption. The process is described fully in §2.5.6. The default is 5 per

cent.

Flags: The next section of mockspec.config is list of all the parts of the
pipeline along with flags. If the flag is set to 1, the corresponding code is
run. Otherwise, the code is skipped. This setting is useful if the user wants
to rerun the pipeline for a reason that only affects a late code, such as testing
the effect of changing the SNR. The ion boxes do not need to be generated
again and the code should use the same LOS, so everything before LOS7

could be turned off.

Ions: The last section of mockspec.config is a list of all the ions to be in-
cluded in the analysis. There is no limit to the number of ions that can be
included. For each ion, there are three parameters to be filled in. The first
column is the name of ion in typical absorption style, such as H1, MgI1, or
C1v. The next column is how much the abundance of the element should be

artificially increased during the HARTRATE code. This value should be zero
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for all except magnesium, which defaults to 0.5. The last column is which
instrument to use. In SPECSYNTH, the spectrum in convolved with the instru-
ment’s ISF to accurately replicate observations. Available instruments are
found in Mockspec.instruments, found in the control directory. The instru-
ments included by default are shown in Table 2.5. If additional instruments

are desired, this file can be updated with the relevant information.

To run MOCKSPEC, the user needs to copy only the control file to the working
directory and run the master code file, mockspec.py, from there. The code handles

the directories that get made and copying all required files to the correct location.

2.5. Ionization Correction

After ANA the metal content of the gas cells are contained in the SNII and
SNIa columns which contain the mass fraction of metals contributed by Type
IT supernovae (Zsyy;) and Type la supernovae (Zgni.), respectively. For the
purpose of generating mock absorption features the code needed to determine the
number density of various ions in their correct ionization state, such as OVI or
Mgi1. The conversation has two steps: (1) Convert Zsn;; and Zgy, to number
density of the atom of interest (i.e. mo or may), then (2) apply an ionization
correction to get the number density of the actual ion. The code to perform these
steps for each cell in the simulation is HARTRATE, developed by Chris Churchill,

and is detailed in Churchill et al. (2014). A brief overview of the code follows.

The first step requires knowing the abundance ratios of each element in the
SNII and SNIa. For SNII mass fractions, HARTRATE use the production factors

from the models of Chieffi & Limongi (2013). For SNIa mass fractions, HARTRATE
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Table 2.4. Contents of the GZ file Output by ANA

Field Description Units
cell_size The length of one side of the cell parsecs
X x-coordinate of the center of the cell kiloparsecs
y y-coordinate of the center of the cell kiloparsecs
Z z-coordinate of the center of the cell kiloparsecs
VX x-component of the cell’s velocity kilometers per second
vy y-component of the cell’s velocity kilometers per second
vz z-component of the cell’s velocity kilometers per second
density Number denstiy of hydrogen in the cell —atoms per cubic centimeter
temperature Temperature of the cell Kelvin
SNII Fraction of the cell’s mass contained None
in metals from Type II supernovea
SNIa Fraction of the cell’s mass contained None

in metals from Type la supernovea

Table 2.5. Instruments Available for MOCKSPEC

Name Short Name  Telescope Resolution Wavelength Range [nm]
Cosmic Origins Spectrograph Near-UV COSNUV Hubble 18000 115 - 178

Cosmic Origins Spectrograph Far-UV COSFUV Hubble 22000 115 - 320

DEep Imaging Multi-Object Spectrograph DEIMOS Keck 5000 410 - 1100

High Resolution Eschelle Spectometer HIRES Keck 45000 300 — 1000

Ultaviolet and Visual Echelle Spectrograph ~ UVES VLT 45000 300 — 1100

Low Resolution Imaging Spectrometer LRIS Keck 4000 320 — 1000
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uses the yields from the C series DD2 models of Iwamoto et al. (1999).

The mass fractions of each atomic species k are denoted as (zx);; and (xg) 1,
for SNII and SNIa respectively. For hydrogen (kK = 1) and helium (k = 2), z is
zero. The metal mass fractions are rescaled by a constant to recover the original

mass fraction in the cell:

Zi = Cpp Z(xk)n (2.1)

k=3

Zia = Clq Z(l‘k)la (2.2)

k=3
The hydrogen and helium mass fractions need to be rescaled as well to ensure
Y& = lzy = 1. Since these elements are only included in type II ejecta, the

parameter r = (x2)rr/(z1)rr is used:

1 — (Zu+ Z1)

= I+ (23)
Ty = T (2.4)
xr = Cri(ze)ir + Cra(Tk)1a (2.5)

Once the number densities of each element of interest is known the num-
ber density of each ionization state can be determined. HARTRATE assumes the
gas is in ionization equilibrium, an assumption that generally holds. In Oppen-
heimer & Schaye (2013b) they investigated the effect of dropping this assumption.
Non-equilibrium effects tend to boost the degree of ionization and reduce cool-
ing efficiencies. The effect is more important if the background ionization field is
neglected. While HARTRATE does not account for non-equilibrium effects, it does
include the ultraviolet background (UVB) from Haardt & Madau (2011).
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The current form of HARTRATE assumes all gas is optically thin which means
there is no attenuation of the ionizing radiation field anywhere in the simulation.
All gas cells see the same ionizing field. For the vast majority of the CGM this is
a safe assumption. The assumption breaks down near the galaxy or near satellites
where the gas density gets high enough. A proper treatment of the radiation field
would require a full radiative transfer treatment which is computationally intense.
A common simplified solution is to assume all gas cells with a hydrogen density
above a certain cut are fully shielded. Typical values are ng > 0.01 cm™3. Cells
that meet this criteria have all their hydrogen in the Hr1 state and all magnesium
in the Mg11 state (e.g. Ford et al. 2013). The consequence of not including any
optical depth considerations is that HARTRATE may underpredict ions that typically

reside in optically thick clouds such as MgIr.

The output of HARTRATE is a copy the simulation gas box for each ion. In
addition to the data in Table 2.4 the box also has the fields specific to each ion

shown in Table 2.6.

Table 2.6. Contents of the GZ file Output by HARTRATE

Field Description Units
nAtom Number density of the atomic species (e.g. carbon) cm™3
flon Fraction of the atomic species in the desired ionization state (e.g. CIV) None
nlon Number density of the ion (e.g. CIV) cm™3
alpha_sol Solar abundance of the atomic species) None
alpha_Zmet Metallicity of the cell solar units
t_ph Photoionization timescale log years
t_rec Recombination timescale log years
t_coll Collisional ionization timescale log years
t_cool Cooling timescale log years
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2.5.1. Generating Lines of Sight

Once the ion boxes are made then lines of sight are generated using a code
called GENLOS. The lines of sight are generated based on the maximum impact
parameter, the galaxy’s virial radius, the galaxy’s inclination, and the galaxy’s
rotation matrix. The rotation matrix describes how the galaxy is rotated relative

to the simulation box output and is generated by ANA.

There are three coordinate systems used in GENLOS code: box, galaxy, sky.
All coordinates systems are centered on the galaxy and the only difference is how
they are rotated. The box coordinate system is the one used by the simulation.
After ANA this coordinate system is centered on the galaxy. The galaxy coordinate
system depends on the rotation of the galaxy. The z-axis is along the angular
momentum vector as defined by the cold gas. The disk of the galaxy lies in the
xy-plane. The sky coordinate system is how the user would observe the system.
The zy-plane is in the plane of the sky and the z-axis is pointed towards the

observer.

To translate from one coordinate system to another requires using a rotation
matrix. An example of a rotation matrix to move from one coordinate system to

a new one that is rotated about the xz-axis by an angle 6 is:

1 0 0
a = 10 cos(f) —sin(f)
0 sin(f) cos(0)

To translate from the sky plane to the galaxy frame, the coordinates are

rotated around the x-axis by the inclination angle . The rotation matrix for the
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translation, defined as agyg, is given by:

1 0 0
astg = |0 cos(i) —sin(i)

0 sin(z) cos(i)

To reverse the direction of the translation (go from the galaxy to sky frame),

the new rotation matrix is the inverse of the original:

-1

agts = astg

The rotation matrix given by ANA describes how to rotate from the box frame

to the galaxy frame:

all al2 al3
aptg = a2l a22 a23
a3l a32 a33

The lines of sight are defined by three parameters:
1. Impact parameter b: The perpendicular distance between the line of sight
and the center of the galaxy.

2. Impact angle ¢: The angle between the sky’s z-axis and the vector connect-

ing the center of the galaxy to the line of sight.

3. Inclination 7: Angle between the z-axis of the galaxy frame and the z-axis

in the sky frame.
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Since the z-axis of the sky frame is aligned to point towards the observer, all

%
LOS have the same directional vector in the sky frame, dj:

To define a line a point in space is needed along with the directional vec-
tor. This point, denoted by the position vector ]75, is set by selecting the impact
parameter and the impact angle of the LOS. The impact parameter is randomly
selected from a uniform distribution of values between zero and the maximum
impact parameter. The impact angle is randomly selected from a uniform dis-
tribution between zero and 360 degrees. Using this point, the position vector is

given by:

b cos()
p. = |bsin(o)
0

The end goal is to define the line of sight in terms of the box coordinate

system, so the sky frame needs to be translated to the galaxy frame:

S

—
= a,stg X ds

— —
Pg = Qstg X Ps

Then to rotate into the box frame:
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_>
db = Qgtp X dg
_>
Py = Qgtp X Pg

The last step is to change the description of each LOS from being defined by
a point and a directional vector to being defined by two points. The two points

are where the line of sight intersects with the edges of the gas box.

The process is repeated for each LOS desired, then sorted by increasing im-
pact parameter. For the rest of MOCKSPEC the LOS number is proportional to the

impact parameter of the LOS.

The output of this step is two files named lines.dat and lines.info. The
lines.dat file is used by CELLFINDER in the next step of the pipeline. It con-
tains the entrance and exit points of each line of sight. The lines.info file is not
used by any code and is for the user’s information only. It contains the impact

parameter and the impact angle for each line of sight.

2.5.2.  Identifying Intercepted Cells

With the lines of sight defined the next step is to use CELLFINDER to run the
lines through the simulation to identify which cells lie along the LOS and thus
can contribute to absorption. CELLFINDER is the most computationally intensive

part of MOCKSPEC and thus is the only code that is parallelized.

The process under which cellfinder works is fairly straightforward. For each
LOS, CELLFINDER moves through each gas cell in the simulation. It then calculates

the minimum distance between the center of the cell and the line of sight. If that
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distance is less than the size of the cell, it is counted as contributing to absorption

along the line of sight.

The method used by CELLFINDER is a brute force method. For each LOS,
it scans through the entire box. Small simulation boxes, such as a high-z dwarf
galaxy, have ~ 10°° cells. Large boxes can have upwards of 107 cells. Cycling
through every cell for every LOS is inefficient. A better alternative would be a
linked list system. This structure would contain the information about which cell
is bordering the current cell, drastically cutting down on the number of cells that
need to checked if they are intercepted by the LOS. However, a linked list with
this information is not simple to make and is very time consuming to construct.
Running the LOS through the box once is comparable in time usage as construct-
ing a linked list. The benefit would only come with running LOS through the box

multiple times, something that is not often done.

Additionally, relying on linked lists would limit possible future uses for MOCKSPEC.
In its current state, MOCKSPEC only works on ART simulations. There is little rea-
son it could not be adapted to other simulation codes in future developments.
The current method could be applied to other AMR and even SPH outputs with
relatively minor modifications. Linked lists would be beneficial for other AMR
codes, but would be useless for any SPH codes. Linked lists were not implemented
because the benefit is small for the development cost and it limits possible other

uses.

The output of CELLFINDER is a list of cell identification numbers. A Python
code called IDCELLS reads through the ion boxes output by HARTRATE and gen-

erates a file for each LOS containing a list of celllDs along the line of sight. A
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second code is run after GENLOS that cycles through the celllDs and selects out the
details of the cell for each ion being studied. It outputs a file named containing all
information about the cell from the ion box, removing any need for any following

codes to read in the massive ion box.

2.5.83.  Path Length

The rest of the pipeline is ion specific. MOCKSPEC creates a directory in
the working directory for each ion that contains the output from the rest of the

pipeline.

The output of CELLFINDER contains all cells the LOS intercepts. The column
density contribution of each cell is needed to generate the spectrum, which requires
knowing the path length of the LOS through the cell. The code that calculates

the column density contribution of each cell is LOS7 and is detailed below.

For each LOS, LOS7 examines each cell identified as laying along the LOS by
CELLFINDER and calculates its line-of-sight properties, namely the distance the cell
lies along the LOS Srog, its velocity parallel to the LOS v;0g, and the redshift

and velocity of the absorption caused by the cell zrpog and vgps:

Sros = Ux—zga) + My — Ygar) + n(2 + Zgar)

VrLos — lUm + muy + nuv,

VLos
ZL0S = Zbox + (1 + zbox)T
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ZLOS — Zgal

Vagps = C
1 + zgal

Here [, m, and n are the directional cosines of the LOS. The path length D of
the LOS through the cell is then calculated and used to determine the parameters

of the cell that are used to generate the spectrum:

N = nionD

b — 10_5 IQkBTcell
Mion

where N is the column density contribution of the cell, n;,, is the number density
of the ion in question in the cell, b is the Doppler b parameter, kg is Boltzmann’s
constant, and m is the mass of the ion in question. These parameters are calcu-
lated for every cell in returned by CELLFINDER and output into files for the next

code to use.

2.5.4. Generating Spectra

The synthetic spectra are generated with the SPECSYNTH code. The full details
of the methods used are detailed in Churchill et al. (2015). A brief overview is

given here.

The optical depth contribution of each cell, ¢, to the absorption is first de-
termined for each ion. For each observed wavelength, the optical depth 7;(\) of

contribution of each cell is given by
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Ve fA3

(A = N; U(a,b
i) mec? AN (a,)
were )\ is the rest-frame wavelength of the transition, f is the oscillator strength
of the transition, N; is the column density of the ion in cell 7, U(a,b) is the Voigt

function and A\ is the Doppler width given by

_ N [UT

C m

AN

where m is the mass of the ion. The Voigt function is computed using the methods
described in Humlek (1979). Once the optical depth of each cell is computed the

normalized flux incident on the “detector” can be computed from

() = [[ew(-m).

The final step is to simulate the effect of the instrument. The primary effects
are a convolution with the instrumental spread function (ISF), pixelization, and
added noise terms. Convolving the incident flux (Z'(\)) with the ISF (®(X — X))

results in the normalized instrument convolved spectrum (Z(\))

T =®N-)=T(N)

The next instrumental effect is pixelization. The current flux is a smooth
function of A\ but instruments only measure flux as set bins of A described by
the pixelization A\, which differs for each instrument. To mimic this effect the
incident flux Z is sampled with A\, taking the mean value of the flux within

each pixel.
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The last step to create the final spectrum is to add noise to the spectrum.
The code simulates the read noise (RN) of the instrument and a Gaussian noise
based on the input signal to noise ratio (SNR). To add noise to the synthetic

spectrum an uncertainty spectrum oz(\) is created using

or() = VZ.Z(\) + RN

ya ¢

Z. = = (SNR?) |1 +

N | —

The term Z. approximates the continuum for the SNR. For additional details,
see Churchill (1997). When processing observations an additional source of un-
certainty arises when removing the continuum from the spectrum. The MOCKSPEC
pipeline does not include the spectrum of the background source so this uncer-
tainty needs to be modeled in. The code applies the approximation detailed in
Sembach & Savage (1992) that the continuum placement uncertainty is propor-

tional to the Poissonian uncertainty in the continuum yielding

Ucontin()\) = hO’%()\) .

The constant of proportionality h was determined experimentally to be h = 0.4.

Combining the sources of noise in quadrature yields the full uncertainty spectrum

1
o()) = f\/ICI(A) + RN? + 72 [T. + RN’
With the full uncertainty spectrum the final spectrum can be calculated using
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I(N) = Z(N\) + Gpizo(N),

where G, is a random value selected from a unit Gaussian distribution on a per

pixel basis.

2.5.5.  Sysanal

A strength of the MOCKSPEC code is its ability to automatically analyze the
absorption profiles it generates. The function SYSANAL automatically identifies
significant absorption features in the outputs of SPECSYNTH and calculates its EW

and apparent optical depth (AOD) column density of the intervening material.

The method of identifying which spectra have significant absorption features
are described fully in Churchill & Charlton (1999); Churchill et al. (2000) where
itself was derived from methods described in Schneider et al. (1993). A brief

overview is included in this section.

The first step in detecting absorption features is to convert the spectrum
to an equivalent width spectrum, w(\) and its associated uncertainty spectrum
0w(A). The equivalent width spectrum is determined by convolving a normalized,
pixelized form of the ISF with the each pixel of the spectrum. The result is a
spectrum where each resolution element is the observed equivalent width as a

function of wavelength.

The two equivalent width spectra are used to define where absorption features
are found by identifying the wavelength range over which w(\) < —No,()).
The value for N can be changed to mimic methods used by various observational

surveys and has a default value of 5 for singlet lines. If the transition is doublet
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only the blue transition uses N = 5 while the red transition uses N = 3. Both
transitions must have detected absorption for the feature to be identified as a
region of significant absorption. If there are no regions of significant absorption
detected (w(\) > —Noy,(A) for all wavelengths) then the 30 upper limits are

recorded.

Once the areas of significant absorption features are identified the wavelength
edges to the features need to found. Starting from the center of the absorption
feature as identified by w(A\) < —No,(\) and moving redward, the upper limit
of the feature is marked where w(\) > —1o(A). The lower limit is likewise found

by traveling blueward of the significant absorption range.

Using the wavelength limits of the absorption features the total equivalent
width is computed. If the transition is a doublet then the doublet ratio is also
computed. Additionally the code computes the flux decrement weighted velocity
centers, velocity widths, and velocity asymmetries along with all related uncer-

tainties.

There are several methods to determine the column density of the absorbing
medium, but many, such as VP decomposition, are difficult to automate. The
SYSANAL code computes the AOD column density as it can be reliably automated.
The AOD column density spectrum for each ion (N,(Awv) is calculated using the
methods described in Savage & Sembach (1991). The total AOD column density is
found by integrating the AOD column density spectrum over the velocity window

found previously.

A limitation of the AOD method is in the event of saturation. The AOD

method effectively adds up the apparent optical depth in each pixel of the spec-
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trum. If any pixel of the spectrum is saturated (i.e. I(A) = 0) the AOD method

will only be able to apply a lower limit the column density.

2.5.6. Identifying Significant Cells

One of the main goals of MOCKSPEC is to determine the physical properties of
gas that creates absorption features. Modeling observations can give insights into
what kind of gas likely creates the gas, but techniques are limited. Voigt profile
fitting determines the column density and Doppler b parameter (b = \/m)
of the absorption. The process of fitting Voigt profiles to the absorption features
is complicated and difficult to automate. Voigt profiles also have built-in assump-
tions that may not be valid, such as absorption clouds arising from isothermal,

coherent structures.

One of the main difficulties in determining the nature of the absorbing gas
is due to the fact the strength of the absorption is dependent on the column
density, which in turn depends on the number density n and the path length L
through the absorbing gas. The dual dependence introduces a degeneracy: the
same absorption feature can be created from a small dense cloud as from a large

diffuse cloud.

There are ways to break the degeneracy, but they have their own difficulties.
A common method is to model the ionization parameters of the gas. Gas can be
ionized through three primary methods: collisional ionization, photoionization,

and cosmic ray ionization.

The rates of collisional ionization depends on the density and temperature of

the gas. Higher densities and higher temperatures both increase the rate at which
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atoms collide with each other, increasing the ionization rate. The temperature of
the gas can be determined from the b parameter from Voigt profile fitting with the
assumption that the broadening of the line is dominated by thermal motion and
not turbulence. If collisional ionization is the dominant form of ionization for the
gas the knowledge of the its temperature puts a limit on the density of the gas,
which puts a limit on the path length of the gas when combined with the column

density.

If photoionization is the primary method for ionizing the gas it is harder to
put limits on the size of the absorbing structure. If the cloud becomes too dense, it
will start to become optically thick, limiting the ability of a background ionization
field to ionize the gas. If the gas is primarily photoionized, there is an upper limit
on how dense the cloud can be, which puts a lower limit on the size of the cloud
when combined with the column density. If the gas arises in an optically thick
cloud the limit instead becomes an upper limit on the density and consequently

an upper limit on the size of the cloud.

A notable benefit of studying mock absorption features from simulations is
knowing the true properties of the absorbing structures. Knowing the nature of
the gas that is actually causing the absorption enables a test of observational
techniques to measure how accurately the methods can determine the absorbing
gas’ properties. However to do this MOCKSPEC needs to be able to determine which

gas cells are actually causing the absorption features.

