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Abstract

Advances in observational techniques have made it possible to analyze
the circumgalactic medium (CGM) in previously inaccessible detail.
Often defined as the elusive region outside of the disk but within the
virial radius of galaxies, the CGM is thought to have a critical role in
processes such as galaxy formation and evolution. With the EAGLE

cosmological simulations we were able to analyze the CGM of low-mass,
star-forming galaxies. We present column density radial profiles for
several galaxy classes as well as the associated covering fraction as a
function of line-of-sight impact parameter; C IV and Si IV absorbers
appear to be more sensitive to varying stellar mass and H I falls off
precipitously with decreasing redshift. Additionally, we found profiles
for Si IV-weighted local quantities such as temperature and metallicity.
Composite flux and optical depth profiles along sightlines passing
through low-mass, star-forming EAGLE galaxies at high redshift (both
through the galactic nuclei and CGM) were computed with the
SpecWizard package for several ions as a function of galaxy frame

Hubble velocity such that our mock absorption spectra could readily be

compared to observations.
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Chapter 1

Introduction

1.1 Circumgalactic Medium

1.1.1 History and Overview

Over the last sixty years the diffuse material outside of the galactic disk,
now referred to as the circumgalactic medium, has gradually come into
focus. A few decades before its discovery, the question of whether or not
the Milky Way was the only galaxy was still an open one. Famously codi-
fied by the Shapley-Curtis debate of 1920 (see Trimble (1995) for a helpful
description), it was unclear whether or not the observed non-point-like
entities were small gas clouds within the Milky Way or entirely distinct
galaxies. Shortly after Leavitt’s discovery that Cepheid variables could be
used as a standard candle, Edwin Hubble determined that the Andromeda
galaxy’s distance was significantly larger than the geometry of the Milky
Way (Hubble (1925)), indicating that our galaxy was simply one of many.

Hubble’s subsequent discovery that the recession velocities of nearby
spiral nebulae were directly proportional to their distance from us indi-
cated that the Universe itself was expanding. Given the instrumental lim-
itations at the time astronomers were only able to observe galaxies at rel-
atively low redshift. This gave little chance of directly observing the cir-
cumgalactic medium because it is expected to have a relatively low tem-
perature (Tumlinson et al. (2017)). To find the CGM, there would need to
be a serendipitous, sufficiently luminous background light source whose
absorption spectrum would be available for observation.
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2 Introduction

The first mapping of interstellar matter outside of the galactic plane
that used this spectral analysis found asymmetries in the acceleration of
the extraplanar ISM clouds (Miinch and Zirin, 1961); Spitzer postulated
the existence of a so-called “galactic corona” and the authors determined
that this theory worked well in concert with their findings. The character-
istics of this corona are explained in Spitzer (1956), e.g. its ability to facili-
tate the growth of galactic spiral arms in the presence of a strong magnetic
field. This paper provided some of the first insights into the intimate re-
lationship between the CGM and the dynamics of the visible galaxy with
which all astronomers were familiar.

300 kpc

Figure 1.1: A sketch from Tumlinson et al. (2017) of the CGM, its dynamics, and
the scales on which these dynamics occur relative to the galactic disk.

The discovery of quasars (Schmidt, 1963) allowed for the proliferation
of CGM observations in galaxies besides the Milky Way. While observing
a particular quasar Lynds (1971) found a surprising number of absorption
lines in its spectrum. This lead to the discovery of the so-called “Lyman-
alpha forest”, which provides a profile of the H I distribution along a par-
ticular line-of-sight. In environments where galaxies are close together the
interplay between the CGM of individual galaxies and the IGM is critical.
With the development of instruments like the HST and Keck the capa-
bilities of observing the CGM have expanded dramatically. The QSAGE

2
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1.1 Circumgalactic Medium 3

survey, for example, has allowed for analysis of the CGM of low-redshift
galaxies; see Bielby et al. (2019) for an example.

Tumlinson et al. (2017) provides a comprehensive review of the history
of the CGM as well as open research questions being considered. Gen-
erally speaking the CGM acts as a reservoir of galactic material whose
signatures can provide key insights about the galaxy’s composition and
evolution. More thorough observations of the gas phases of the CGM and
IGM may provide a solution to the so-called missing baryon problem, in
which the baryon abundance predictions proffered by cosmologists was
previously out-of-sync with observations (de Graaff et al., 2019, Nicastro
et al., 2018). By analyzing the ionization states of various ions within the
multiphase CGM the complex dynamics within can be inferred. A partic-
ularly important component of the CGM for this thesis is the usage of met-
als as “tracer particles”. Metals are generated via nucleosynthesis within
large stars and supernovae. Once created in these extreme environments
a significant portion of the metals is consequently ejected from the galac-
tic plane (Emerick et al., 2018). Information regarding their abundances
and velocities can then be determined using the hydrogen and metal lines
within absorption spectra.