In the process of generating spectra MOCKSPEC uses several criteria to deter-
mine which gas cells to utilize. The initial cut occurs during CELLFINDER where

only cells that are intersected by the line of sight are selected. The selection
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is tightened during LOS7 when the column density contribution of each cell are
calculated. Only cells with an ion column density contribution greater than 10°
cm? are included in the lines files. Cells with an ion column density less than
this limit are too diffuse in the ion to contribute significantly to the absorption
feature. Observations struggle to detect absorption features from systems with
column densities less than 10'. It would take over one million cells with individ-

ual column densities of 10? in a coherent structure to be observed which does not

occur in the simulations.

The final cut is performed in the function SIGCELLS. The goal of this code
is to identify which cells were actually responsible for the detected absorption.
Typically a few hundred gas cells lie along a given LOS. However not all of the
cells contribute equally to the absorption features. Briefly, the SIGCELLS deter-
mines which cells account for 95% of the absorber’s strength as quantified by the
equivalent width. The process relies on the lines files output by L0OS7. The cells
are sorted into decreasing column density then systematically removed until the
spectrum created by the remaining cells has an equivalent width that is 95% of
the equivalent width of the original spectrum. The spectrum are created with
zero noise to remove any randomness to the process. Typically the number of
cells identified as significant was around 10-30, compared with the ~100 initally
along the LOS.

The cells are removed using a bisect method. For a line of sight that involves n
cells the procedure removes the n/2 smallest cells from the lines file and generates
a new spectrum with zero noise. The equivalent width of the spectrum EW,,; is
then compared to the equivalent width of a noise-less spectrum from the full n

cells, EWpyy. If the difference AEW = EWjyy— EW,y, is less than 0.05% EW gy,
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then the cut was too small and more cells need to be removed. The new cut point
is then set to n/4 and the process is repeated. If AEW > 0.05EWj,;, then the
cut was too deep and less cells need to be removed. The new cut is set at the 3n/4
biggest cells and then repeated. On all subsequent cycles, the difference between
the old cut and the new cut will be n/i? where i is the iteration count. When the
difference between the new cut and the old cut is less than one cell, the method

has found the solution and returns the final list.

2.6. Outputs

The final outputs of MOCKSPEC are two files for each ion. The first is a
culmination of the output of SYSANAL. This file contains all the observed properties

of the absorption and is detailed in Table 2.7.

The second file contains the properties of the significant cells as determined

by SIGCELLS and its contents are detailed in Table 2.8.

The final output files are stored using the HDF5 file format (The HDF Group
1997-2017) which creates files that take up roughly half of the disk space as plain

ASCII while still remaining easy to access with any programming language.

2.7. Limitations and Future Development

Currently MOCKSPEC is in a stable form. It can be run on any simulation gen-
erated by ART after it has been processed by ANA. It generates synthetic spectra
for multiple lines of sight through the simulation, controlling for impact param-
eter and inclination. It is able to generate generate synthetic spectra for any

ionization state for any element from hydrogen to zinc. It replicates the effect of
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Table 2.7. Results contained in absorption data files from

Variable Description Units
los LOS number -

D Impact parameter kpc
phi Azimuthal angle deg
zabs Redshift of the absorption -

v- Lower velocity edge of absorption feature — km s~1!
v+ Upper velocity edge of absorption feature  km s—1!

EW_r Rest frame equivilent width Angstroms
dEW_r Uncertainty in EW_r Angstroms
DR Doublet Ratio -
dDR Uncertainty in DR -
SL Signifigance level of detection -
Vbar Central velocity of detection km s~!
dVbar  Uncertainty in Vbar km s~1!
Vsprd Velocity spread of absorption km s~ !
dVsprd Uncertainty of Vsprd km s—1!
Vasym Velocity asymmetry of absorption km s~ !
dVasym  Uncertainty in Vasym km s™1!
gt Log optical depth of absorption -
dtau- Lower uncertainty in gt -
dtau+ Upper uncertainty in lgt -
logN Log AOD column density log cm?
dNcol- Lower uncertainty on logN log cm?
dNcol+  Upper uncertainty on logN log cm?

Table 2.8.

Results contained in absorbing cells files from SIGCELLS

Variable Description Units
LOS LOS number -
D Impact parameter kpc
celllD Cell’s ID number -
redshift Redshift of the cell -
logN Column density of the cell -
dobbler_b Doppler b parameter of the cell -
x x-coordinate of the cell (box frame) kpc
y y-coordinate of the cell (box frame) kpc
zZ z-coordinate of the cell (box frame) kpc
vx x-component of cell’s velocity (box frame) km s~!
vy y-component of cell’s velocity (box frame)  km s—1
vz z-component of cell’s velocity (box frame) km s~!
r Galactocentric distance of the cell kpc
nH Number density of hydrogen cm~3
temperature = Temperature of cell K
cell_size Length of cell’s side kpc
SNII Mass fraction of metals from Type II SNe  —
SNIa Mass fraction of metals from Type Ia SNe -
alpha_Zmet  Metallicity of cell solar
ion_density Number density of the ion cm—3
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several instruments, including HIRES, COS, and UVES, and adding additional
instruments is simple. The outputs of MOCKSPEC include the equivalent width and
AOD column density of all detected absorption, as well as the physical properties

of the cells that are responsible for the absorption.

MOCKSPEC is not without shortcomings however. The primary limitation is the
restriction to ART simulations. While ART is a powerful and useful simulation code,
there are several other codes available. It would be of great interest to compare
the results of MOCKSPEC of ART simulations to the results of other codes, such as

ENZO (Bryan et al. 2014), GADGET (Springel 2005), or GIZMO (Hopkins 2014).

The difficulty in updating MOCKSPEC to handle other codes lies in altering how
the other codes output the location of their metals. In ART the output is a grid
throughout all space, and each cell contains some amount of metals. Adapting

MOCKSPEC to work for other grid-based code, such as ENZ0O would be simple.

SPH code such as GADGET would be more difficult. SPH codes take a La-
grangian approach to hydrodynamics, meaning the metal distribution is contained
in the metallicity of gas particles that move through the simulation. The particle
based gas structures would have to be “deposited” onto a grid that MOCKSPEC
could read in for processing. The deposit method is the current method used by

the yt code when analyzing SPH simulations.

Another notable shortcoming of MOCKSPEC lies in HARTRATE. This code calcu-
lates the ionization balance for the gas in the simulation. It accounts for a great
deal of relevant physics as detailed in §2.5, but there are a few notable exclusions.
The most pressing issues are in the photoionization calculations. In dense regions

(nyg > 0.01 cm™® Rahmati et al. (2013)) the absorption of incoming radiation by
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the gas becomes significant to reduce the strength of photoionization. Currently
this effect is not included in HARTRATE. Most observations of the CGM detect gas
more diffuse than this limit so the lack of shielding is not greatly important for
higher ionization ions such as OvI and NeVvIiil. However low ionization ions, such
as Mg11, are often found in gas dense enough to be affected by self-shielding. For
this reason, discrepancies between real MgIl observations and mock MgI1 obser-

vations are expected.

In the photoionization calculation, HARTRATE includes the background ion-
izing radiation field from Haardt & Madau (2012). However local massive stars
and AGN can also generate substantial ionizing radiation. Including the local
radiation sources would require HARTRATE to calculate the spectrum of every star
particle based on its age and metallicity, and calculate its distance to every gas
cell to determine its contribution to the photoionization rate. If shielding is in-
cluded, then this calculation becomes more difficult as attenuation of the radiation
by intervening material would have to be included, requiring a detailed radiative
transfer solution to be included. Shen et al. (2013) included the effect of local ion-
ization to the photoionization balance for an L* galaxy with a SFR = 20 M, /yr
and found it to be only relevant for gas within 45 kpc of the galaxy. Beyond this
distance the extra-galactic UV radiation field dominates. Rahmati et al. (2013)
found the contribution to the ionizing radiation from local stars was only impor-
tant at z=0 for damped Lyman alpha systems with Ny; > 10*' ecm™2. Werk
et al. (2014) found the local ultraviolet radiation was not required to created the

observed ionization parameters in the CGM of the COS-Halos sample.

When HARTRATE calculates the ionization state it assumes equilibrium, a com-

mon assumption as it greatly simplifies the calculations. Oppenheimer & Schaye
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(2013b) examined how dropping this assumption alters the resulting ionization
balance. They found non-equilibrium effects are important in cool (7' < 10° K)
gas and tend to boost the degree of ionization and reduce the cooling efficiencies.
However the strength of the effect is small compared to the effect the extra-galactic
background has on the ionization balance. Since HARTRATE accounts for the extra-
galactic background dropping the assumption of equilibrium would have a small

effect.

The last shortcoming of MOCKSPEC is a result of its history. Several of the
functions used in MOCKSPEC were developed separately and for other purposes.
For example, SYSANAL was originally developed to be used interactively and on
observations. Each function in MOCKSPEC described in this chapter can be run
separately. To relay the results from one function to another the outputs of one
function are written to file and the next function reads it in. While this structure
enables easy testing of each function, it drastically slows down the code. File I/O

is one of the slowest functions a code can perform.

The next generation of MOCKSPEC will combine everything into one body of
code that passes the output of each function to the next one directly which would
require a substantial rewrite of several functions. The functions should be unified
into a single language as well, ideally Python. The restructure will also be able
to handle each LOS in parallel. The conversion to Python would likely slow down
the code, but the parallelization would compensate for this loss and lead to a

general speed up of the code.

In summary, MOCKSPEC is an efficient tool for analyzing the CGM around

galaxies created in ART simulations. With a runtime of only a few hours MOCKSPEC
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generates thousands of mock QAL observations while replicating instrumental
effects and automatically measures the equivalent width and AOD column density
of each detection. It also is the only mock QAL code that identifies the cells
responsible for the absorption. This allows for comparisons between the derived
physical properties of the absorbing gas from observational techniques and the true
nature of the absorbing materials, revealing any potential bias in observational

analysis.
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3. THE CIRCUMGALACTIC MEDIUM OF DWARF GALAXIES

3.1. Introduction

Dwarf galaxies are the most abundant of galaxies but are also the least under-
stood mass range of galaxies. The low luminosity of dwarf galaxies makes them
difficult to observe at any significant distance. Despite their small size ACGM

predicts dwarfs are a vital part of galaxy evolution as a whole.

One of the consequences of ACGM is small galaxies form first with massive
galaxies arising from the mergers of small galaxies. Despite the early formation,
observations have determined most dwarf galaxies build up their stellar mass after
large galaxies in a process called “downsizing” (Neistein et al. 2006). The delayed
star formation in dwarf galaxies can be partially attributed to their inability to

retain gas during periods of star formation.

The weak gravitational potential allows for easier gas removal from the ISM
due to stellar feedback than in more massive galaxies. The winds generated by star
formation in dwarf galaxies are also more able to escape the halo entirely and enter
the intergalactic medium (IGM). The IGM is mostly formed form primordial gas
which should be free of metals, but several observations of the Lya forest between
z = 2 —4 find metal contamination. Schaye et al. (2003) determined the median
metallicity of the IGM between z = 2—4 to be [C/H] == 3.5+ 0.1(2z — 3). About
half of the IGM by mass is contaminated with metals (Simcoe et al. 2004; Pieri
& Haehnelt 2004). Simulations have been moderately successful at replicating
the IGM contamination with wind ejecta from galaxy (Wiersma et al. 2011).
The baryon cycle of dwarf galaxies is thus a vital component of the evolution of

universe.
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Observing the baryon cycle of dwarf galaxies is difficult. The low luminosity
and size of dwarf galaxies restricts the distance from which they can be observed.
Surveys of absorber statistics over a large redshift range undoubtedly catch dwarf
galaxies in their sample but it is impossible to identify the galaxy responsible for
each absorption feature for most surveys. The only survey to target the CGM of
dwarf galaxies is the COS-Dwarfs survey which observed the CGM of 44 dwarf

galaxies (L < 0.1 L*) at very low redshift.

Studying the baryon cycle of dwarf galaxies is likewise rare. Most simulations
of galaxy evolution to test feedback prescriptions focus on more massive galaxies
(L ~ Lx) as the observational data set available for comparison is much larger
and available at high-z so the simulations do not have to run as long. To verify a
simulation of a dwarf galaxy the simulation must be run to present day to have
any observational data sets to compare to. Shen et al. (2013) simulated a group
of seven dwarfs and examined their evolution and CGM. The CGM was analyzed
by examining column density spatial distributions derived from 2D projections of
the gas distribution. They did not create mock observations and thus their results

are difficult to compare to observations.

This chapter describes the analysis of the CGM of three isolated dwarf galax-
ies using MOCKSPEC. The three galaxies were generated by using three different
stellar feedback prescriptions to test the impact of radiation feedback on the
galaxy and its CGM. The results of the MOCKSPEC analysis were compared to the
COS-Dwarfs datasets. Additionally the accuracy of commonly used observational

techniques such as Voigt Profile fitting were tested.
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3.2. Methods

3.2.1. Model Selection

The simulations used to explore the CGM of a dwarf galaxy are detailed in
2.2.2. The full simulation suite produced eight runs using the same DM halo with
varying feedback prescription. To simplify the analysis of the galaxy’s CGM only
a selection of the galaxies were used, specifically model dwSN, dwALL_1, and
dwALL_8. The dwSN model was included as the canonical sample. The RP runs
(dwRP_1_long, dwRP_10_long, dwRP_50_long) were not found to be significantly
different from the dwSN model (see Trujillo-Gomez et al. (2015) for details) and
were not included in the CGM analysis. The dwALL_40 model was not included
as the value used for the strength of photoheating is far outside limits from ob-
servations. The dwALL_8 long model was not included as it was not significantly

different from dwALL_8. An example of the output is shown if Figure 3.1.

The goal of the study was to determine which model produces the most
realistic CGM as compared to observations. The low luminosity of dwarf galaxies
(L < 0.1L*) makes them difficult to observe and restrict observations to low
redshift samples. Only snapshots with z < 0.1 were used in this study to match

observations. The final properties of the three runs used are shown in Table 3.1.

This analysis of the simulations focused on four of the most commonly ob-

Table 3.1. Properties of each dwarf at z =0

Model Myir M, SFR [Mg yr~!] sSFR [yr—1]
dwSN 3.0 x 1010 8.1 x 108 5.3 x 1072 6.5 x 10711
dwALL_.1 3.2 x 1010 1.3 x 108 2.6 x 1072 2.0 x 10710
dwALL_.8 2.8 x 1010 2.1 x 107 1.7 x 1073 7.9 x 10~
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Fig. 3.1.— Images of the dwALL_1 model at z = 0. The images are centered on
the galaxy and are 4 R,;. across. From left to right are the density, temperature,
and metallicity of the gas cells. Top: A narrow slice through the center of the
box. Bottom: A projection of all gas cells in the simulation. Even for the this
small galaxy the CGM has clear structure and is enriched in metals.

served ions, namely H1 Ly 8, Mg11 AA2796, 2803, C1v AA1548, 1550, and O vi AA1031, 1037.
These ions probe a wide range of ionization conditions. HI and MgIl typi-

cally trace the “cool” and dense gas (T" ~ 10" K, ng ~ 0.1 cm™3) while C1v

and OVI typically trace the “warm” to “hot”, low density gas (T ~ 10°7% K,

ng ~ 1072 — 107" cm™3). The CGM was examined with 1000 LOS with ran-

domly chosen impact parameters (out to D = 1.5 R,;.) and randomly chosen
position angles. The spectra are generated using the COSFUV ISF for Hi, C1v,

and OvI and the COSNUV ISF for Mg11 with S/N = 30.

The MOCKSPEC code was used to analyze the simulations using 1000 lines of

sight (LOS) with impact parameters ranging from 0 — 1.5 Ry;. (Ryir ~ 90 kpce).
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The star formation rate of the dwarfs are extremely bursty, especially for
dwALL_1 and dwALL_8. The goal was to examine the average properties of
the CGM, not the effect of star formation bursts on the CGM. To reduce the
effect of the bursts in star formation, we averaged together all snapshots of each
run with 2z < 0.1. This results in six snapshots per run, for a total of 6000
LOS per feedback prescription. In this time frame, dwSN experiences no star
formation bursts, dwALL_1 experiences one burst, and dwALL_8 experiences two
bursts. By averaging over these bursts, our results are indicative of the average
global properties of the dwarf’s CGM and less influenced on if the galaxy recently

experienced a burst in star formation.

3.2.2.  Observations

Observations of dwarf galaxies are difficult due to their low luminosity and
small mass. Data sets of the CGM of dwarf galaxies are limited to the COS-
Dwarfs survey (Bordoloi et al. 2014). This survey was a continuation of the
COS-Halos survey (Tumlinson et al. 2013) which mapped out the metal content
in the CGM of massive galaxies (L ~ L*). The COS-Dwarfs survey focused on
mapping the metal content of dwarf galaxies by observing the C1v AA1548, 1550
in absorption around L ~ 0.006 — 0.18 L* galaxies using the Cosmic Origin
Spectrograph (Green et al. 2012) on HST. The wavelength range of the COS FUV

gratings limit observations of the C1v doublet to z < 0.1.

The study resulted in 43 galaxies with stellar masses ranging from 10% — 10195
Mg sampled out to impact parameters of 150 kpc. The galaxies were separated

into two categories based on their specific star-formation rate, with galaxies with
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sSFR > 10719 yr~lclassified as star-forming galaxies. Of the initial 43 galaxies
observed, 34 are classified as star-forming. The sSFR of the simulated galaxies
place them in the star-forming category. The simulated galaxies had lower stellar
masses than the COS-Dwarfs sample which only contains galaxies with M, >
1.58 x 10%® Mg. The largest simulated dwarf was dwSN with M, = 8.2 x 10®
are smaller than the majority of COS-Dwarfs sample as shown in Figure 3.2. The
mass of a galaxy has a strong effect on the nature of the CGM so the simulations

cannot be fully compared equally to the COS-Dwarfs sample.
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Fig. 3.2.— The stellar mass sSFR relation for the COS-Dwarfs sample and the
simulated dwarf galaxies. The horizontal line marks the cutoff between star-
forming and quiescent galaxies. The simulated dwarfs were high above the star
formation cutoff but were lower in stellar mass than the majority of the COS-
Dwarfs sample.
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3.2.3.  Mockspec Parameters

To match COS-Dwarfs the instrumental ISF used in MOCKSPEC was COS
FUV with a S/N = 30. The orientation of the galaxies was set to 0° (face-on).
However, the galaxies are small and have a bursty star formation history, making

establishing a morphology difficult.

This study included H1, Mgir, C1v, and Ovi. While COS-Dwarfs only pub-
lished results for C1v, this only selects a single phase of gas. Collisionally ionized
carbon resides in the C1v state for gas with T ~ 10° K (Oppenheimer & Schaye
2013b). The inclusion of O V1 is to probe hotter gas, while MgII probes cooler gas.
Utilizing a selection of ions with a range of ionization conditions enables detection

of a broader sample of the CGM’s phase-space.

3.3. Results

3.3.1.  Equivalent Width vs. Impact Parameter

To characterize the distribution of metals around the galaxy observers explore
the relation between the strength of the absorption feature, characterized by the
equivalent width (EW) and impact parameter (D). The detected EW trends with
impact parameter are shown in Figure 3.3. For each ion a line is fit to the behavior
of log(EW) vs D such that log EW = mD + W,. The fit parameter of these

2

lines are shown in Table 3.2. The “coefficient of determination” r< was adopted to

describe how much of the variance in log EW was predictable from D, and ranges

from 0 (a poor fit) to 1 (a perfect fit).

The Hr1 absorption strength declined in a mostly linear fashion, as evidenced
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Fig. 3.3.— The binned equivalent width trends with impact parameter for each
ion in the three runs. For each ion a line is fitted to the data such that log EW =
mD + Wy. Top Left: The H1 absorption behavior. It can be found at all impact
parameters. The decline of EW with increasing impact parameter was mostly
linear outside of the smallest impact parameters. Top Right: The Mgil absorption
was constrained to the inner portions of the simulation and dropped off quickly.
The decline was more linear than for H1. Bottom Left: The C1v behavior. This
ion was still linear but declined less quickly than Mgii. Bottom Right: The OvI
absorption was mostly flat with impact parameter.

by the high r? values (r?> > 0.66). The largest deviation occurred in the inner
regions where D < 0.1 R,;. In this region most of the LOS passed through the
galaxy itself, which is a large reservoir of hydrogen gas and generates very strong
absorption features. The variation between runs was slight. As the strength of

radiation feedback increased the mean strength of H1 features increased by at
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most 0.5 dex.

The Mgir absorption profile dropped off much faster with increasing impact
parameter than H1 (m = -6.81 versus -1.3) and was not found beyond 0.3 R,;,.
The trend with feedback prescription was different from HT1 as well. The strongest
Mg11 absorption was found in dwALL_1 with dwALL_8 and dwSN having very

similar profiles.

The C1v absorption profile was shallower (m -2.27 versus -6.81) and ex-
tended farther out, reaching 0.6 R,;.. As with Mgii, the dwALL_1 simulation
generated the strongest absorption at all impact parameters and dwALL_8 gener-
ated the weakest absorption features, evidence that the C1v CGM was sensitive
to the strength of photoheating. Stronger photoheating (dwALL_8) generated
weaker C1v absorption than weak photoheating (dwALL_1) or no radiative feed-
back (dwSN).

The O vI absorption profile was the shallowest with lowest slope (m = —1.72)
and extended for the largest range of the metals, reaching out to 1 R,;., but with
the weakest absorption features. The strongest OvI features had an equivalent
width of 107'® ~ 0.03 A. Since typical observations have an equivalent width
sensitivity of ~0.05 A, most observations would not detect the OvI absorption.
Between the three simulations, dwSN produced the strongest O v absorption and
dwALL_8 produced the weakest. Adding radiative feedback weakened the OvI

absorption but the effect was slight.

Taken all together, dwALL_8 which utilizes the strongest photoheating feed-
back, produced the most metal-poor CGM. The dwALL_1 simulation produced the

strongest Mgit and C1v, but dwSN produced stronger O vi. However the strength
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of these trends was slight as the observed EW for Mgit and C1v depended more
on the impact parameter rather than the feedback prescription. The trend be-
tween EW ;1 and impact parameter was weak and thus would be the best ion
to observe to differentiate between the feedback prescriptions. This difference was

more apparent in the EW distribution, shown in Figure 3.4.
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Fig. 3.4.— The equivalent width distribution for O v1 around the dwarf galaxies,
showing the log frequency each equivalent width is observed around for each run.

The dwALL_8 run consistently produced weaker O vi features than the other runs.
The dwALL_1 and dwSN runs had comparable O VI distributions. The drop off

seen at small EW (EW< 102 A) was due to detection sensitivities and not
indicative of the true nature of the distribution.

To determine which simulation created the most realistic CGM the EW trend
with D was compared to the results of COS-Dwarfs, described in §3.2. The result

is shown in Figure 3.5.

The COS-Dwarfs survey only released results for C1v, limiting the ability to
compare. The simulation results are shown as contours to eliminate the effect
of binning. In general, the simulations under predicted the strength of Civ.

The dwALL_1 simulation, shown in red, came closest by matching the weakest
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Fig. 3.5.— The comparison of the EW(y, vs D for the three simulations to
observations from COS-Dwarfs. The simulation results are shown in contours
due to the large number of data points with the colors matching as in Figure 3.3
(dwSN = blue, dwALL_1 = red, dwALL_8 = green). A 0.05 A cut was applied
to the simulation results to match COS-Dwarfs. In general the simulations under
predict the strength of C1v absorption. The dwALL_1 is the most realistic CGM
as it matches a few observations. The EW distributions for the other ions show
no significant difference between the three models and thus are not shown.

observations. None of the simulations could match the strongest C1v observations.

The dwALL_8 simulation produced the least realistic CGM as traced by Civ

absorption.
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3.3.2.  Covering Fraction

To quantify the extent of metals in the CGM of the dwarfs, the covering frac-
tion of each ion was calculated. The covering fraction is the ratio of sightlines with
detected absorption above a given minimum EW to the total number of sightlines
through the halos within a given bin of impact parameter. Figure 3.6 presents
the covering fraction for Hi, Mgir, C1v, and OvI absorption as a function of D
and EW detection thresholds. Each column is a different feedback prescription
and each row is a different ion. The behavior along the x-axis shows the effect of
impact parameter, while the behavior along the y-axis shows the effect of the EW
cut. The color shows the covering fraction at a given impact parameter and EW

cut.

The results from Fig 3.6 are as follows. HI could found with a C'; > 50% at
all impact parameters with a low enough EW cut (> 0.01 A). Within 0.3 R,; of
the galaxy, HI was found with an EW > 1 A in 100% of LOS. Once outside of 0.3
R, the occurrence of H1 drops precipitately, with no LOS having an EW > 1
A. The details of the feedback prescription did not play a dominant role in the Hi
covering fraction in the inner halo (D < 1.0 R,;.). Beyond the virial radius the
covering fraction increased for low EW cuts (EW,.,; < 0.1 A) as the strength of

photoheating was increased.

Similarly, the Mgir covering fraction did not change significantly with feed-
back prescriptions. MgI1 was found with high probabilities (> 50%) close to the
galaxy, but was not found at all outside of ~ 0.3 R,;.. The resulting covering
fraction was very sensitive to the EW cut. At very low impact parameters, the

covering fraction could vary drop from 100% to 10% by increasing the EW cut
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Fig. 3.6.— Covering fraction for each ion and feedback prescription as a function
of impact parameter and equivalent width cut. Each column is a different run
and each row is a different ion. The color of at each point is the resulting covering
fraction at that distance given by the x-axis and using the equivalent width cut
given by the y-axis. This explicitly shows how the sensitivity of an observational
survey to weak absorption features can mask the true distribution of gas, partic-
ularly with H1 and Ovi. The distribution of Mgil was less sensitive to the cut
used.

from 0.5A to 1A.

The C1v covering fraction was similarly insensitive to the feedback prescrip-
tions. As the strength of photoheating was increased the maximum EW,,; allowed
that still resulted in detectable C1v absorption decreased. The added feedback
resulted in overall weaker C1v absorption. The radial extent of C1v absorbing
gas did not change between dwSN and dwALL_1, reaching out to 0.6 R,;., but
dwALL_8 generated very weak C1v out to 0.9 R,;.. The outer regions had sparse
C1v detections. If the distribution was limited to areas where it was likely to

detect C1v (C(C1v) > 0.5), the variation between feedback prescriptions disap-
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peared. Measurements of C1v absorption could be used to differentiate between
the feedback prescriptions but only with a large enough sample to accurately

probe the low covering fraction space.

The O VI covering fraction was strongly affected by the details of the feedback.
This ion’s covering fraction within 0.5 R,;. of the galaxy varied from ~80% in
dwSN to to ~50% in dwALL_1 to ~30% in dwALL_8. The effect of the EW
cut was not greatly altered by the feedback prescription as O vI was undetectable
outside of 0.1 R,;, with an EW cut >0.03 A. The drop in covering fraction with
radiation feedback strength was also seen in the equivalent width distribution
(Figure 3.4) and the EW spatial profile (Figure 3.3). This explicitly shows how
in the dwALL_8, the simulations failed to produce strong OvI absorption. The
dwSN and dwALL_1 runs were able to produce OVI profiles with an order of

magnitude higher equivalent widths than dwALL_S.

The C1v covering fraction was compared the observed results from COS-
Dwarfs in Figure 3.7. Here a 0.1 A EW cut was applied to the MOCKSPEC results and
the COS-Dwarfs impact parameter binning was used. In general, the simulations
did a poor job matching observations. The only success occurred in the inner
bin in the dwALL_1 run. The dwSN and dwALL_8 runs failed to match the C1v
observations at all impact parameters. Beyond the inner bin, dwALL_1 also failed
to match observations. In the outer bin, with D > 0.5 R,;., all models agreed

with observations by not detecting any C1v.
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Fig. 3.7.— The covering fraction of C1v compared to the C1v covering fraction

observed around star-forming galaxies. An EW cut of 0.1 A had been applied
to the simulation results to match the COS-Dwarfs methods. The dwSN model
agreed with the observed results in the inner regions of the CGM, but failed beyond
0.3 Ryir- The dwALL_1 and dwALL_8 models failed to match the observations
at all impact parameters. This failure was due to the EW cut, as dwALL_1 and

dwALL_8 generated significant C1v absorption with EW < 0.1 A as shown in
Figure 3.3 and Figure 3.6.

3.8.8. Phase

To describe the physical state of the gas that give rise to absorption the phase
of the gas is shown in Figure 3.8. All cells that gave rise to significant absorption
were placed in the density-temperature plane with the color denoting the total

mass of the ion at the given density and temperature.
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While the phase diagram encompasses all LOS at all impact parameters, it
could be divided into two regimes. The cells at high density and low temperatures
(log(ng) > —1 and log(T") < 4) were primarily within 0.1 R,; of the galaxy.
This region was classified as the ISM tail. The rest of the phase diagram was
dominated by the CGM.

Gas cells that generated H1 absorption could be found at all phases, however
detectable H1 preferred to reside in the ISM tail and in a thin region at T ~ 10*
K. There was little density dependence for the absorbers, with cells found from
ng = 1078 — 10! em™3. Very little gas with T > 10° K generated H1 absorption

as hydrogen above this temperature would likely be ionized into HII.

There was little change in these trends across the various feedback prescrip-
tions used. This implied the nature of H1 around galaxies was relatively immune
to the star-formation and outflow activity of the galaxy. Star formation was
mostly concerned with the consumption of HI, not the production of it so it is
not surprising that the details of star formation do not have a strong affect on
the H1 absorption. Outflows are predicted to be hot with T > 10° K which was
not a phase that produces strong H1, so it was also not surprising that the details
of stellar feedback did not strongly influence the H1 CGM. The outflows could
move the cool H1 but the results presented here suggested any interaction did not

strongly affect the phase of H1 absorbing cells.

Contrary to Hr there was a strong phase selection when Mgil absorbing
cells are examined, shown in the second row of Figure 3.8. In general MgII only
arose in dense, cool gas. Very little gas with T > 10* K and with ny < 107*

cm3contributed to MgIl absorption. The majority of the mass of MgII around
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Fig. 3.8.— The phase off all cells that contribute significantly to absorption
as determined by SIGCELLS. The color corresponds to the total mass in each
phase bin. Each row is a different ion and each column is a different run. The
Hr1 gas could be found at most phases, with the most mass located in the cool,
diffuse regions (T =~ 10*K, ng ~ 1075). The metals were restricted to a smaller
phase space then H1. The Mgir gas was primarily found in the cool, dense gas,
particularly the ISM tail. The C1v gas was found at lower densities and higher
temperatures than Mgi1, and OVI peaked at still more diffuse and hotter gas.
There was no significant difference between the feedback prescriptions for the all
ions except OVI. Increasing the strength of radiative feedback decreased the total
amount of OVI found, especially in very hot gas (T> 105°K).
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the galaxies resided at T ~ 10* K and ng ~ 1073 — 107! cm™3. The ISM tail was

also a strong contributer of MgII gas.

As a product of star formation it was expected that Mgil would be affected
by the changing physics of the different runs. A small variation between the three
runs was found. As the strength of photoheating was increased the amount of
Mg11 found in the ISM tail relative to the total amount of Mgir decreased. In
dwALL_8 cell contributing to Mgir absorption were almost exclusively outside
of the ISM tail. A possible explanation for this is the stronger outflows in the
dwALL_8 run pushed ISM Mgi1 gas into the CGM.

For H1 and MgI1, the derived absorbing cell phase was in agreement with the
phase distributions of H1 and Mgir absorbing gas found for D = 100 kpc from
Ford et al. (2013), albeit for larger galaxies (M, 10''7!2 M,). The similarity
was a consequence of the low impact parameters. The inner regions of DM halos
were similar regardless of the total size of the halo. This self-similarity of halos

has been observed for low ions (Churchill et al. 2013).

Gas giving rise to C1v was expected to be hotter than Mgil gas due to the
higher ionization potential than Mg11 (64.5 eV versus 15.0 eV) and so was expected
to reside at higher temperatures where it could be more easily collisionally ionized.
In collisional ionization equilibrium (CIE) carbon will prefer the Civ state for
temperatures of T ~ 10° K (Oppenheimer & Schaye 2013b). At this temperature
there was a peak of gas in the phase diagrams across a wide range of densities
corresponding to the collisionally ionized C1v. However it was a small component
of the absorbing C1v gas. Most of the gas lied at T ~ 10* K with peaks at ny ~

10~* — 1073 cm3suggesting the gas was dominated by photoionization. A small
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fraction of the overall distribution resided in the ISM tail.

Like MgT11, the phase of absorbing C1v varied across the different runs. Most
notably the collisionally ionized C1v decreased as the strength of photoheating
increased. The photoionized cloud of C1v remained mostly unaffected by the

changing feedback models.

The phase distribution of C1v was compared to the distribution found by
Ford et al. (2013) and found to be similar. The differences, however, were larger
than for the MgIr phase distributions. The phases derived by MOCKSPEC peaked
at a lower density than that found by Ford et al. (2013) by a full dex for similar
impact parameters. This suggests the self-similarity of the CGM does not hold

for high-ionization ions.

With the highest ionization potential of the ions we evaluated, OVI gas in
CIE should reside at the highest temperatures of T &~ 105° K. In the bottom row
of Figure 3.8 some of the O VI absorbing gas occupied a small, well-defined region
of phase space consistent with that of collisionally ionized gas (T ~ 105° K, ny
~ 1075 — 1072 em™?). However, like with C1v, the collisionally ionized gas was
a small fraction of the total absorbing gas. Most of the O VI gas resided at lower
temperatures and lower densities, suggesting it was primarily photoionized. A
notable exception for O VI compared to the other ions is the lack of an ISM tail.
Gas dense and cool enough to reside in the ISM tail was unable to produce high

ionization species.
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3.8.4. Common Absorbers

Table 3.3 contains the global likelihood of a cell contributing to the detection
of two different ions derived from all snapshots of all feedback prescriptions. The
phase diagrams discussed above did not have strong variations between the runs,
which matches expectations. Changing the stellar feedback prescriptions altered
how the stars impact their local environment, which had consequences for the
distribution of gas in the CGM. However once the gas was in the CGM changing
the feedback prescriptions should not affect the ionization state of gas in the
CGM, especially since stellar radiation fields are not considered. Thus a gas cell
in dwSN that contributed significantly to C1v and OVI absorption should have

similar properties to a C1v and OVI cell in dwALL_1 and dwALL_8.

In Table 3.3 are the percent chances of finding a certain ion in a cell given
that it contributes to a different ion’s absorption. For example, given that a cell
contributed to a C1v absorption feature there was a 23.0% chance that the cell
also contributed to a Mgir feature. The diagonal of the table give the fraction
of all cell probed by a LOS that generated absorption features, meaning all cells

probed only 5.6% of them generated MgIr absorption.

The first conclusion from Table 3.3 was selecting by HI was not a useful
criterion. If a LOS has metal absorption there will be associated H1 absorption

in the same gas.

The relation between Mgil and C1v was interesting. Approximately one
quarter of C1v cells gave rise to Mgil but roughly all Mgir cells also give rise to
C1v. The Mgii cells were a subset of the C1v cells, which was supported in Figure

3.8. The part of the phase diagram covered by Mgl was also covered by C1v, but
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Table 3.2. Fit Parameters for EW vs D

Ton Run Slope Wo T

dwSN -1.36  -0.08 0.66
Hi dwALL_1 -1.45 0.13 0.73
dwALL8 -1.16 -0.03 0.78
dwSN -7.51  -0.02 0.72
Mg dwALL_1 -6.34 0.24 0.72
dwALL8 -6.59 -0.22 0.61
dwSN -2.54  -0.69 0.70
Crv dwALL_1 -2.39  -0.55 0.68
dwALL8 -1.92 -1.09 0.68
dwSN -0.53 -1.60 0.47
Ovi dwALL_1 -0.70  -1.65 0.37
dwALL8 -0.36 -1.91 0.19

Table 3.3. Probabilities of a cell being a common absorber.

Given Finding

Hr Mgn Civ  Ovr
Hi 83.4 6.7 29.2 26.2
Mgit 99.3 56 99.8 17.0
Civ 99.7 230 244 449
Ov1 99.3 4.3  49.7 220
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C1v also arose in hotter and more diffuse gas.

As expected from the phase diagram there was very little overlap between
the Mgit and OvI. The overlap was four times larger if the sample was selected
for Mg11, but it still remained under 20%. The disparity between the common
fraction depending on the ion selection used fell from the area each ion took up
on the phase diagram. MgIl was restricted to a very narrow region, so gas cells
that lied in this part of the diagram are very likely to generate MgIl absorption
due to the high density of Mgir absorbing cells here. In contrast, OVI took up
a very large area of the phase diagram and there was a small area where they
overlap. The overlap area was a larger fraction of the Mgl area than the O VI
area so selecting for Mgir absorption would naturally lead to a larger incidence

rate of common absorption than selecting for O VI.

The last pair, C1v and OvVI, showed similar behavior as suggested by their
large overlap on the phase diagram. When selecting by either ion, there was a
roughly 50% chance of detecting the other one. This was in rough agreement with
studies of the cosmic density of metal absorption that find the incidence rates of

Criv and OVI are roughly equal (Rahmati et al. 2016).

The fraction of cells with common absorbers had implications for observa-
tional plans. Suppose the goal of an observational survey were to observe OVvI
around dwarf galaxies. It would be a poor choice to selects galaxies with MgIr
absorption as only 17% of the systems would also have significant O VI absorption.
The best plan would be to select systems that have C1v absorption detected, but

this would still only yield OvI absorption ~50% of the time.
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3.4. Discussion

The goals of this study were to (1) examine the effects of varying stellar feed-
back models had on the absorption properties of the CGM, (2) compare statistics
of mock absorption lines to observations, and (3) to examine the how gas proper-
ties differed from the observational analysis methods to the properties of the gas

that actually gave rise to the absorption.

Three different feedback methods were implemented in separate simulations
of the same DM halo. The first, dwSN, included only SNe and stellar winds
as possible stellar feedback methods. The second, dwALL_1, added radiative
pressure and weak photoheating to the feedback methods of dwSN. The last,
dwALL_8, used the same models as dwALL_1 but with stronger photoheating.
Using MOCKSPEC the CGM of each simulation was observed with synthetic QAL

and compared to the COS-Dwarfs sample.

3.4.1.  Effect of Feedback

A primary goal of this study was to determine to effect varying stellar feed-
back prescriptions have on the absorption line properties and the gas phase dis-
tribution of the CGM of dwarf galaxies. The results shown in §3.3 argue that
the effect is slight. The EW distribution, trends with impact parameter, covering
fraction, and absorber phase for Hi, Mgi1, and Civ did not vary significantly
with changing feedback prescription. The lack in variation in the absorption and
phase properties was a sharp contrast to the strong effect the various feedback
prescriptions had on the galaxy itself such as the factor of 40 difference between

the stellar masses.
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The exception was OVI absorbing gas. Increasing the strength of radiation
feedback in the form of radiation pressure and photoheating decreased the amount
of OVI observed as seen in the decreased number of strong O VI absorption fea-
tures detected, the lower OVI covering fraction, and the decreased amount of
collisionally ionized OVI absorbing cells in dwALL_8 as compared to dwALL_1
and dwSN.

The similarity between dwALL_1 and dwSN suggested the nature of the CGM
was not sensitive to the inclusion of radiation pressure feedback. The difference
between dwALL_1 and dwALL_8 suggested the hot CGM was sensitive to the

strength of photoheating feedback.

A possible explanation could be derived by examining the recycling time of
galactic winds as traced by the various ions. Since ART is an AMR code, the wind
recycling time is very difficult to measure from the simulations. However, Ford
et al. (2014) used a modified version of Gadget-2, an SPH code, to measure this
recycling time around Milky Way mass galaxies. They determined that H1 traced
ambient gas that was not participating in winds, MgII traces the galactic fountain,
C1v traces recycled accretion at low impact parameters and traces ancient outflows
at high impact parameters, and OVI traces ancient outflows. Ancient outflows
are defined as winds originating more than 1 Gyr ago. While a direct comparison
between the higher-mass simulations and dwarf simulations is not ideal, there are

no comparable studies of recycling time using low-mass galaxies.

The OvI was strongest in the dwSN model and weakest in the dwALL_8
model. As discussed in Trujillo-Gomez et al. (2015), the increased radiation feed-

back in dwALL_8 impeded star formation significantly. The lowered star forma-
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tion rate lead to fewer outflow events, lowering the amount of energy in the CGM.
The decreased thermal energy decreases the amount of oxygen in the collision-
ally created O VI state, leaving only the photoionized O V1. This had the effect of
decreasing the mean equivalent width of the observed O vi. The non-thermal feed-
back from radiation effects decreased the strength absorption due to collisionally

ionized high-ionized species.

The low- and mid-ionization species, traced by Mgt and C1v were strongest
in the dwALL_1 model. This suggested that radiation feedback was capable of
generating outflows, albeit cooler ones than the dwSN model due to the earlier
onset of radiation feedback. The dwALL_8 model’s feedback was too strong and
strongly reduced the number of stars created, which in turn decreases the ability

of the stars to push metals into the CGM.

The uniformity of the CGM between the three runs had implications for the
role both virial mass and stellar mass play in the nature of the CGM. Between the
three models, the virial mass remained the same while the stellar mass varied by
two orders of magnitude. This suggested the stellar mass did not have a strong
effect on the nature of the CGM. The virial mass was more important to the
structure of the CGM, in agreement with studies of larger galaxies (Churchill

et al. 2013).

The O VI phase diagrams showed the largest difference across the three runs.
Similar to C1Vv the size of the collisionally ionized gas in the CGM decreased as the
strength of photoheating was increased. In dwALL_8 region of the phase diagram

corresponding to collisionally ionized O VI was not populated.

There are several possible reasons for why the amount of collisionally ionized
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gas decreased as the strength of photoheating increases. One scenario is the
addition of radiation feedback models produced a cooler CGM, resulting in a
reduction in the amount of gas available for ionization in the collisionally ionized
portion of the phase diagram. The cooler CGM could be a consequence of the
way feedback is modeled in the simulations. Radiation pressure was modeled as
a non-thermal momentum added to the gas and photoheating was modeled as a
pressure. Neither of these feedback sources heated the gas but did move gas away
from the stars generating them. The combination would result in cooler winds

and possibly a cooler CGM.

A second scenario was a lack of oxygen atoms in the CGM. As the strength of
photoheating increased the radiation and photoheating effects disrupted the star
formation sooner by removing gas from the area around stars. This reduced the
amount of material available for the SNe to push out of the galaxy. If SNe were
the dominant method for moving material into the CGM, reducing the amount
of gas around the stars when the SNe occur would reduce the resulting amount
of metals in the CGM. However it is unclear how this would preferentially reduce
the amount of oxygen in the CGM while leaving the Mgit and C1v abundances

unchanged.

3.4.2.  Comparison to Observations

The goal of comparing the simulated CGM to observations was made difficult
due to the difficulty of observing the CGM of dwarf galaxies. The comparison was
limited to the COS-Dwarfs sample. An unfortunate consequence of the zoom-in

simulation technique is the output galaxies were selected by their virial mass, not
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their stellar mass. Observationally, it is much easier to control for stellar mass as
it can be directly observed. Inferring the virial mass from the stellar mass requires
techniques such as abundance matching (Trujillo-Gomez et al. 2011). The stellar

mass in simulations is a consequence of the physics included in the simulation.

The simulated galaxies used in this chapter had smaller stellar masses than
the galaxies studied in the COS-Dwarfs survey. As discussed in §3.3.1, 3.3.2 the
simulated C1v was weaker than observed by COS-Dwarfs. The simulated C1v
CGM extended for the same distance as observed in that there was no detected
C1v beyond 0.5 R,;,. However the detected C1v in the simulations within 0.5 R,

had smaller EW than what is observed.

A result of COS-Dwarfs was a weak correlation between stellar mass and
EW(C1v) where larger galaxies gave rise to stronger C1v absorption. This is
intuitive as larger galaxies have generated more stars which in turn generates more
metals in the CGM. Adding metals to the CGM is one method to strengthen
an absorption feature. If this correlation holds for smaller galaxies than COS-
Dwarfs observed then the simulated galaxies would be expected to have weaker
C1v features. To truly verify the results of the simulations observations of small

dwarf galaxies must be made or larger galaxies need to be simulated

3.4.3.  Connection between Observations and True Properties

A common tool used by observers to determine the physical properties of the
gas is to fit a Voigt profile to the absorption (Boksenberg et al. 1979; Churchill
et al. 2003; Simcoe et al. 2006; Mathes et al. 2014) in a process called Voigt

profile (VP) decomposition. This technique allows observers to infer the absorber’s
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temperature and kinematic structure.

VP decomposition has several implicit assumptions. The base assumption
is the absorption arises from a single physical structure that is spatial coherent,
referred to as “clouds”. Each cloud is also assumed to be kinematically uniform
and isothermal, required so each structure can be assigned a velocity and a tem-

perature.

The validity of these assumptions is nearly impossible to check observation-
ally. If the same structure could be observed in emission, the combination of
the data sets could give a limit on the physical size of the structure to test the
spatially coherent assumption. However structures that are both observable in

emission and absorption are very rare.

A strength of the MOCKSPEC code is its ability to determine which gas cells are
actually generating the absorption profile (see §2.5.6). To test the assumptions
of VP fitting a sample LOS was selected that contained absorption for all ions
tested, H1, Mgr11, Sit, Cir, Cii, Ci1v, and Ovi. This LOS probed dwALL_8 at
z = 0 with an impact parameter of 11 kpc (~ 0.2 R,;.). The spectra for HiI,

Mgir, C1v, and OVI are shown in the top row of Figure 3.9.

For each synthetic spectrum generated by MOCKSPEC for this LOS a VP de-
composition was applied. This procedure determined the column densities NV,
Doppler b parameters (derived from the fitted temperatures of each component
using b = \/m where m, is the mass of ion z), and observed redshift z
for each VP component using the Autovp code. The original version of Autovp

developed by Davé et al. (1997) was updated to include convolution with an ISF.

Automating VP decomposition is a difficult task made worse by the highly
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varying kinematic structures between the gas phases. To fit the spectra generated
by MOCKSPEC the lines were split in to a low-ionization category, consisting of HT,
Mgii, Siir, and C11, and a high-ionization category, consisting of Cii1, C1v and
Ovi1. Within each category the spectra were fit together, applying the assumption
that low-ionization transitions trace the same structures and high-ionization tran-
sitions trace the same structures without any assumption that the two categories

trace the same structures.

The results of Autovp that generated the largest number of kinematically
distinct structures were selected. To determine the final results the output of
Autovp was run through the Minfit code (Churchill 1997; Churchill & Vogt 2001).
For a complete description of Minfit, see Evans (2011). The final model selected
contained the fewest VP components that were statistically significant at the 97%
confidence level by applying an F-test on the y? distribution. The results of the

fitting were shown in Table 3.4.

The summary of the results for this study is shown in Figure 3.9. The top

row plots the spectra for H1, Mgii, C1v, and OVI.

The second row shows the column density of all gas cells identified as sig-
nificant by SIGCELLS in black points. The colored lines is a histogram of these
cells. The colored circles identify the column density of the VP components. The
column densities of the fits for H1 are in good agreement with the actual col-
umn density. However, the VP column densities drastically over predicted the
actual column densities of the gas for all metal transitions. The over prediction
for Mgl was due to the intrinsic absorption profiles of the gas being unresolved

by the instrument (Savage & Sembach 1991). This is a well-studied phenomenon
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Fig. 3.9.— Comparison of the properties of the gas cells responsible for the de-
tected absorption features and the properties derived by VP decomposition. See
text for full description. Adapted from Churchill et al. (2015).

with correction measures developed Jenkins (1996). The ~1.5 dex discrepancies

for C1v and OVI were more interesting and were the first indications that VP
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decomposition struggles with high-ionization ions.

The third row shows ny as a function of Av for the significant cells. Gas
cells that contributed to HI absorption were clustered around ny ~ 1072 cm™
and Av ~ -10 — 30 km s™!. The gas cells that contributed to Mgi1 were clus-
tered around similar densities and a slightly larger Av range. The tight clustering

around similar densities suggested a single structure, in agreement with the as-

sumptions of VP decomposition.

The gas cells that contributed to C1v and O Vi were spread over a large density
range. The C1v contributing cells could be found at densities ranging from 10~ to
1072, while O VI contributing cells could be found at densities ranging from 10~°
to 1072 em=3. The Awv range was similarly large, stretching over 60 km s—!. The
large range of densities suggested the cells generate high-ionization absorption do

not reside in a single structure, violating an assumption of VP decomposition.

The forth row shows the temperature of the significant cells as a function of
Av. The fitted temperature from the VP decomposition is shown in colored circles
for each ion. The low-ionization species all arose from cool gas residing at 10* K.
The fitted temperature for these species over predicted the actual temperatures
by ~0.5 dex. This was similar to the discrepancies for the Mgi1 fitted column

density.

The derived temperatures for the high-ionization species again over predicted
the actual temperatures of the gas cells. Most of the absorbing gas resided in cool
gas with T ~ 10* — 10*°. However the VP decomposition predicted the gas
to reside at 10*% — 10>7 K. The low temperature fits would suggest the gas to

be primarily collisionally ionized, however the actual temperatures would suggest
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the gas to be primarily photoionized. This highlights of the possible pitfalls of

applying VP decomposition to high-ionization ions.

The fifth row shows the metallicity of the significant cells relative to solar as
a function of Av. Both H1 and MgIl show a significant metallicity trend as the
absorbing cells moved to higher Av. Since Av = 0 corresponded to the velocity
of the galaxy, moving to higher velocities suggested moving away from the galaxy
(supported by the next row). This suggested a steep metallicity gradient as the

distance from the galaxy increased.

There was no trend between metallicity and Av with the high-ionization
ions. This also supported the model that C1v and O V1 did not arise in cloud-like

structures.

The sixth row shows the distance along the LOS (AS) the significant cells are
located as a function of Av. This quantity demonstrated the spatial extent of the
structures generating the absorption. In the low-ionization ions there is virtually
no spread in AS, strongly supporting the model that gas generating H1 and Mg11

are cloud-like structures.

The spread in AS for high-ionization ions was very different. There was a
large spread in the location of the cells along the LOS (~75 kpc for Civ, ~150
kpc for Ovi). The high-ionization absorption was derived from gas cells through-
out the entire box which clearly violated the VP decomposition assumption of
arising from a single structure. The large spread in O VI locations agrees with the

observations of Muzahid (2014).

Examining the relation between AS and Aw reveals the source of the velocities

of each VP component. The VP components reside at velocities were a large
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number of gas cells happen to reside, regardless of the physical location. This
suggest the existence of the absorption feature is due to a coincidence of velocity
alignment of gas cells, not due to an actual structure. It also strengthened the

concept that low-ionization ions and high-ionization ions trace difference phases

of the CGM.

The bottom row shows the various timescales of the significant cells as a
function of Av. The photoionization timescales are shown in green, the recombi-
nation timescales are in red, the collisional timescales are in blue, and the cooling
timescales are in black. These timescales were used to evaluate the assumption
of ionization equilibrium. For gas to be ionization equilibrium the gas must be
thermally stable while ionization and recombination effects work to achieve a
steady-state balance, which requires 7., < Teoo here 7., is the timescales over

which equilibrium occurs and 7., is the cooling timescale calculated by

Q  Q  3(ne+ nnkT
‘dQ/dﬂ |Anet’ |Aheat - Acool‘ ‘

Teool =

Here, @ is the total heat energy of the gas, n, is the electron number density,
ny is the nuclear number density, Ay is the heating rate per volume, and A, is
the cooling rate per volume. The cooling rates were determined using the cooling
functions of Wiersma et al. (2009). The heating and cooling rates depend on the
ionizing spectra, gas density, gas temperature, and abundance of metals. The
ionizing rate can be different for each ion so the ionizing equilibrium assumption
must be checked for all ions. The methods for calculating the photoionization,

recombination, and collisional timescales can be found in Churchill et al. (2014).

The H1 gas was clearly in ionization equilibrium. The photoionization timescales
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were shorter than the collisional ionization timescale by three order of magnitude,
indicating the H1 gas was primarily photoionized. The cooling timescale was com-
parable to the collisional ionization timescale, which was longer than the dominant

ionization timescale. Thus the H1 gas was in ionization equilibrium.

The Mgir gas was also in ionization equilibrium, as the cooling timescales
were longer than the other timescales. Unlike the H1 the Mgii cells were not

dominated by any particular ionization method as Tpnoto ~ Teoir-

The gas giving rise to C1v and O VI showed the same behavior. The gas was
in photoionization equilibrium as Tpneto ~ Tree. The collisional ionization equi-
librium was greater than 10! years and thus were not shown on the plots. Thus
the gas was strongly dominated by photoionization, as suggested by the phase
diagram shown in Figure 3.8. The cooling timescales were generally longer than

the photoionization timescales, validating the ionization equilibrium assumption.

The assumption of ionization equilibrium was valid for all ions. The HI,
Civ, and OVI gas were dominated by photoionization, while the MgIl gas was
dominated by both photoionization and collisional ionization. The methods used
to calculate these timescales did not require additional information other than
what can be determined by the VP decomposition. However, as found above,
applying VP decomposition to high-ionization ions can lead to inaccurate results

and can thus give incorrect timescales estimations.

3.5. Conclusions

In this chapter the CGM of a dwarf galaxy was observed with MOCKSPEC. The

galaxy was simulated with three different stellar feedback prescriptions
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The canonical sample, designated dwSN, utilized only SNe and stellar winds.
The other simulations add radiation pressure and photoheating to the stellar feed-
back models. The dwALL_1 simulation implemented a weaker version of pho-
toheating than then dwALL_8 simulation. The varying feedback prescriptions
resulted in significantly different galaxies by z = 0. The common observer quan-
tities of covering fraction and EW behavior with impact parameter were presented
and compared to observations. Using the results of MOCKSPEC that identified the
gas cells that contributed significantly to each absorption feature detected, the
connection between gas cells and detected absorption was examined. The phase
distribution of gas cells was explored, leading to insights on ionization mecha-
nisms for each ion. The nature of cells that contributed to multiple ion absorp-
tion features was explored, and the validity of VP decomposition was tested. The

conclusions are summarized below.

1. All feedback models tested were able to create a strong, metal-rich CGM.
Regardless of the ionization potential of the ion used, the dwarf galaxies

produced enough to generate detectable absorption in the CGM.

2. While the changing feedback models resulted in significant differences in the
final galaxy they had little effect on the CGM. The trends of both EW and
covering fraction with impact parameter do not vary strongly with changing
feedback methods. Thus CGM analysis is not a useful metric for testing the

validity of the stellar feedback models tested.

3. The CGM between each model was very similar while the stellar mass of
the galaxy varies by two orders of magnitude. The nature of the CGM was

thus determined more by the virial mass of the halo rather than the stellar
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mass of the galaxy.

. In the study of small galaxies, selecting by stellar mass was not a viable way
to study the relations between the CGM and the galaxy. A better approach

is to select galaxies by their virial mass.

. There was significant discrepancy between the behavior of C1v in the simu-
lation and the observational results of COS-Dwarfs. The simulated EW and
covering fraction were too low for agreement with observations. However
this could be a result of the lower mass of the simulated galaxies compared
to the COS-Dwarfs sample. Observations of smaller dwarf galaxies are re-
quired for a more conclusive result or simulations of higher stellar mass

galaxies.

. Gas cells contributing to MgIl absorption were typically cool and dense,
compared with the hot and diffuse nature of Ovr absorbing cells. The C1v
absorbing cells bridged the gap between the Mgit and O VI phase distribu-

tions. The HT1 absorbing cells could be found at all phase locations.

. To examine the largest range of the CGM’s phase space observations should
target C1v as the phase space traced by MgIi was also traced by C1v. The

phase space traced by OVI shares significant overlap with C1v as well.

. VP decomposition was valid and worked well for low-ionization species such
as Hr and Mgir. It did not work well with high-ionization species such
as C1v and OVI since the absorption features of these ions did not arise
from a single coherent and isothermal structure. Instead the C1v and OvI

absorption features were the result of overlaps in the velocity fields of all gas
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cells along the entire length of the LOS.

9. The assumption of ionization equilibrium in the CGM of dwarf galaxies
was valid. Most of the CGM was dominated by photoionization, with the
exception of Mgil gas which was not dominated by any single ionization

method.

From this work we concluded that dwarf galaxies host a metal-rich CGM
that was insensitive to the details of star formation and stellar feedback. While
there are presently no observations of galaxies as small as the ones simulated, the
simulated CGM was not consistent with observations of the CGM around larger
galaxies. The conclusions presented here are particular to the simulations used.

To verify the ubiquity of the conclusions more and larger galaxies must be tested.
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Table 3.4. VP Decomposition

Ion Av kms™!]  log N [em™2] b [km s™1] log T [K]
Hi 3.20 16.27 +£0.15 20.80 £0.85 4.42 £0.04
20.01 16.04 £0.06  23.92 +0.46 4.54 £0.02
Mgir 3.20 11.77 £0.03 4.24 £0.17 4.42 £0.03
AN2796, 2803 20.01 12.73 £0.01 4.87£0.09 4.54 £0.02
Sitr 3.20 11.72 £0.07 3.94+0.16 4.42 £0.04
A1260 20.01 12.10 £ 0.04 4.53 £0.09 4.54 £0.02
Ci 3.20 13.31 £0.02 6.03 +0.25 4.42 £0.04
A1335 20.01 13.86 £ 0.02 6.93 £0.13 4.54 £ 0.02
Cin —5.89 13.41£0.15 9.33 £0.76 4.80 £0.04
A9TT 10.69 14.66 £ 1.42 8.09 +4.89 4.68 £0.26

27.80 13.42£0.18 9.01 £1.05 4.77+0.05
38.05 12.19£0.62 26.33 £8.60 5.70 £0.31

Civ —5.89 13.13 £0.09 9.33 £0.76 4.80 £0.04
AA1548,1550 10.69 13.05 £ 0.23 8.09 £ 4.89 4.68 +0.26
27.80 13.09 £0.11 9.01 £1.05 4.77 £ 0.05
38.05 12.52£0.61 26.33 £ 8.60 5.70 £0.31

ovi —5.89 <11.36
AA1031, 1027 10.69  12.62+0.56  7.01+4.24  4.68+0.26
27.80 <11.31 -

38.05 12.95+0.63 2281+6.12 5.70£0.31

92



4. THE CIRCUMGALACTIC MEDIUM OF MASSIVE GALAXIES

4.1. Introduction

The cycle of baryons in and out of galaxies is an important factor in deter-
mining how a galaxy evolves. An active baryon cycle with high accretion rates
fuels rapid star formation which generates persistent outflows, resulting in an ac-
tive blue galaxy. A stalled baryon cycle cannot feed star formation, leading to a
red and dead galaxy. The strength of a galaxy’s baryon cycle is a direct measure

of the galaxy’s future health.

To observe the strength of a galaxy’s baryon cycle observations of the spatial
distribution and kinematics of gas in the galaxy’s halo are required. The diffuse
nature of the galaxy’s circumgalactic medium (CGM) requires observing it in
absorption. By observing the absorption profiles of different ions in the spectra
of background objects such as quasars the spatial extend and kinematic structure

of different phases of the CGM can be determined.

The connection between the activity of a galaxy and the nature of its CGM
is most easily studied in simulations. Cosmological hydrodynamic simulations of
galaxy evolution reveal how epochs of star formation generate metal rich halos
through the implementation of stellar feedback models such as stellar winds from
AGB stars, supernovae, radiation pressure, and photoheating. Studies have re-
vealed the importance of stellar feedback to create the metal-rich halos observed
around galaxies (e.g. Wiersma et al. 2011; Smith et al. 2011; Hummels et al. 2013;

Ford et al. 2013, 2014; Liang et al. 2016).

To verify the accuracy of the simulated halos the results need to be compared

to observations. There is a large body of work of CGM observations at low redshift
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(z < 1), such as the COS-Halos survey (Tumlinson et al. 2013), the COS-Dwarfs
(Bordoloi et al. 2014), and the MAGIICAT sample (Nielsen et al. 2013b).

There are few studies of the CGM at at 2z ~ 1 — 2 due to the galaxy’s
emission lines being pushed into the IR. Between z = 2.5 — 3 the rest-frame UV
absorption features are pushed into the optical, enabling a small redshift window
where CGM absorption studies are possible. The Keck Baryonic Structure Survey
(KBSS, Rudie et al. (2012)).

Despite the difficulties in observing the role the baryon cycle plays in high
redshift galaxy evolution, there are several astrophysical reasons why the high
redshift regime of galaxy evolution is useful. The cosmic star formation rate
density peak at z ~ 2 (Madau & Dickinson 2014). The baryon cycle is fueled by
stellar feedback that occurs during periods of active star formation. Studying the
CGM at z ~ 2 can give insight into how the baryon cycle reacts to strong star

formation.

Additionally between z=2-1 the dominant mode of accretion for massive
galaxies is predicted to change from cold-mode to hot-mode (Dekel & Birnboim
2006). The change of accretion modes is due to gas properties of the halo being
able to support shocks in the CGM and preventing gas from cooling efficiently.

This phase shift of the CGM be observable in the absorption lines of multiple ions.

The focus of the work presented in this chapter was to explore the high
redshift CGM of galaxies in cosmological hydrodynamic simulations. The focus
on redshifts from 4 to 1 enabled the study of how periods of intense star formation
altered the CGM of the galaxies and how the change in accretion modes would

affect observations. As there are very few observational constraints in this redshift
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regime the results presented here serve as a prediction of future observations.

4.2. Methods

To explore the CGM around high-mass galaxies the simulations in the VELA
suite (Ceverino et al. 2014) were used. The simulations are described in depth in

§2.2.3.

The VELA2b simulations used were analyzed with the MOCKSPEC code. All
snapshots between a = 0.2 (z = 4) and the last snapshot available, typically a ~
0.5 (z ~ 1), were analyzed. The snapshots were output in steps of Aa = 0.01
resulting in roughly 30 snapshots capturing the evolution of the galaxies. Each
snapshot was processed with MOCKSPEC using 1000 LOS with impact parameters
randomly selected out to 1.5 R,;, with an edge-on orientation. To select gas across
the range of ionization parameters spectra were generated for Hi, Mgir, C1v, and
Ovr1 with the HIRES instrumental properties (R ~ 45,000). The SNR used was

set to 30 which imposed an effective EW cut of ~0.01 A.

4.3. Results

4.83.1. EW wvs. D

The simplest method for examining the spread of metal through the CGM
when it has been observed in absorption is the behavior of the equivalent width
(EW) with impact parameter D. The EW profile in each VELA2b simulation and
each ion processed with MOCKSPEC is shown in Figures 4.1 - 4.6. Figures 4.1 - 4.3
show the EW profile when D is measured in units of R,;, while Figures 4.4 - 4.6

show the EW profile when D is measured in units of kpc. In each plot the points
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give the mean EW (<EW>) of detections in a bin of impact parameters with

For simplicity only EW profiles for the z = 1,2,3, and 4 snapshots of the
simulations are shown. At high redshift the EW profiles will not extend to as
large of impact parameters as the EW profiles at low redshift when D is measured
in kpc. This cutoff is a consequence of how the simulation box is removed from
the larger cosmological simulation. The size of the smaller box used by MOCKSPEC
is a multiple of R,;. which changes as the galaxy grows. Consequently, the high
redshift CGM was not sampled to the same physical distance as the low redshift
CGM.

Figures 4.1, 4.2, and 4.3 show the EW profiles with D scaled by R,;. for
VELA2b-21-VELA2b-23, VELA2b-24-VELA2b-26, and VELA2b-27,29 respectively. The
environment, history, and star formation rate for each halo varies at each snapshot

presented; however, there are a few trends in the EW profile that are common to

all halos.

For all halos, the mean EWyy, profile is highest (largest <EW>) at 2=4
and lowest (smallest <EW>) at z=1. This fall in <EW> occurs at all D. The
largest <EW> at all snapshots for H1 occur in the inner regions of the halo. For
all halos the drop off of <EW> with increasing D is relatively flat outside of
D = 0.2 Ry;. Inside this limit the <EW> is typically half a dex stronger than
immediately outside the limit. The disparity between the two regions is likely due
to the inner region being dominated by the galaxy’s ISM which contains more

compact gas which would result in a higher EW.

The Mgir profiles showed notable redshift evolution for all halos. The max-

imum spatial extent where Mgll was still detected dropped significantly from
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Fig. 4.1.— The behavior of the mean equivalent width with impact parameter
measured in units of R,;. for VELA2b-21 - VELA2b-23. Only the z = 1,2,3,4
snapshots are shown for clarity. Each column is a different ion and each row is
a different halo. There was notable evolution for each ion and halo over time
with the general trend of moving towards weaker absorption at a given impact
parameter as redshift decreases. All ions except Mgl were found at all impact
parameters. As the halo evolves the spatial extent of Mgil decreases due to the
increase of R,; as the halo grows.

greater than 1 R,;. at z=4 to less than 0.5 R, at z=1.

The C1v profile showed similar evolution as the Hr1 profile and was found
at all impact parameters. At z=4 the typical C1v <EW> in the outer CGM

(D > 0.3) Ry was between 0.5-1 dex higher than at z=1.

Contrary to the other ions, the Ovi <EW> profile showed the least amount
of redshift evolution. Only VELA2b-26 showed significant evolution in the outer
CGM (D > 0.5 Ry;). VELA2b-23 and VELA2b-29 both showed notable evolution

in the inner halo (D < 0.2 R,;.) with the <EW> increasing with time. All other
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Fig. 4.2.— The same as Figure 4.1 but for VELA2b-24, VELA2b-25, and VELA2b-26.
The VELA2b-24 simulation did not reach z = 1 so only data for z = 2, 3, and 4
are shown.

halos did not show significant redshift evolution in the <EW> of OVI.

When studying the evolution of the CGM as traced by absorption lines it is
important to examine the radial profiles with the impact parameter measured in
both physical units (such as kpc) and scaled by R,;-. Scaling by R, details the
relative importance of the observed structures to the overall halo but can lead to
misleading redshift evolution as R,;, is not constant with time. The <EW> radial
profiles showed trends with redshift when D was modulated by R,;.. Figures 4.4

- 4.6 show the same profiles but with D measured in proper kpc (pkpc).

Immediately it was apparent most of the redshift evolution discussed above
were actually due to the evolution of R,;. as the trends disappear when D was

measured in physical units. The <EW > profiles for H1, Mg11, and C1v showed no
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Fig. 4.3.— The same as Figure 4.1 but for VELA2b-27, VELA2b-28, and VELA2b-29.

significant redshift evolution at any impact parameter in any halo. The only minor
exception was the <EW> of C1v in the outer CGM (D > 100 kpc) of VELA2b-23
and VELA2b-29. Both halos showed a rise in the C1iv <EW> at z = 1. Both halos
also experienced numerous mergers with mass ratios (M. /Mpess > 0.3) at this
time, suggesting the rise in equivalent width of C1v was due to the presence of

satellite galaxies.

To quantify the effect D scaling has on the evolution of the EW radial profiles
linear fits of the form log(EW) = mD + b were generated for each profile. The
variance of the fitted slope for each ion is shown in Table 4.1. The second column
shows the variance in the slope over time when D was scaled by R,;.. The third
column shows the variance in the slope over time when D was measured in kpc.

The contrast was clear with the variance with R,;, scaling typically being two order

99



HI Mgll Clv ovi

o

1.0 n z=4
0.5‘ £ z=3
5E u \M M A L5
g8 Wiy, %’I
1.0 *
15 ! h*** t 4’}} t
b
%% 0.0 \
287" "'#’ tH Mﬂi'
v it by it
B
S50 Ml iyt f
gy * by i *i ty Htty
s ] J t

0 50 100 150 200 250 50 100 150 200 250 50 100 150 200 250 50 100 150 200 250
Impact Parameter [kpc] Impact Parameter [kpc] Impact Parameter [kpc] Impact Parameter [kpc]

Fig. 4.4.— The same as Figure 4.1 except the impact parameter is in units of
pkpc. The increased spatial extent of detections with decreasing redshift was a
consequence of how the zoom-in halos were extracted from the larger cosmological
simulation as the box size was determined in units of R,;., which increased with
time. With the impact parameter in physical units the strong trend of decreased
<EW> with decreased z mostly disappeared, suggesting the actual spatial extent
of the CGM does not evolve significantly. The exception is O Vi which still showed

notable redshift evolution. Also contrary to the other ions, O VI generally moves
to stronger absorption features with time.

of magnitude larger than the variance when D was not scaled. The intercepts
of the fits showed no variation depending on the scaling used for D as it only

depended on the equivalent width at D=0.

As before, OVvI defied the same trends as the lower ions. The <EW> of
detected OVI increased at all D as the halos evolved. For all halos the weakest
<EW> of OVI occurred at z = 4. For all halos except VELA2b-22, VELA2b-23,
and VELA2b-26 the strongest <EW> of OVI occurred at z = 1. VELA2b-22,

VELA2b-23, and VELA2b-26 were notable for having the three lowest <sSFR> of
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Fig. 4.5.— The same as Figure 4.4 but for VELA2b-24, VELA2b-25, and VELA2b-26.
The VELA2b-24 simulation did not reach z = 1 so only data for z = 2, 3, and 4
are shown.

the VELA2b simulations, suggesting the strength of detected O V1 is correlated with
the star formation rate of the host galaxy, in agreement with observations of lower

redshift galaxies (e.g. Tumlinson et al. 2011).

The similarity of the <EW> with D across the various VELA2b halos moti-
vated the creation of an “average” halo. Treating the halos as the same galaxy

creates a typical <EW> profile that averages over the different environments and

Table 4.1. Variance in the Fitting Parameters of EW profile scaling

2 2
Ion 9 Rvir Ukpc

HI 0.201  0.004
MgII  1.729  0.022
CIV  0.267 0.004
OVl  0.175  0.003
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Fig. 4.6.— The same as Figure 4.4 but for VELA2b-27, VELA2b-28, and VELA2b-29.

histories of each halo. The results of the typical halo are shown in Figure 4.7 (D
scaled by Ry;) and Figure 4.8 (D in kpc).

The trends in the evolution of <EW> as a function of D scaled by R,
for each ion discussed above remained when the halos were treated as one. The
<EW?> of detected H1 absorption decreases by ~ 1 dex at all impact parameters
as the typical halo evolves. In the most inner region of the halo (D < 0.2 Ry;.)
had significantly stronger HI absorption than the outer regions, again due to ISM
contamination. When D was measured in units of kpc the detected H1 <EW>

vs. D evolution disappeared.

The evolution of the <EW> of MgII in the composite halo were the same as
the evolution of the <EW> of Mg1I in the separate halos. At a given D /R, the

<EW> of Mgir absorption decreased as the halo evolved. As in the individual
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Fig. 4.7.— The evolution of absorber strength of each ion as a function of impact
parameter scaled by R,;. for all VELA2b halos averaged together. The evolution
noted in Figures 4.1 - 4.3 are prominent in the averaged halo. The detected
absorption of H1, Mg11, and C1v in the CGM decreased in EW as the halo evolved.
The mean strength of O VI increased at z = 3 then reached a minimum at z = 1.

halos, this behavior did not trace any CGM evolution but instead R,;. evolution
as the trend once again disappeared when D was measured by physical units.

Similar trends were found in the <EW> vs D of profiles for C1v absorption.

The <EW> vs. D profile for OvI did not follow the same trends as the
lower ions. When D was scaled by Ry, the <EW> of detected O VT at all impact
parameters was the weakest at z=1. The strongest <EW> occurred at z=3 for all

impact parameters. Unlike with the lower ions, the redshift evolution for <EW >
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Fig. 4.8.— The same as Figure 4.7 but with the impact parameter measured in
physical units. As before, when the impact parameter is measured in physical units
the evolution of <EW> with D disappears for H1, Mg11, and C1v. The evolution
of <EW> with D for OVI becomes more prominent and tends to increase with
time.

vs. D for OvI did not change when impact parameter was measured in physical
units. The trend reversed with the strength of O VI being the weakest at z=4 and
strongest at z=1 at all D.

4.8.2.  Cowvering Fraction

To quantify the likelihood of detected significant absorption in a given LOS

it is useful to calculate the covering fraction (Cy) of an ion as a function of impact
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parameter. The covering fraction is defined as the ratio of the number of LOS in a
given impact parameter bin that detected absorption with an EW above a cutoff
value (EW yt0ff) to the total number of LOS in the same impact parameter bin.
The result can be thought of as the probability of detecting absorption with EW

> EW e uorr at a given impact parameter.

In this section the C of each ion was calculated as a function of D measured
in both R,; and kpc for each halo and the composite halo introduced in the

previous section. The

The evolution of the covering fraction of each ion as a function of D/R,;.
for the composite halo s shown in Figure 4.9. Similar to the EW vs. D profile
discussed in the previous section, there was very little variance between the cov-
ering fraction of the halos, so only the composite halo is shown here. There was
significant evolution in the covering fraction of all ions at fixed D/R,;. with the
covering fraction decreasing over time. At z=4, the covering fraction of H1, C1v,
and OVI were near unity for all LOS. The spatial extent of Mgil was as great

with the covering fraction dropping to less than 20% at D ~0.8 R,;,.

By z=1, the covering fraction of all ions had dropped significantly in the outer
regions of the CGM. The covering fraction of C1v and OvI dropped below 20%
at D ~0.7 Ry; and D ~ 1.3 R,;, respectively. The covering fraction of HI never
dropped below 40%. The region of detectable Mgl had decreased significantly,

with the covering fraction dropping to zero beyond D=0.4 R,;,.

Motivated by the observation that the EW vs D evolution disappeared when
the impact parameter was reported in physical units, the Figure 4.9 was repeated

with the impact parameter measured in kpc in Figure 4.10. As expected the
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Fig. 4.9.— The covering fraction for each ion as a function of impact parameter
in units of R,;.. All ions showed similar evolution in their covering fractions with

the covering fraction dropping at fixed D/R,; with time. An EW cut of 0.1 A
was applied

majority of the redshift evolution found in Figure 4.9 was due to evolution in
R,ir. The covering fraction of Mgil had no redshift evolution. Any LOS with
detectable Mgi1 was located within 60 kpc of the galaxy as the covering fraction

was zero beyond D = 60 kpc.

The covering fraction of C1v and OVTI still showed some redshift evolution
with the non-modulated impact parameters. At a fixed D the covering fraction

of both ions dropped from z=4 to z=1 although not as much as with the modu-
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Fig. 4.10.— The covering fraction for each ion as a function of impact parameter
in units of kpc. The evolutionary trends found in Figure 4.9 were still found here
with the covering fraction at fixed D dropping over time. However the trend was
much less pronounced. The covering fraction of Mgir showed the least evolution

while O v1 showed the most evolution of the metal lines. An EW cut of 0.1 A was
applied.

lated impact parameter. For example, the covering fraction of C1v at D=40 kpc

dropped from ~90% to ~70% between z=4 and z=1.

The covering fraction of H1 showed little evolution between z=4 and z=2
but dropped noticeable at all impact parameters between z=2 and z=1. Beyond

D=40 kpc the HI covering fraction dropped by ~20%.
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4.3.3.  Phase

One of the key strengths of the MOCKSPEC code is its ability to identify which
gas cells along a LLOS are responsible for the detected absorption. The gas cells
intercepted by the LOS are removed from the generation of the synthetic spectrum
until the resulting spectrum’s EW is 5% smaller than the unaltered spectrum. The
resulting cells were identified as the as the significantly absorbing gas cells. In this
section the phase of the gas cells responsible for the detected absorption in each
halo for each ion are presented. Examining the phase of the absorbing gas cells
illustrates the type of gas each ion effectively probes and is helpful in determining
the dominate physical properties in the CGM such as the dominate ionization

mechanism for each ion.

The phase of the all gas cells in a typical simulation is shown in Figure 4.11.
To aid with the following discussion the phase diagram was split into four regions.
The coldest gas with T < 10*® K was predominately located within the galaxy
and was hence given the label of “ISM”. The temperature region between 103
K and 10*% K is a thermodynamically stable temperature region as cooling times
are long in this temperature range. Gas in this temperature region was given the
label of “Cool CGM”. Hot gas (T" > 10%° K) was split based on the density of the
gas. Hot gas with ny < 102 cm ™3 was classified as “Hot Diffuse CGM” and gas
with ng > 1072 cm 2 was classified as “Hot Dense CGM”. By mass the dominate

phase regions in the simulation was the Cool CGM and the Hot Diffuse CGM.

The phase of all gas cells that contributed significantly to detected H1 absorp-
tion features around the composite halo are shown in the top row of Figure 4.12.

Gas can generate detectable H1 absorption at nearly all available phases. The
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Fig. 4.11.— The phase diagram for all gas cells in VELA2b-25 at z=2. The color
of each bin corresponds to the total gas mass with the given phase. The diagram
was split into four regions for clarity in discussions. The simulations impose a
temperature ceiling of 108 K and floor of 300 K. The simulations do not impose a
density limit beyond the activation of star formation in dense regions.

only region of the full phase diagram missing in the H1 absorber phase diagrams

was the very hot, diffuse gas (T" > 10" K, ng < 107° cm™3).

The majority of the mass of gas generate H1 absorption lies in the Cool CGM.
In all simulations and across all snapshots a large concentration of H1 absorbing

gas was found here.

There were two notable transient features in the composite halo. The first

109



45

HI
Iog(T[K]a)’ .

~ N @ s o

EY

Mgll
log( T [K])

T S N

log (M, / M)

=)

civ
log( T [K])

N N S

EY

-8 6 -4 -2 0 2 -8 -6 -4 -2 0 2 -8 -6 -4 -2 0 2 -8 -6 -4 -2 0 2 4
log (ny7 [em™]) log (nz7 [em™]) log (ny7 [em™]) log (nyr [em™])

oY)
log(T [K])

N s o

Fig. 4.12.— The evolution of the phase of gas cells contributing to detected ab-
sorption for the composite halo. Each row is a different ion with redshift evolution

shown left to right. The color corresponds to the mass of the ions in each phase
bin.

occurred in the low density end of the Cool CGM. At high-z there was a small

3. The extension was

extension with at less than 10* K and less than 10* cm™
most prominent in the z=4 and z=2 snapshots. A small version of the extension
existed at z=3 but it was completely absent at z=1. The cool, diffuse part of the

phase diagram is indicative of cool inflows (see Chapter 5 for details), which are

stronger at higher redshift as seen here

The second phase evolution in the H1 absorbing cells was the increase in the

gas mass in the Hot Diffuse phase (T> 10*° K, nyg < 1072 cm™?) with time. The
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Hot Diffuse phase of the CGM is the preferred phase of outflowing gas generated

by stellar feedback as seen in the O VI phase below.

The phase diagrams for gas cells that were responsible for the detected Mgi1
absorption are shown in the second row of Figure 4.12. There is a notable dif-
ference between the Mgir phase diagrams and the H1 phase diagrams as the gas
responsible for the detected Mgl absorption was restricted to a smaller region
of the available phase space. Across all halos and time the majority of gas cells
generating MgIrI absorption resided in the dense Cool CGM and ISM. No gas cells

with ny < 1073 ecm™3 generate detectable MgIl absorption.

There was little trend in the MgIr absorbing phase space with redshift, sug-
gesting MgI1 absorption always probes the same type of gas regardless of where

or when the observing material lies.

The phase diagrams for gas cells that were responsible for the detected C1v
absorption are shown in the third row of Figure 4.12. The peak in the phase
distribution for all halos peak in the Cool CGM with densities between 107 -
1072 cm~3. However, gas in the ISM and both Hot phase regions were also able
to generate C1v absorption. There was a maximum temperature to all snapshots

of 10° K as no gas hotter than this contributed to detectable C1v absorption.

The phase diagrams for gas cells that were responsible for the detected O Vi1
absorption are shown in the bottom row of Figure 4.12. The strongest difference
between the O VI phase diagrams and the lower ions was the lack of any contri-
bution from the ISM phase. The coldest gas to contribute to OvI was T = 10*

K.

The phase distribution of O Vi absorbing gas was distributed between the Cool
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CGM and the Hot Diffuse CGM. The nature of the two peaks in the distribution
of gas phases for OVI absorbing cells gives insight into the underlying physics,
namely the dominate ionization mechanism for O vi. Collisionally ionizing oxygen
atoms into the OVI state requires temperatures of 10>° K and densities of 10~*
cm 3. Hotter gas will be pushed into higher ionization states such as O vil while
cooler gas will reach equilibrium in lower ionization states such as Ov. The
phase of the hot peak matches the requirements for collisionally ionized O V1. To
generate OVI in the cool peak requires the dominate ionization mechanism to be
photoionization. The dominate ionization mechanism for O V1 is a debated topic in
literature (Oppenheimer & Davé 2009; van de Voort & Schaye 2012; Oppenheimer
& Schaye 2013a; Heckman et al. 2002; Cen & Chisari 2011; Faerman et al. 2017)

and is discussed more in §4.4.2.

4.4. Discussion

4.4.1.  Fvolution of the CGM

A strength of the VELA simulation suite is the ability to study the evolution
of the CGM for halos with a different histories. The galaxies studied here evolved
in a variety of environments and experienced different merger histories. All the
galaxies were active star formers throughout the times studied with sSFR > 107!

yr~! at all times.

Observations have established relations between the star formation rate of
galaxies and the strength of various ion absorption features in the CGM of the
galaxy. Tumlinson et al. (2011) established a strong correlation between the col-

umn density of OVvI and the sSFR of the galaxy.
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A recurring theme in the analysis of the simulated CGM was the lack of
evolution in the spatial distribution of the metals detected in absorption. When
the trends of EW and C; were plotted against D the behavior across time changed
depending on the scaling of D. A standard way of normalizing the size of the
CGM for various galaxies with different masses is to divide D by the galaxy’s
Ryir (Nielsen et al. 2013a; Churchill et al. 2013). When the size of the simulated
halos were normalized with their R,;, the EW and C} profiles showed notable
redshift evolution. When D was instead presented in units of kpc, showing the
true physical extent of the CGM, most redshift trends disappeared, suggesting
the dominate source of the detected trends in EW and covering fraction with the

modulated impact parameter were due to the evolution in R,

The slight evolution in covering fraction shown in Figure 4.10 suggests the
CGM became more patchy with time. At a fixed impact parameter, a drop in
covering fraction over redshift means detections are less likely, but the constant
EW means the detections found would have the same strength. Taken together
suggests the CGM starts to break apart at low redshift, with gaps in absorbing

material forming.

The lack of significant redshift evolution is apparent in Figures 4.13 - 4.16
which show the location around the composite galaxy of all detections. The color
of each point denoted the strength of the absorption. The composition galaxy was
aligned to lie along the x-axis. The dotted black circle denotes the average R,

of the halos at the time point.

The method by which the LOS are generated lead to a few artifacts in the

plots. When the LOS were generated by MOCKSPEC the impact parameter was
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pulled from a uniform distribution ranging from 0-1.5 R,;.. Since each galaxy had
a different R,; the same LOS impact lead to slightly different impact parameters
when measured in kpc. Since the azimuthal angle o was generated using a constant

seed, the result was a radial pattern in the maps.

Additionally, since each galaxy had a different R,;., the true extent each
halo was probed with LOS was different. At z=2, two halos (VELA2b-21 and
VELA2b-22) were notably more massive than the rest resulting in their halos being
probed to a larger physical distance. The sphere like structure in the z=3 plot

was a result of two of the halos being probed to a larger distance than the rest.

The map of the distribution of H1 around the composite galaxy is shown
in Figure 4.13. From the covering fraction plots of Hr1 (Figure 4.9 and 4.10) H1
absorption was detected at all probed impact parameters, in agreement with the
EW map. As the halo evolves H1 was still detected at all distances with little

change to the distribution of equivalent widths.

The map of the distribution of MgIl around the composite galaxy is shown
in Figure 4.14. The distribution of EW(Mg11) with D showed that Mgl was not
detected beyond 40 kpc. At z=4, the mean maximum impact parameter used was
45 kpc resulting in the detected near uniform covering fraction. As the DM halo
grew larger impact parameters were probed, but the size of the CGM traced by
Mg11 absorption did not increase in size. Comparing the map of Mgir at z=1 and
z=4, the size is nearly the same. The distribution does evolve from a spherical
shape at high redshift to a flattened distribution aligned with the disk of the

galaxy. However the flattening was not statistically significant.

The map of the distribution of C1v around the composite galaxy is shown in
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Fig. 4.13.— The location and EW(HI) of all detections around all the composite
halo. The galaxy is aligned along the x-axis. The dotted circle denotes the average
Ry of the halos at that time step. The color of each point denotes the EW(H1) of
the detections. The ray-like patterns evident in z=2 and z=1 panels was a result
of how the LOS were generated.

Figure 4.15. The spatial extent of C1v was larger than that of Mg11, consistently
extending beyond the virial radius of the galaxy. It is likely C1v could be detected

beyond the probed distance at z=4.

Examining the evolution of the detection of C1v it appeared the density of
detections decreased with time. This is an artifact of how the LOS were generated.
With the impact parameter pulled from a uniform distribution between 0 - 1.5
R, the density of LOS in a square kpc of the projected CGM would decrease

as Ry grows. The paucity of detected in the z=1 halo as compared to the z=4
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Fig. 4.14.— The location and EW(Mg11) of all detections around all the composite
halo. The galaxy is aligned along the x-axis. The dotted circle denotes the average
Ry of the halos at that time step. The color of each point denotes the EW(Mg11)
of the detections

halo is due to a decreased sampling rate as the halo grew.

The map of the distribution of O V1 around the composite galaxy is shown in
Figure 4.16. OVI shared many of the same qualities as the C1v map such as the
extension beyond R,;. and the decrease density of detections as the halo grows.
OvI was detected at all impact parameters probed, suggesting the Ovi CGM

extends farther out.

The lack of evolution in the simulated CGM was a consequence of the growth
history of the galaxy. At the simplest levels, the presence of metals in the CGM is

a consequence of star formation and the resulting distribution of metal enriched
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Fig. 4.15.— The location and EW(C1v) of all detections around all the composite
halo. The galaxy is aligned along the x-axis. The dotted circle denotes the average
Ry of the halos at that time step. The color of each point denotes the EW(C1v)
of the detections

gas via stellar feedback out into the halo. The galaxies in the VELA2b suite formed
90% of their stars before z=4 on average and had accreted 95% of their z=1 virial
mass by z=4. The halos were fully established before the cosmic epoch over
which they were studied. As the galaxies only formed 10% of their final stellar
mass during the cosmic time range studied here, it was not surprising the CGM

of the galaxies did not change significantly in spatial extent or phase.

The size of the observable CGM was calculated by measuring the impact
parameter that encompasses 90% of all detections for each ion, named Dgy. This

limiting impact parameter was calculated twice with differing EW cuts. Initially
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Fig. 4.16.— The location and EW (O V1) of all detections around all the composite
halo. The galaxy is aligned along the x-axis. The dotted circle denotes the average
Ry of the halos at that time step. The color of each point denotes the EW(Ov1)
of the detections

the only EW cut was the effective EW cut imposed by the noise in the spectrum
(Dy). Then a typical observational EW cut of 0.1 A was applied to emulate
what an observer would detect (Dg'). A common EW delimiter to separate
“weak” absorbers from “strong” absorbers is 0.3 A (e.g. Nielsen et al. 2013b), was
also calculated (D). The last cut applied was 1.0 A which only selected the
strongest absorbers. The evolution of these properties for the composite halo for

all snapshots is shown in Figure 4.17.

The size of the H1 halo expanded as the halo grew, a result of the increased

maximum impact parameter used in MOCKSPEC. When only the strongest H1 ab-
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sorbers were used (Dgy) the size of the HI CGM did not evolve staying at ~30

kpc.

Conversely, the Mg halo never increased past D9y ~20 kpc or Dg, ~ 30
kpc. The strongest Mgii absorbers were found only within ~5 kpc, well within
the range of ISM.

The C1v CGM extended roughly as far as the Ht CGM, but the outer regions
were too weak to be detectable in most observations. With the observational limit
applied the C1v CGM grew with time but at a decelerating rate. It appeared to
be plateau at DYyl ~ 75 kpc at z=2.5. The stronger the EW cut applied the less

evolution was found for the size of the CGM traced by C1v.

The O vt halo grew constantly and did not appear to plateau but the observ-
able O V1 size did begin to plateau by z=1 at ~80 kpc. It is important to note the
increase in Dgg for H1, C1v, and O VI was tied to the increase in the space probed

by LOS due to the increase in the simulation size with time.

The apparent size evolution of the CGM as traced by Hi, Civ, and OvI
cannot be directly interpreted as an increase in the size of the actual CGM. The
spatial extent of the CGM as determined by observations from MOCKSPEC is limited
to the size of the simulation box used, which is dependent on the halo’s virial
radius which increases with time. Suppose the true spatial extent of the Civ
CGM including the weakest observable detections (DJ;') is beyond the edges of
the simulation box and is constant with time. As the galaxy halo grows and the
size of the space probed by MOCKSPEC increases, the size of the C1v would increase
as well. Eventually the box size would overtake the boundaries of the observable

C1v halo and MOCKSPEC would detect the edge. The resulting evolution of Dy
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would be an increase with time until a turnover point, beyond which the size of
the halo would not increase. This trend is similar to the trend found for the size
of the weak H1, C1v, and OvI halos. When only the strongest absorbers were

used (Dgy) the size of the halos for all ions did not evolve with time.

The size of the O VT halo traced by strong absorbers (DJ:#) did show small evo-
lution, increasing from ~10 kpc to ~40 kpc over the duration of the simulations.

The increased OvI halo was a result of the constant star formation.

In Pallottini et al. (2014) the CGM of high-z galaxies were examined to
determine the evolution of the EW of Hi. The EW was calculated from the column
density of H1 pulled directly from projections of the simulations. They found the
EW vs D profile of H1 does not evolve between z=4 and z=2, in agreement with

the results presented here.

The lack of evolution of the CGM has been noted in a few observational stud-
ies. Most notably, Chen (2012) compared the z ~ 2.2 CGM to the z ~ 0 CGM
by examining how the EW profile of Ly«a, Mgii, and C1v changed and found the
spatial extent and the mean EW did not significantly change over this time. The
observational results agree with the work done here despite the differing redshift
regime. Taken together, the results suggest the CGM of large galaxies are built
up before z=4 and do not evolve significantly thereafter. Studies of the evolution
of the strength of MgIr observations over large redshift ranges support a constant
CGM. Matejek & Simcoe (2012), for example, studied the strength of MgI1 ab-
sorbers with 1.9 < z < 6.3 and found no significant evolution. They concluded
the MgiI1 in halos of galaxies must be generated before z=6, in agreement with

the results here.
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Fig. 4.17.— The evolution of the physical size of the CGM in the composite
VELA as is measured with D§it, the impact parameter that encompasses 90% of
detections with an EW> cut. For each ion four cuts are shown. The black lines are
Dy with no additional EW cut applied, the blue lines show a typical observational
limit of 0.1 A, the green lines applied a cut of 0.3 A, a typical delineation between
“weak” and “strong” absorbers and the red lines only the strongest absorbers with
a cut of 1.0 A. When all detected absorbers are included, the CGM traced by HI,
C1v, and OVI seem to increase in size with time but this is a consequence of the
size of the probed CGM increasing with time as the galaxy grows. As weaker
absorption features were cut from the sample by increasing the EW cut, the size
of the detected halo decreases at all redshifts. With the strictest cuts, the size of
the halo for all ions does not increase with time. The MgI1 halo size did not grow
independent of the EW cut.

4.4.2.  OVI lonization Mechanism

Several studies of the O VI absorption in the CGM of galaxies have revealed

a great deal about the nature of the absorbing materials. The COS-Halos study
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initial results described how the amount of O vI detected in absorption at z ~ 0.25
as measured by it column density (N¢y;) is strongly correlated with the specific
star formation rate of the galaxy (Tumlinson et al. 2011). Passive galaxies (sSFR <
1071 yr=1) tended to have low column density absorbers or column densities below
the detection limit. Ionization modeling of the absorbers put lower limits on the
mass of OVI in the galaxy revealing the CGM hosts as much mass in metals as in

the ISM (Peeples et al. 2014).

While the amount of O VI in halos is well-studied, the nature of the absorbers
is relatively unknown. If O VI is collisionally ionized the absorbers would be large,
hot, and diffuse structures, such as a hot ambient halo component (Cen & Chisari
2011; Smith et al. 2011; Faerman et al. 2017). If instead the O vi absorbing gas was
photoionized then it could reside in a colder and denser structure (Oppenheimer
& Davé 2009). The cold structures could be tracing cold accretion (Keres et al.
2005; van de Voort & Schaye 2012) or the enhanced local radiation field produced
by recent star formation. Understanding the ionization mechanism of O VI is vital
to correctly constraining the mass and physical sizes of the gas responsible for the

absorption.

The two dominant ionization mechanisms for O VI, collisional ionization and
photoionization, have two distinct distributions on the phase diagram. Collision-
ally ionized OVT peaks at 10> K and 10~* ¢cm™3(Sutherland & Dopita 1993).
Photoionization dominates in colder gas and is most commonly found at 10* K
(Bergeron et al. 1994; Oppenheimer & Davé 2009). By taking advantage of the
distinct phase differences of the two ionization mechanisms the ionization method
of the detected OVI in the VELA simulations were studied. In the phase diagrams

presented in §4.3.3 the O VI absorbing gas were often concentrated in two regions,
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namely the Cool CGM and the Hot Diffuse CGM. The temperatures and densities
of these phase regions suggests the gas in the Cool CGM was photoionized while
the gas in the Hot Diffuse CGM was collisionally ionized. The Cool CGM peak

was present in every snapshot while the hot peak was more transient.

To explore the cause of the presence of the hot peak the fraction of gas mass
contributing to detected O VI in the Hot Diffuse CGM phase and the Cool CGM
phase relative to the total gas mass (fro and fooe respectively) was compared to
multiple galaxy properties such as M,;., M, SFR, sSFR, and the number of high
mass satellites (Mgq:/Mpost > 0.1). The majority of OvI absorbing cells resided
in these two phases (fgot + fcoor = 1) so the comparisons between fo,, would

be redundant.

The strongest correlation was between the fraction of OvI mass in the Hot
Diffuse CGM phase and the galaxy’s sSFR, with a Kendall’s 7 of 0.46 (8.40). The
correlation is shown in Figure 4.18. The correlation between fy,; and the SFR of
the galaxy was only r = 0.29, suggesting the dominant ionization mechanism for
observed OVI depends on both the galaxy’s SFR and stellar mass. The VELA2b
simulations had relatively constant SFR. Since the stellar mass continuously grew
the sSFR decreased with time, causing the observed decrease in the size of the

hot peak in the O VI phase diagrams.

The correlation between the presence of the Hot Diffuse CGM and the current
sSFR suggests collisionally ionized O VI is causally connected to winds from stellar
feedback. The constant presence of the Cool CGM suggests the photoionized gas
arises from a persistent feature in the simulations. Previous works have suggested

photoionized O vi may arise from cold flows (Keres et al. 2005; Dekel et al. 2009;
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Fig. 4.18.— Behavior of the size of the Hot Diffuse phase of gas generating
detectable OVI. Left: The mass of absorbing cells in the Cold CGM phase and
the Hot Diffuse CGM phase over redshift. The total mass in both phases decrease
with time. As the halos evolve the relative importance of the Hot Diffuse CGM
phase decreased as the mass of the Cool CGM overtook it. The values were
averaged over all halos at each redshift. Right: The relation between the fraction
of the mass in the Hot Diffuse CGM phase to the sSFR of the galaxy. Each
snapshot of each halo was plotted as an independent point. The properties were
correlated with 7 = 0.46 at the 8.40 level.

van de Voort & Schaye 2012) or from gas near the galaxy being ionized from young
stars (Oppenheimer & Schaye 2013b; Suresh et al. 2017). The MOCKSPEC ionization
correct does not take into account the local radiation field from stars leaving the
possibility of photoionized OvI tracing cold flows. Cold flows are predicted to
be a prominent feature in the halos of high redshift galaxies, supporting this

interpretation (Dekel et al. 2009).

For observations of the O vi CGM the mix of ionization methods could cause
complications with modeling. The likelihood of a complication depends on how
likely a given LOS with O VI absorption is a result of both photoionized gas and
collisionally ionized gas. To determine this likelihood each LOS that detected O vI
in any VELA snapshot was classified as either a collisional LOS or a photo LOS

based on the median temperature of the gas cells that generated the absorption
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(T < 10*® K is photo).

In Figure 4.19 the evolution of the ionization classification of LOS is pre-
sented. For each snapshot the fraction of LOS with detectable OvI absorption
that were classified as being dominated by collisional ionization was calculated.
At high redshift, roughly 90% of the LOS were dominated by collisional ioniza-
tion. The fraction remained relatively constant until ~ z = 3 when it started to

decrease. By z=1 the fraction had dropped to ~65%.
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Fig. 4.19.— The evolution of the fraction of LOS through all VELA with detectable
OV1 absorption that are dominated by collisionally ionization. The fraction de-
creases with time, but remains above 65%.

Figure 4.19 only examined the dominate ionization mechanism of each LOS.
In Figure 4.20 the fraction of cells along the LOS that have the same class as the

LOS are shown as a function of redshift. This plot demonstrates the “purity” of
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the cells responsible for the detected OvI for a LOS. The solid line denotes the
mean value across all LOS with detectable O vi absorption and the shaded regions
denote the 1o variations. The fraction of cells along a collisionally ionized LOS
that contributed to the OVI absorption that are collisionally ionized remained
constant with time at ~80%. For photoionized LOS, the fraction of cells that
were photoionized was lower at ~60% at high-z and ~70% at low-z. While it is
likely to detect absorption due to purely collisionally ionized OV1, it is unlikely

to detect absorption due to purely photoionized O VI in this redshift regime.
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Fig. 4.20.— The fraction of cells whose ionization mechanism classification agrees
with the classification of the LOS. The solid line denotes the mean value across
all LOS with detectable OvI1 absorption and the shaded regions denote the 1o
variations. As the halo evolves the accuracy of the classification of collisionally
ionized LOS remains constant at ~80% while the accuracy of the classification
of photoionized LOS increases. For a given LOS with OvI absorption, if the
median temperature of the gas cells responsible for the absorption is > 10*°
K it is likely nearly all the cells are dominated by collisional ionization. If the
median temperature is < 104.5 K, then it is likely a significant number of the cells
contributing to the absorption feature are not dominated by photoionization until
lower redshifts.
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The domination of collisionally ionized O VI in absorption studies contrasts
with recent work by Rahmati et al. (2016) studying the dominate ionization meth-
ods of highly ionized metals in the Evolution and Assembly of Galaxies and their
Environments (EAGLE) simulations. They found the majority of OvI absorbers
were photoionized at z=3, with only 20% at most being collisionally ionized.
They also found the reverse trend with redshift, finding the importance of colli-
sional ionization increasing with time. The discrepancy could be the result of any
of the differences between the two studies. It was shown in Figure 4.18 that the
importance of collisionally ionized O VI depends on the galaxy’s sSFR. Since the
entire VELA sample has high sSFRs, collisional ionization would be important in
all detected absorbers. The EAGLE simulations included both passive and active
star forming galaxies which would increase the typical role photoionization has on
Ovr1 absorbing gas. The second major difference is the method used. Rahmati
et al. (2016) generated projection maps of their galaxy halos to determine column
densities while this study generated mock observations of the halos in absorption.
To determine the relative importance of each ionization mechanism they compared
the temperature of all gas O VI gas cells along the projection axis without testing if
the gas would actually contribute to detected absorption resulting in conclusions
that would not necessarily be useful to explaining observations. By only exam-
ining the properties of gas that are responsible for detectable absorption features

the work presented here is directly applicable to interpreting observations.

4.4.3.  Comparison with Observations

Studying the simulated CGM is a useful method to learn how the spatial

and kinematic distributions of gas manifest themselves in the observational data.
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However, the interpretations reach their maximum usefulness when the mock ob-
servations match real observations. Unfortunately the number of observations of
the high-z CGM is small. The majority of studies focus on galaxies with z < 1

which the VELA simulations did not reach.

Steidel et al. (2010) studied the CGM around galaxies between z=2-3 provid-
ing one of the few data sets of a comparable samples for the work presented here.
The data set consisted of 89 galaxies at < z >=2.2 and presented measurements
of H1 and C1v as a function of D for comparison. The results from the composite
VELA halo between z=2-3 are shown in Figure 4.21 which shows the detected ab-
sorption in the simulations both as the full set of data points and the binned in
the same bins as Steidel et al. (2010). The simulated H1 absorption features were
weaker than the observed features by ~0.5 dex outside of D ~10 kpc. In the inner
regions the simulations detected much larger H1 absorption features which is likely
due to the orientation of the galaxies. Within D = 10 kpc the LOS were directly
probing the ISM of the galaxy, which was oriented edge-on, the orientation with
the largest possible column density of gas in the ISM. The galaxies in Steidel et al.
(2010) did not have a selected orientation and thus likely did not pass through
as thick of an ISM as the VELA sample. The simulations failed to generate strong
enough C1v absorption to match observations, with the mock absorption features
having a weaker equivalent width by ~1 dex in the outer CGM. The simulations
matched observations in the ISM, but the strength of the mock C1v should have
been stronger than the observed for the same reason the mock H1 was stronger
than the observations. Overall the VELA simulations did not generate a realistic

CGM at < z >=2.2.

As discussed in §4.4.1 the structure of the simulated CGM did not evolve
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Fig. 4.21.— A comparison between the VELA composite halo between z=2-3 and
the observations from Steidel et al. (2010) for H1 (left) and C1v (right). The cyan
points are the full mock observations of the VELA halo. The black points are the
observational results. The blue points are the geometric mean of the VELA results
with the same impact parameter binning as the observational results. Outside of
the inner regions the VELA underpredict the strength of H1 and C1v absorption.

significantly from z=4 to z=1. With the assumption that the lack of evolution
continues to z=0, the VELA CGM can be compared to observations at lower red-

shifts.

One of the largest low-z surveys of the CGM was the COS-Halos survey
(Tumlinson et al. 2013) which used the Cosmic Origins Spectrograph on HST to
observed the metal absorption of the CGM around 44 galaxies with 0.15< z <0.35.
Despite the difference in redshift the COS-Halos galaxies match the VELA galaxies
in stellar mass and SFR making the comparison reasonable. To compare the
mock CGM to the observed CGM the covering fractions of H1, Mgir, and OvI
were compared. Since the simulations did not reach the redshift regime of the
observed galaxies, only snapshots with z < 1.2 were used. A uniform equivalent
width cut of 0.1 A was applied to match the sensitivity cut of the COS-Halos

survey. The resulting covering fractions are shown in Table 4.2.
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The COS-Halos covering fractions were divided into two regions: the inner
CGM (D < 75 kpc) and outer CGM (D > 75 kpc). For all ions presented
in both spatial regions, the VELA simulations did not produce covering fractions
as high as measured by the COS-Halos survey. A significant reason for the low
covering fraction in the simulation was the application of an equivalent width cut.
The VELA simulations produced metal-line absorption in the extended CGM but

with small equivalent widths (EW < 0.1 A),

In order to match the observations, the VELA simulations would need to in-
crease the metal content of the CGM in the ~ 5.4 Gyr between the end of the
VELA simulation and the epoch of the COS-Halos observations. The possibility
of enriching the CGM to match observations is not likely as the typical star for-
mation rate of massive galaxies declines after z=1, leading to fewer metals being
pushed into the CGM. Additionally, the ionizing radiation of the UVB decreases
by roughly an order of magnitude in this time frame, making high ionization

species such as C1v less favorable as well.

Alternatively the size of the absorbing structure could increase at lower red-
shift, creating a longer path length of the LOS. The longer path length would
increase the strength of the absorption and has the potential to increase the de-

tection rate of weak absorbing systems. However, the spatial extent of absorbing

Table 4.2.  Comparison of C'; between VELA and COS-Halos samples

Ton Cf7V (D <75 kpC) Cf,CH (D <75 kpC) Cf’V (D > 75 kpC) Cf,CH (D > 75 kpC)

HI 0.74940.002 0.96040.040 0.384+0.003 0.970+0.030
Mgll 0.166+0.002 0.810+0.110 0.002£0.000 0.43040.130
OVI 0.59240.002 0.96040.040 0.094£0.002 0.82040.100
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systems as parameterized by Dgy in Figure 4.17 began to plateau for all ions at

low redshift, suggesting a future path length increase is unlikely.

The last low-z observational data set the VELA results were compared to was
the MAGIICAT sample (Nielsen et al. 2013b) which compiled observations of Mg11
absorption around galaxies with 0.3< z <1. Within the VELA simulations the dis-
tribution of Mg1r showed the least amount of evolution suggesting the MAGICAT
results should agree with the simulations. The comparison of the strength of Mg11
absorption as a function of impact parameter between MAGIICAT and VELA galax-

ies is shown in Figure 4.22.

Of the observational datasets used in this study, the MAGIICAT sample best
matched the VELA sample. The most notable discrepancy between the samples
was the lack of strong (EW>1 A) absorbers in the VELA sample. The lack of strong
Mgi1r absorbers in the simulations could be a result of the ionization correction
performed in the MOCKSPEC code. While calculating the ionization correction of
each gas cell it was assumed that all gas is optically thin. Strong Mgi1 absorbers
are likely to arise in gas that is optically thick to ionizing radiation, implying
the optically thin assumption would lead to weaker MgIr absorbers, as seen here.

Overall the Mgi11 absorption in the VELA simulations was in agreement with the

MAGUCAT sample.

4.5. Conclusions

In this chapter the CGM of massive galaxies were studied using the MOCKSPEC
code as the galaxies evolved from z=4 to z=1. The galaxies were all active star

forming galaxies (sSFR> 107!') and generated strong, metal-rich halos. The
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Fig. 4.22.— The unbinned MgI1 absorption in the VELA simulations plotted with
the MAGIICAT simulations. While there was notable overlap between the two

samples. The largest discrepancy was the lack of strong (EW>1 A) absorption in
the D=25-100 kpc range in the VELA sample.

behavior of observed absorption properties such as EW and Cy with D were
explored as well as the phase of the gas cells responsible for the detected. The

conclusions were as follows:

e The strength of absorption as a function of impact parameter does not sig-
nificantly evolve with time. The covering fraction of Hi, C1v, and OvI

decrease slightly over time, suggesting a fragmenting CGM.
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e Absorption from HI could be detected to large impact parameters, beyond
the boundaries of the CGM taken as the virial radius. MgIIl was restricted
to LOS with D <30 kpc. C1v could be found out to 60 kpc and OVI out
to 80 kpc with observational limits. Weak C1v and O V1 absorption features

below most survey detection limits could be found at all impact parameters.

e The most temporal feature of the CGM was the dominant ionization mecha-
nism for OvI. The fraction of O V1 that is collisionally ionized was correlated

with the galaxy’s sSFR.

e The dominant ionization mechanism for gas cells responsible for O vI absorb-
ing was collisional ionization, responsible for 90% of detected O vI absorption
at z=4. The dominance of collisional ionization drops with time as the sSFR

of the galaxy drops, reaching a low of 65% at z=1.

e The EW profile with impact parameter of Hi and C1v in the VELA simu-
lations did not match observations at < z >=2.2. A projection of the HI,
Mgr1i, and OVI covering fraction to z=0.2 assuming no evolution did not
match the results of the COS-Halos survey. The projection of the EW of

Mg11 profile to low-z did agree with the results of MAGIICAT.

The conclusions presented here were limited by the sample size of the VELA
simulation suite. There are few observations of the CGM of high-z surveys, limit-
ing the ability to test the accuracy of the simulations. In the coming years, surveys
utilizing integral field spectrometers (IFUs) such as the Multi Unit Spectroscopic

Explorer (MUSE) will be able to fill the gap in the observations at high-z.
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Additional limitations were generated when the VELA simulation suite failed to
create passive galaxies. Many properties of the CGM are correlated with the SFR
and sSFR of the galaxy and the lack of diversity in the sSFR of the VELA galaxies
limits the diversity of gaseous halos to study. To further verify the results of this
study would require a larger sample of more diverse galaxies that have reached

low redshift.

When the VELA CGM was compared to the observed CGM from multiple
studies at various redshifts, the simulations generally failed to create absorption
features strong enough to be consistent with the observations. A likely cause
of the weak features was a lack of metals in the simulations relative to observa-
tions. To bring the simulations into agreement with observations, the ability of
stellar feedback to transport metals into the CGM should be increased through

strengthening the energy output of the feedback.
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5. EVOLUTION OF COSMOLOGICAL FILAMENTS

5.1. Introduction

As galaxies grow and form stars they consume their supply of gas. Gas
consumption timescales are relatively short (~15% Hubble time scale Daddi et al.
(2010); Genzel et al. (2010)). In order for galaxies to maintain their observed star
formation rate, galaxies require a sustained supply of gas. The gas can come from
IGM accretion, mergers or recycled outflows. Above z > 1, galaxies received most
of their gas from merging satellites and accretion from the IGM. Both sources tend
to bring material along the dark matter (DM) filaments composing the cosmic web
(Katz & White 1993; Katz et al. 1993; Bertschinger & Jain 1994; Katz et al. 1994;
Bond et al. 1996; Shen et al. 2006; Harford et al. 2008), however the amount of
gas contributed by filamentary inflows exceed that from mergers by an order of

magnitude (L’Huillier et al. 2012).

As filamentary material merges into a galaxy it encounters the pre-existing
halo gas, where it gets shock heated to the virial temperature (7;.) of the halo.
For massive galaxies (M,;, > 102 M), T, is high enough to set the gas cool-
ing timescale to several Gyr (Birnboim & Dekel 2003; Keres et al. 2005, 2009;
Dekel & Birnboim 2006; Ocvirk et al. 2008; Brooks et al. 2009; Stewart et al.
2011). The gas must cool before it can condense onto the galaxy and fuel star
formation. The long cooling time for the shock-heated gas (~ several Gyr) means
the gas disperses into the halo, eventually reaching the galaxy through relatively
smooth deposition. This form of accretion is known as “hot-mode” accretion and

is relatively inefficient.

However for smaller galaxies, T,;. is low enough that the cooling time is
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smaller than the dynamical time. The gas will cool quickly, allowing it to efficiently
accrete onto the galaxy “cold-mode” accretion. Since galaxies grow with time,
cold-mode dominates in the early universe (z > 1) with hot-mode becoming more
common in the more recent universe. Galaxies that reside in halos with M, <

10'2 M, are dominated by cold-mode accretion at all times.

Understanding gaseous filaments and their properties are key to understand-
ing the role of cold mode accretion in galaxy evolution, especially in the high-z
universe. However, they are very difficult to study observationally due to their
diffuse nature (Faucher-Giguere & Keres 2011), but there has been some recent
success. For example, Crighton et al. (2013) found a metal-poor absorber around
a star-forming galaxy at z = 2.44 in the spectrum of a background quasar whose
kinematic and phase properties matched what would be expected from cold-mode
accretion. Systems like these are rare to observe, suggesting simulations are thus
key to understanding the nature of cosmological filaments. There have been sev-

eral studies to meet this challenge.

In Powell et al. (2011), they examined the physical structures that feed galax-
ies at very high redshift. Using high-resolution simulations, they determined the
physical properties of filaments at z = 9. Their goal was to determine the ex-
tent to which supernova feedback affects the filaments. Incoming gas leads to
star formation, which leads to stellar feedback in the form of supernovae. This
feedback is very efficient at regulating star formation, but they found has little
effect on the filament. They defined the filaments as all gas with 7' < 2 x 10* K
and 0.1 < ng < 10 ecm~3, showing that at high-z the filaments can be uniquely

identified purely by their phase.
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Ceverino et al. (2016) examined the relation between material merging into
a galaxy from galaxy filaments in simulations to star forming clumps in the disc.
They determined that low metallicity Ha-bright clumps are due to pristine accre-

tion from cosmological inflows.

van de Voort & Schaye (2012) examined the connection between star forma-
tion rates in galaxies to the modes of gas accretion. They found the cosmological
star formation decline at z = 2 is due to a decline of cold-mode accretion as the
dominant source of material for galaxies. AGN feedback is a vital part of the shift

from cold-mode accretion to hot-mode accretion.

Filamentary inflows bring in gas directly from the IGM and thus tend to be
very metal poor. Typical mean metallicities are on the order of 1072 and 1073
Z, which arise from a large spread of very metal poor gas (pristine material) and
metal pollution from small galaxies embedded in the filament (Fumagalli et al.

2011; Shen et al. 2012; Brook et al. 2012).

In this chapter the evolution of the gas contained in a cosmological filament
was studied. Using a massive galaxy from the VELA cosmological simulation suite,
the structure and kinematics of gas selected purely by phase and its response
to the hot winds generated by a star formation burst after a merger event were
examined. The importance of filament-fed growth of a galaxy as its halo outgrew

the filament was addressed.

5.2. Simulations

The study presented here used a zoom-in simulation from the VELA simulation

suite (Ceverino et al. 2014; Zolotov et al. 2015). The parameters of the VELA suite
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were addressed in §2.2.3. The galaxy studied here was designated as VELA2b-27.

A brief overview of the simulation is given here.

The simulations were perform with the AMR code ART (Kravtsov et al. 1997;
Kravtsov 2003). The code included many relevant physical processes for star for-
mation and galaxy evolution, such as gas cooling by atomic hydrogen and helium,

metal and molecular hydrogen cooling, photoionization heating by a cosmological

UV background.

In addition to the basic physics included in ARTsimulations, this model also
used a prescription to describe radiation pressure from stars which added pressure
to the cells containing young stars (under 5 Myr) and high gas content (N > 10%

cm™?).

The VELA simulations used minimum dark matter particle mass of 8.3 x 10*

My and minimum stellar particle mass of 10° M. The spatial resolution was

17-35 pc.

The galaxy had a relatively quiet merger history with the exception of a major
merger at z = 2.13 with a mass ratio (Mser/Mpest) of ~0.5. The merger created
a spike in star formation, raising the nominal SFR from 2-3 M, yr~! to a peak

of 25 Mg, yr~! as shown in Figure 5.1. The star formation was maintained by an

Table 5.1. Initial and final properties of the galaxy

Propriety Initial Value  Final Value
Redshift 4.00 1.04
Rvir [kpc] 26.8 119.4
Mvir [Mg] 7.80 x 1019 4.01, x 10!
Mstar [Mg)] 1.73 x 10°  2.02 x 100
SFR [Mg yr—1] 3.8 2.2 Mg yr—!
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influx of pristine material from the filament and a constant rate of minor mergers.
The increasing M, means the sSFR of the galaxy is constantly decreasing, but
remains above 1071° yr~! throughout the simulation. The quiet history of the
galaxy removed the influence mergers might have in the establishment of the
gaseous filament. The major merger and resulting starburst allowed for the study

of the fragility of the filament.

SFR [M,, yr—']

10 -~

0 | | 11
4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5

Redshift

Fig. 5.1.— Star formation rate of the galaxy averaged over roughly 100 Myr bins.
The galaxy had a consistent SFR of ~ 3 — 4 My yr~! outside of the starburst
event, when the SFR reaches a peak of 25 Mg yr~!. The dashed vertical lines
denote the different epochs. The merger occurred during 2.1 < z < 2.5 and the
starburst epoch was defined as 2.1 < z < 1.9.

Utilizing the merger and starburst four epochs were defined in the history
of VELA2b-27, summarized in Table 5.2. The formation epoch lasted from the
start of the simulation at z=4 until the satellite responsible for the major merger

entered the simulation box at z=2.57. The merger epoch was defined as the time
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from when the major satellite entered the simulation volume until it merged with
the galaxy at 2=2.13. The starburst epoch followed, defined by the increase in
the galaxy’s star formation rate until it returned to pre-merger rates at z=1.86.
The final epoch, the relaxation epoch, was started when the starburst ended and

lasted until the end of the simulation at z=1.

5.3. Inflow Selection

The primary issue with this work is selecting out the filament material. Since
our aim is to characterize the filament, the selection criteria cannot include phys-
ical parameters such as the spatial location of possible underlying DM filaments.
We restrict the selection of the material to the gas’s temperature and density. To
guide this section, we used the phase diagram of gas in the simulation showed
in Figure 5.2. The most prominent feature is the scarcity of metals in the lower
left of diagram. This material exists in a region with 103° < T'" < 10*° K and

107%° < ny < 1072 cm 3.

When gas only within this phase is selected, we see a clear filamentary struc-
ture flowing into the galaxy. The median temperature was constant at 10** K
throughout the duration of the simulation. The median density of the gas in

the filamentary selection did evolve and is shown in Figure 5.3. To describe

Table 5.2. Epochs in the Galaxy’s Evolution

Epoch Starting Redshift = Ending Redshift  Description

Formation 4.00 2.57 Filament forms

Merger 2.57 2.13 Major merger occurs
Starburst 2.13 1.86 Peak in star formation rate
Relaxation 1.86 1.00 Return to quiescent state
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the evolution the phase selection was split into three regions. Dense gas had
ng = 10725 — 10735 cm~3, mid gas had nyg = 1073% — 10~*® cm~2, and diffuse

gas had ny = 1075 — 107%% cm 3,

Previous studies of filaments from simulations typically use the dark matter
distribution to select out the material. Using the gas properties is beneficial since
it is an actual observable, and is the material responsible for the star formation
that describes galaxy evolution. Selecting a particular gas phase can be achieved

with using quasar absorption lines of select ions.

5.4. General Filament Properties

This section details the general properties of the filamentary gas including

passive evolution and time-averaged properties.

5.4.1. Structure

Filaments are a diffuse structure with no clear boundaries. The radius of the
filament was defined as the distance from the center of the filament that enclosed
90% of the filament’s mass. The size of the filament depended on the density cut

used, as shown in Figure 5.4.

Measuring the size of the filament in proper kiloparsecs (pkpc) revealed the
structure of the filament with time. Higher density gas resided only in the core
of the filament, with a rgq of approximately 50 kpc for all snapshots. The inner
core of the filament did not change in size with time. The outer regions of the
filament were traced by the lower density gas and had larger rgq at all times. The

difference between rg, for the high density gas and the low density gas grew with
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Fig. 5.2.— Phase of gas around the simulation at z = 4 (top) and z = 1
(bottom), with each bin colored by the minimum metallicity of the gas with that
phase. The lowest metallicity gas, presumably associated with “pristine” inflowing
material, was predominately located in the lower left corner of the phase diagram,

indicated by a box. From these diagrams, it is clear there was notable evolution
in this region.

time, reaching a peak difference of ~150 pkpc at z = 1.5. At this point, the low

density gas extended 240 kpc from the center of the filament.
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Fig. 5.3.— The median density of the filamentary gas as a function of time. The
median density started in the dense selection, but transitioned to the mid density
after the merger begins (first vertical line). After the end of the starburst epoch
(last vertical line), the median density started to rise again, before dropping after
the system recovered from the starburst.

If r9g was instead measured in units of R,;., the evolution took a different
shape. High density gas still had a smaller r9y than lower density gas. For high
density gas, rgo decreased at a roughly constant rate until z = 2.0, when it leveled
off at 0.5 R,;.. Since the size of this gas in pkpc is constant, the decrease was due
to the galaxy’s growing virial radius. The low density gas remained at constant

distance of 2.75-3.00 R,;. until z = 1.5. At this point rgy dropped quickly.

In Figure 5.4 the size of the filament was averaged over the entire length of
the filament. When discussing the physical coherency of the filament, it was useful
to look at the evolution of the radius of filament as a function of distance from the
galaxy. If the filament’s structure was independent of the galaxy and its behavior,

then its size would be consistent along its length. The size of the filament along
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Fig. 5.4.— The physical size of the filament as a function of density cut used and
time in (a) pkpc and (b) virial radius.

its length as measured by 79y is shown by the shaded are in Figure 5.4.

It was immediately apparent that diffuse gas extended farther out than high

density gas across all time, confirming that the general trend shown in Figure 5.4
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held throughout the entire length of the filament. The dense gas did not show any
significant trend along the length of the filament. The only changes in rqy for the
dense gas was a small evolution. This evolution occurred simultaneously along
all parts of the filament, suggesting it is a passive evolution as there are not any
astrophysical events that could force a uniform change across the entire length of

the filament.

Diffuse gas showed similar behavior. There were only slight changes along the

length of the filament and the changes were dominated by a temporal evolution.

The mid density gas did show significant trends along the filament. Initially,
the mid density gas structure was thicker when close to the galaxy. The disparity
in thickness as a function of proximity to the galaxy disappeared as the structure
evolved. By z =~ 2 the mid-density filament achieved a uniform size along its

length, a trait it kept until z=1 when the simulation ended.

On average the filament contained 10%° M, of gas. The amount of gas fluc-
tuated over time but never by more than a factor of 2.5. Since the length of the
filament was restricted to the length of the box and thus tied to R,;., as time
progress the filament included more material. Between the start and end of the
simulation, R,;. increased by a factor of 4.5, leading to a naive estimation of a
~4.5 increase in mass in the filament assuming no density evolution. The actual
variation of 2.5 implied the density of the filament must have decreased over time,

as seen in Figure 5.3.

The phase shift of the filament was also reflected in the mass distribution
between the different phase selections, shown in Figure 5.5, Early in the history of

the filament the majority of the mass was contained in the dense gas. By z ~ 2.5
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the majority of the mass resided in the mid density gas. The diffuse gas was an

insignificant portion of the filament by mass until z ~ 1.25.
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Fig. 5.5.— The total mass of gas contained within the filament across all density
cuts. While the mass of the filament fluctuates with time with response to various
environmental effects, the overall change is small (less than a factor of two)

5.4.2.  Kinematics

In §5.4.1 the spatial distribution of the gas was shown to not be strongly
dependent on the density cut used. This was not the case for the kinematics of
the gas which depended more on the temperature selection used. Similarly to
the density selections used in the previous sections, the temperature range was
divided into three sections. Gas with temperatures between 10*® K and 10*° K
was labeled as “cool”, “warm” gas resided between 10*% K and 10°® K, and “hot”

gas resided between 10°>° K and 10%° K.
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Combined with the density regimes used previously, the temperature regimes
form nine phase cuts. Table 5.3 shows the fraction of gas cells in each phase
cut averaged over all snapshots that are infalling as defined as having a negative
radial velocity with respect to the galaxy’s center of mass (v, < 0). The standard
deviation of the fraction over all snapshots is included. The cool gas forms the
filament, so it is not surprising that this phase is mostly infalling, with 66% of all
cool gas cells having v, < 0. The fraction of infalling cool gas cells did not change
appreciably across the density cuts, ranging from 61% for dense gas to 72% for
diffuse gas. A smaller fraction of hotter gas cells were infalling, with only 49%

and 21% of warm and hot gas cells respectively having a negative radial velocity.

To effectively measure the degree to which the radial component of the overall
velocity velocity dominates the kinematics of the various phases of the filament
the mean values of v,/ |v| along with the standard deviation for each phase cut
across all snapshots are shown in Table 5.4. Negative values correspond to infalling
material while positive values correspond to outflowing material. As before, the
temperature selection had a larger effect on the magnitude of the radial velocity

component than the density selection.

The cool gas was the phase whose kinematics were most aligned towards the
galaxy with 18% of its velocity vector aligned radially inward on average. The
was no significant difference between the three density cuts. The relatively low
value of 18% combined with the large standard deviation of values for each density
cut suggests the cool gas is only mildly radially aligned and still had significant

transverse velocity.

The warm gas was neither inflowing now outflowing on average, suggesting
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this phase is predominately ambient gas. The diffuse warm gas had the most
radially aligned kinematics, with ~14% of the velocity vector aligned away from
the galaxy on average. Similar to the cool gas, the larger values standard deviation
of the fraction of the velocity vector aligned in the radial direction relative to the

mean values makes any strong conclusions difficult.

The hot gas was the most phase whose kinematics were the most dominated
by radial motions. The hot diffuse gas had 68% of its velocity vector aligned away
from the galaxy, suggesting this phase is sensitive to outflows generated by stellar
feedback. The denser hot gas was less strongly aligned with the radial vector than
the diffuse phase, but was still the more radially aligned than the warm or cool

gas.

In summary, infalling material was most likely to occur in cool gas phase
while outflowing material was most likely to occur in hot gas phase. Warm gas

was predominately neither infalling nor outflowing.

The kinematic trends were found for all gas in the phase cuts. Additionally
insight was gained when considering the distance from the galaxy as well as the

phase cut.

The evolution of the radial velocity of the cool gas The cold gas was generally

Table 5.3. Fraction of cells in each phase that are infalling

Diffuse Mid Dense ‘ Mean

Cool 0.72£0.19 0.65+0.15 0.61 £0.15 | 0.66 + 0.28
Warm | 0.45 £ 0.10 0.53 +£0.11 0.50 £ 0.12 | 0.49 £ 0.19
Hot 0.21 £ 0.07 0.28 £0.08 0.38 £ 0.07 | 0.29 + 0.13
Mean | 0.46 + 0.22 0.49 +0.21 0.49 £+ 0.20 ‘
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inflowing at all distances along the filament. As the gas moves closer to the galaxy
it speeds up. At large distances the infall velocity is low, less than 10 km/s. At
smaller distances, the inflow rate increases, reaching a peak of 100 km/s at ~1

R,i-. Within the CGM the cool gas is predominately outflowing.

The warm gas is neither inflowing nor outflowing, with v, ~ 0. The mean v,
is constrained to be within £100 km/s. In contrast with the cool gas, there is no
trend with distance from the galaxy. Warm gas is neither inflowing nor outflowing

regardless of its location.

The hot gas is almost exclusively outflowing. The radial velocity profile is
more chaotic than the profile for cool or warm gas, with no consistent trend across
time. The randomness of the profile is partially a result of the low number of hot
gas cells at large distances, as hot gas is predominately located within 2 R,;.of

the galaxy.

5.5. Non-Passive Evolution

While the galaxy has a relatively quiet history, it did experience a major
merger at z = 2.1, with a mass ratio (Me/Mpest) of 0.58. The merging satellited

passed directly along the filament, providing a test of the stability of the structure

Table 5.4. Mean values of v/|# for cells in each phase cut

Diffuse Mid Dense ‘ Mean

Cool -0.17 £ 0.18 -0.18 £0.17 -0.19 £ 0.26 | -0.18 £ 0.36
Warm | 0.14 £0.24 -0.02 £0.24 0.07 £ 0.22 0.07 £ 0.40
Hot 0.68 £+ 0.17 0.51 £ 0.16 0.32 £ 0.15 0.50 £ 0.28
Mean 0.22 £ 0.35 0.10 £ 0.33 0.07 £ 0.37 ‘
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Fig. 5.6.— The evolution of the fraction of the gas cell’s velocity in the radial
direction (left) and the mean radial velocity (right) for cool filament gas. The
dotted vertical lines denote the epochs defined in Table 5.2. The cool gas was
predominately infalling with the majority of cool gas cells moving towards the
galaxy with speeds of ~50 km/s. The merger increased both the fraction of cool
gas cells infalling and the rate at which they approached the galaxy. After the
merger the cool gas cells return to their original kinematics. There was not a
strong density dependence on the radial kinematics.
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Fig. 5.7.— The evolution of the fraction of the gas cell’s velocity in the radial
direction (left) and the mean radial velocity (right) for warm filament gas. The
dotted vertical lines denote the epochs defined in Table 5.2. Warm filament gas
tended to be neither infalling now outflowing, with the mean radial velocity ~0
km/s. The response of the warm gas to the merger and starburst mimicked that
of the cool gas shown in Figure 5.6. The warm gas was more sensitive to density
selection than the cool gas but all densities followed the same trends with redshift.

and kinematics of the filament when perturbed by a large satellite. The satellite
is within the filament from 2z = 2.4 to z = 2.1, taking approximately 420 Myr to

merge. The merging events provoked a period of increased star formation in the
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Fig. 5.8.— The evolution of the fraction of the gas cell’s velocity in the radial
direction (left) and the mean radial velocity (right) for hot filament gas. The
dotted vertical lines denote the epochs defined in Table 5.2. The hot gas was
primarily outflowing with significant density dependence. The diffuse hot gas had
radial velocities ~4x that of the dense hot gas. The merger did not significantly
alter the kinematics of the hot gas while the starburst increased the radial velocity
of all densities of the hot gas.

galaxy that generated strong outflows. In this section, the reaction of the filament

to both the merger and outflows were studied.

5.5.1.  Spatial

The physical size of the filament as measured by 19y did not exhibit any
significant deviation from the passive evolution established in the formation epoch
due to the merger, as seen in Figure 5.4. The cool dense core of the filament did

not change size at any point in the simulation.

The size of the cool mid-density material did deviate from the passive evo-
lution near the end of the merger epoch. The constant growth experienced from
z=4 reached a maximum at the end of the merger epoch and the cool mid-density

started to constrict.

The cool diffuse filament did react slightly to the merger. The grew similarly

151



to the mid-density gas until the merger starts. When the mid-density gas started
to contract, the rare gas continued to expand growing until z ~ 1.5, when it

started to rapidly contract, long after the starburst ends.

5.5.2. Kinematics

While the spatial distribution of filamentary gas, especially the dense core,
was affected by the merger, the kinematics of the gas were significantly altered
by the merger. The velocity vector of the cool, warm, and hot gas phases become
more inwardly aligned during the merger event. Additionally, the cool gas reached
higher speeds during the merger, reaching 250 km/s at the end of the merger
epoch. The warm gas phase was typically stagnant with v,/ |v| ~ 0 km/s became
more infalling during the merger epoch. The hot gad remained predominately

outflowing with little change during the merger epoch.

During the starburst epoch all phase cuts became less infalling. The cool
gas returned to its more positive mean radial velocity across all density cuts once
the merger epoch ended, with little evolution afterwards. The warm gas likewise
return to its previous stagnant state after the end of the merger. The hot phase,

however, reached its fastest outflowing velocities during the starburst epoch.

The radial kinematics of the cool gas were not significantly different during
the starburst epoch than in the formation epoch. The largest difference occurred
immediately after the starburst. The outflowing cool gas was normally restricted
to within 0.5 R,;-was instead pushed out to 0.75 R,;-during the starburst. During
the starburst epoch, the CGM expanded and interacted with the filament, mixing

the cool gas.
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Fig. 5.9.— The reaction of the radial velocity of the filament’s gas to the starburst.
The solid lines are the mean value during the starburst. The shaded regions show
the standard deviation of the means during the starburst. Hot gas is affected
more by the burst than the cool or warm gas.

The reaction of the warm gas to the merger and starburst events did not
depend on the density selection used. The dense, mid-density, and diffuse gas
all followed the same pattern. During the merger the mean radial velocity of
the warm gas became more negative indicating the bulk motion of the warm gas
was towards the galaxy. Immediately after the end of the merger epoch the mean
radial velocity of the warm gas returned to its state at the beginning of the merger

event and did not evolve significantly afterwards. Any density selection applied
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did not affect the described trends, merely the magnitudes of the mean radial
velocities. In all snapshots the mean radial velocity of the diffuse warm gas was
~25-50 km/s more positive than the mid-density gas. The dense warm gas had
the most mean negative radial velocities for all snapshots with z > 1.5, typically
~20 km/s more negative than the mid-density gas. After z=1.5 the mean radial
velocity of the dense warm gas become comparable to mean radial velocities of

the other warm gas phases at ~0 km/s.

The hot gas kinematics were the most affected by the filament, perhaps not
surprisingly, as outflows are expected to be hot (van de Voort & Schaye 2012),
The infalling portion of the hot gas from the merger was quickly pushed out by

the outflows.

The mean radial velocity of the dense hot gas changed from ~-75 km/s at the
end of the merger epoch to ~100 km/s in the next snapshot. The dense hot gas
remained predominately outflowing with speeds of 100-150 km/s for the rest of the
simulation. Similar to the dense hot gas, the mean radial speed of the mid-density
hot gas changed from ~0 km/s at the end of the starburst epoch to a maximum
of ~200 km/s in the next snapshot. After this peak in radially outward motion
motion the mean radial speed of the mid-density hot gas followed the same trends
as the dense hot gas. The diffuse hot gas followed the same trends with time as
the other hot gas phases, except it reached a higher maximum radial speed of

~250 km/s away from the galaxy.
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5.5.3.  Metallicity

An expected byproduct of a starburst and its associated outflows is an in-
crease in the number of metals in CGM. For each phase cut, the evolution of the
mass-weighted mean metallicity in the filament is shown in Figure 5.10. In all

phase cuts, metallicity increases with time.

The density cut applied to the cool gas had a significant affect on the metal-
licity evolution for the filament, while the warm and hot gas demonstrated the
same metallicity evolution regardless of the density cut used in the formation
epoch. Neither the warm nor the hot gas showed notable metallicity evolution
until the merger epoch. At the beginning of the merger epoch the dense warm
gas started to increase in mean metallicity while the mean metallicity of the dif-
fuse and mid-density warm gas dropped slightly. During the starburst epoch the
mid-density and dense warm gas reversed the decline and started to increase in
mean metallicity. The hot gas similarly showed no metallicity evolution until the
end of the merger epoch, at which point the metallicity of all density cutes rose
until z=1. For all temperature cuts, the diffuse gas had lower mean metallicity

than the mid-density gas, and the dense gas had the highest mean metallicity.

The effect of the starburst on each phase cut is a consequence of the typical
phase of winds generated by stellar feedback which carry metal-enriched gas into
the CGM from the ISM. The winds are hot, low-density gas centered at log(T") ~
6, log(ng) ~ —5. It follows that the diffuse gas should experience a larger increase
in mean metallicity after the starburst than the mid-density or the dense gas, and
the hot gas should likewise be affected more than the cool or warm gas. The

trends discussed above and shown in Figure 5.10 agree with the predictions.
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Fig. 5.10.— Evolution of the mass-weighted mean metallicity in each phase cut.
The vertical dashed lines are the boundaries of the different epochs.

The addition of hot gas into the CGM had consequences for the preferred
temperature of the ambient gas. The winds shift the dominant phase by mass
they pass through. Gas that would be part of the warm/cool phase are pushed
into the hot phase. Since the winds originate in the galaxy, warm/cool gas close
to the galaxy was preferentially heated. Additionally, metallicity decreases with
increased distance from the galaxy. By removing the relatively metal-rich warm/-
cool gas close to the galaxy, the mean metallicity decreases until the winds pass

by. The winds were estimated to travel at roughly 200 km/s.
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5.6. Discussion

In this work the structure and kinematics of a gaseous filament feeding a
galaxy from z=4 to z=1 was studied, by dividing the phase space of gas around
the galaxy into cool, warm, and hot gas as well as diffuse, mid-density, and diffuse
gas as detailed in §5.3. The evolution of each phase selection was studied in four
epochs detailed in Table 5.2 which included a major merger and the subsequent
starburst. The merging satellite had approximately half the mass of the host
galaxy and had a large effect on the host. The influx of new material increased

the SFR of the host by an order of magnitude for 575 Myr.

The filament was selected solely by phase criteria, the gas’s density and tem-
perature. The simple phase selection identified significantly metal-poor gas, char-
acteristic of a filament bringing in pristine material along the cosmic web. This
gas is indeed infalling into the galaxy at a consistent 100-200 km/s, depending

on the distance along the filament.

A reoccurring trend in the filament properties was a general indifference to
the galaxy. The galaxy experienced a major merger and a significant burst of star
formation and the cool gas of the filament was not significantly affected. The size
of the dense cool gas structure, which formed the filament core, as defined by rg
and shown in Figure 5.4 did not evolved through the entire run of the simulation.

The core remained at a consistent 100 pkpc diameter with little variation.

The kinematics of the core did respond to the major events in the galaxy. The
major merger increased the inflowing velocity of the cool gas. After the merger
epoch the radial velocity of the cool gas returned to formation epoch rates. The

return to prior infall rates is likely due to galactic winds generated by the star-
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burst pushing back on infalling material. The increase in infall velocity was slow,
starting just before the merger epoch. The slow-down at the beginning of the star-
burst epoch, however, was very quick, with the mean radial velocity of the dense
cool core changing from 200 km/s to 100 km/s between two snapshots. Similar
changes in the inflow velocity were seen in the warm and hot gas phases. The
galactic winds themselves were found in the diffuse hot phase, but they affected
the kinematics of all phases. The impact of the winds on the radial kinematics
were most strongly seen in the warm and hot phases which were not part of the

filament.

The galactic winds delivered metals produced in the starburst into the CGM
and IGM. The core of the filament did see an increase in metallicity after the

starburst.

The trends discussed above have implications for observations of the role of
filaments galaxy evolution. Any observation that could only establish the physical
size of the filament would not be able to determine anything about the history
of the galaxy as the filament’s size does not respond to events in the galaxy’s
history. However, if metallicity could be measured, then it would be possible
study the galaxy’s history. The metallicity of the filament did not evolve prior
to the starburst, so observations of elevated metallicity in the core of a filament

would suggest starburst event occurred in the galaxy’s past.

The constant size of the filament’s core has consequences for its role in govern-
ing galaxy evolution. Initially the core was over twice the diameter of the galaxy’s
virial radius. The galaxy was a small structure inside the filament and its baryon

cycle would be dominated by accretion from the filament. As the galaxy gained
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mass, its virial radius grew and eventually the galaxy outgrew the filament. By
2=2.25 the virial radius was equal in size to the filament’s core. The galaxy’s halo
had become the largest gaseous structure in the local volume of the simulation
box. With the edge of the galaxy’s halo, taken as the virial radius, breaching
the filament’s core the impact of the filament on galaxy’s evolution must decline.
The transition between filament dominated evolution and non-filament dominated
evolution did not occur because the filament evolved but due to the galaxy’s halo

evolving.

5.7. Conclusions

In this chapter the evolution of a filament as it feeds a galaxy during a major
merger and subsequent starburst was studied by selecting the gas purely by phase.
The filament was identified as gas with temperature between T = 10%° — 10*° K
and hydrogen density to ny = 1072° — 107%° cm™3. The filaments structure and
kinematics were examined with attention to how the properties changed through

the major events of the galaxy. Our main conclusions are listed below:

1. Phase selection was an effective method for identifying the gas composing
the filament. The filament is structured with the densest gas in the center,

and progressively less dense gas in the outer regions.

2. The filament’s core was constant in size both in time and along the length

of the filament at ~ 50 pkpc, while the diffuse outer regions grow with time.

3. The structure of the filament core was unaffected by a large satellite passing

through it along the path to the host galaxy. The kinematics of the core
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were affected as the radial velocity of the cool gas increased as the satellite

approached the host.

4. The subsequent starburst after the merger created large outflows that could
be seen in the hot diffuse gas (T = 105 - 10%° K, ng = 107°° - 1076
cm~3). The core of the filament endured the encounter with the outbursts.
The increased radial velocity of the core caused by the merger was reduced

to pre-merger levels by the winds.

5. As the galaxy grew the filament became less important both in size and
mass. The virial radius of the galaxy began to outstrip the constant size of
the filament core and the mass contained in the outflows began to exceed
the mass contained within the filament itself. The ability of the filament to

influence the galaxy’s evolution began to subside.

This work is a simple case study of one filament in a single simulation. Cau-
tion should be taken in applying the conclusions here to all filaments. Simulations
of galaxies with other environments, merging histories, or star formation histories

should be studied to test if the conclusions of this work are globally accurate.
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6. CONCLUSIONS

The focus of this dissertation was to explore the interplay between galaxy
evolution and the baryon cycle by studying the circumgalactic medium of sim-
ulated galaxies with synthetic quasar absorption line observations. The method
of mock observations enables a direct comparison between the simulations and
observations. To create the mock observations the code MOCKSPEC was developed
and applied to galaxies simulated with hydroART. The code generates synthetic
absorption spectra for any transitions observed such as C1v AA1548, 1550 taking
into account instrumental effects such as pixelization and convolution with the
ISF. MOCKSPEC then analyzes the spectra to calculate the equivalent width and
AOD column density, and identifies which gas cells are responsible for the detected

absorption.

MOCKSPEC was applied to cosmological hydrodynamic simulations of dwarf
galaxies to determine the effect of various stellar feedback processes have on the
CGM as traced by QAL measurements and to determine the ability of simula-
tions to create an accurate CGM around dwarf galaxies. The conclusions were as

follows:

e All feedback prescriptions were able to create an extended, multiphase,

metal-rich CGM.

e Changing the details of the feedback prescription had no significant effect
on the observed CGM as traced by H1 and Mgii. The C1v absorbing CGM

has slight variations.

e The CGM is not sensitive to the inclusion of radiation pressure but the O vi
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absorbing CGM is sensitive to the strength of photoheating. The strength
of the detected OVI absorption is below the detection limits of available

instruments today.

e Observations of the CGM of dwarf galaxies are not a useful metric to differ-

entiate between feedback mechanisms.

e While there are no observational data sets that perfectly match the galaxies
simulated, the COS-Dwarfs sample is the closest. The simulated galaxies
were unable to produces a strong enough C1v absorbing halo to agree with
the COS-Dwarfs results. The discrepancy could be a consequence of the
disparity with mass of the galaxies in each sample. The simulated spatial

distribution of C1v absorbers does agree with the observations.

The dwarf galaxies were also used to study the veracity of the assumptions
implicit in Voigt profile decomposition, specifically the assumption that the mate-
rial responsible for the absorption is a spatially and kinematically coherent with a
single density, temperature, and metallicity. The gas properties of the cells identi-
fied as being the source of the detected absorption by MOCKSPEC were compared to
the gas properties derived from Voigt Profile (VP) fitting to arrive at the following

conclusions:

e Absorption from low-ionization species such as H1 and Mgil arose from
small, coherent structures with roughly uniform density, temperature, and
metallicity. The assumptions implicit in VP decomposition are valid for

low-ionization species.

162



e Absorption from high-ionization species such as C1v and O VI arose in large,
volume-filling structures with large variations in density, temperature, and
metallicity. The single structure appearance of the absorption profile was
due to chance line-of-sight velocity alignments in the C1v and O vI absorbing
medium. The assumptions implicit in VP decomposition are not valid for

high-ionization species.

The MOCKSPEC code was applied to the VELA suite of simulations, a collec-
tion of Milky Way mass galaxies, to determine how the CGM varies across a
range of stellar mass, environments, and time. As there are currently few obser-
vations of the CGM at high redshift that identify the host galaxy responsible for
the detected absorption, the conclusions presented here serve as predictions for

upcoming surveys. The conclusions are as follows:

e The strength of absorption features as a function of projected distance from

the galaxy does not significantly evolve with time.

e Absorption from HT could be detected to large impact parameters, beyond
the boundaries of the CGM. MgIr1 was restricted to LOS with D < 30 kpc.
C1v could be found out to 60 kpc and O VI out to 80 kpc with observational
limits. Weak C1v and O VI absorption features below most survey detection

limits could be found at all impact parameters.

e The most temporal feature of the CGM was the dominant ionization mecha-
nism for O V1. The fraction of O VI that is collisionally ionized was correlated

with the galaxy’s sSFR.
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The dominant ionization mechanism for gas cells responsible for O vi absorb-
ing was collisional ionization, responsible for 90% of detected O vi absorption
at z=4. The dominance of collisional ionization drops with time as the sSFR

of the galaxy drops, reaching a low of 65% at z=1.

The EW profile with impact parameter of H1 and C1v in the VELA simu-
lations did not match observations at < z >=2.2. A projection of the Hi,
Mgi1i, and OVI covering fraction to z=0.2 assuming no evolution did not
match the results of the COS-Halos survey. The projection of the EW of

Mg11 profile to low-z did agree with the results of MAGIICAT.

The last section of this dissertation was the characterization of an inflow in

one of the VELA simulations. The gas filament was selected by its density and

temperature and characterized as the galaxy it fed experienced a major merger

and a subsequent starburst. The conclusions of this study were as follows:

The filament, as defined by the gas contained within it, is still settling by

z = 4.

The filament is structured with the densest gas in the center, and progres-

sively less dense gas in the outer regions.

The filament’s core is constant in size both in time and along the length of

the filament at ~ 50 pkpc, while the diffuse outer regions grow with time.

The filament’s core is unaffected by a large satellite passing through it along
the path to the host galaxy. The only effect is in the kinematics by increasing

the radial velocity of the gas moving in.
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e The subsequent starburst after the merger creates large outflows that can
be seen in the hot diffuse gas (T = 10°° — 10%° K, nyg = 107°° — 1076

cm~3). The core of the filament endures the encounter with the outbursts.

e As the galaxy grows the filament becomes less important both in size and
mass. The virial radius of the galaxy begins to outstrip the constant size of
the filament core and the mass contained in the outflows begins to exceed
the mass contained within the filament itself. The ability of the filament to

influence the galaxy’s evolution begins to subside.

The work presented in this dissertation explored the interaction with the
baryon cycle and galaxies in cosmological hydrodynamic simulations. The details
of the model used to describe the main driver of the baryon cycle, stellar feedback,
had a large effect on the properties of the galaxy by regulating star formation.
The CGM as measured using mock QAL observations is insensitive to the details

of the stellar feedback model.

The simple models used in most QAL analysis are unable to accurate deter-

mine the nature of the absorbing materials.
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