1.1.2 Open Questions

Now that it is understood that probing the deepest questions remaining
in galaxy formation and evolution requires a thorough knowledge of the
CGM there is wide interest in better understanding its nature. Given the
inherent difficulties associated with observing the CGM many are advo-
cating for the initiation of new missions designed to discern its various
properties. The Decadal Survey on Astronomy and Astrophysics (As-
tro2020) is an initiative to indicate the most important topics in astron-
omy going into the new decade; as of July 27, 2019, there are thirteen As-
tro2020 white papers that discuss the circumgalactic medium available on
the arXiv.

Wang et al. (2019) posits that the CGM is poorly understood in compar-
ison to other galactic phenomena and lists (among others) the following
questions: what are the metal contents of the CGM, how are they parti-
tioned into different components (hot gas, dust, etc.), and how are these
phenomena linked to external factors such as clustering and their interac-

3
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4 Introduction

tion with their respective intergalactic medium environments? Their pro-
posed solution is future multi-wavelength observations. Observations of
far-UV absorption lines have been successful in probing the ISM of the
Milky Way and external CGM; there is optimism that continued study of
the CGM of galaxies at different redshifts could be conducted with a new
tar-UV space mission (Lebouteiller et al., 2019). A proposed space mission
would make it possible to analyze multiple quasar sightlines such that the
interplay between the CGM and ISM could be better understood. Uncov-
ering the mechanisms behind various kinds of energetic feedback will be
possible if a next-generation X-ray observatory is able to resolve feedback
and gas accretion structures with temperatures exceeding > 10 K (Op-
penheimer et al., 2019). One proposed focus is on the metal enrichment
within the CGM as it provides a suitable test for cosmological simulations
(Lehner et al., 2019); this is of considerable interest to this thesis as §2.3,
2.4 provide the radial profiles of several metal ions in addition to the Si IV-
weighted metallicity found in EAGLE.

1.2 Cosmological Simulations

With the advent of powerful automated computers in the 20th century
came a desire to simulate astronomical environments in an effort to bet-
ter understand their nature and confirm that prevailing theories match
observations. In the case of stellar evolution there were robust analytical
models (rife with approximations such as the spherical symmetry of stars)
that could be tested with computer programs. Similar efforts were made
in the field of large-scale structure where the equations of fluid dynam-
ics were used to determine how matter overdensities change with time in
a non-static Universe. Understandably, these equations could only do so
much to capture the possibilities associated with how immensely compli-
cated entities like galaxy clusters evolve. A wide array of software suites
have been developed to analyze these complex and non-linear environ-
ments accordingly. Several methods have been employed and it is worth
discussing them in some detail.

4
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1.2 Cosmological Simulations 5

1.2.1 EAGLE

The EAGLE project, run by the Virgo Consortium, is a suite of simulations
that use hydrodynamics equations to determine the evolution of galaxies
and supermassive black holes in a ACDM Universe (Schaye et al., 2014).
Hydrodynamical simulations are considered a superior method to semi-
analytic and halo-based models in some contexts due to fewer simplifying
assumptions. The latter models are useful in situations where the various
astrophysical phenomena present need to be disentangled, as in the case of
cosmological parameter studies. Over the course of the last twenty years
these simulations have improved in matching observations tremendously.
This improvement is primarily attributed to better subgrid models of un-
resolved physics like star formation and supernovae (another connection
to the field of fluid dynamics, see Premnath et al. (2009)) while improve-
ments in the numerical techniques have also been beneficial.

Figure 1.2: A visualization provided in Schaye et al. (2014) of zooming in on a
single galaxy found in a much larger structure (100 x 20 x 20 Mpc slice).

The solvers used for the EAGLE simulations are a smooth particle hy-
drodynamics (SPH)-based solver called ‘anarchy’ (Crain et al., 2015, Schaller

5
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6 Introduction

et al., 2015, Schaye et al., 2014), and tree-PM for gravity (Fukushige et al.,
2005, Springel, 2005, The EAGLE team, 2017). SPH solvers are particularly
popular in galaxy formation as complex boundary conditions can natu-
rally be incorporated (Rosswog, 2009). The different subgrid models for
star formation and feedback are discussed in Crain et al. (2015) where it
is shown that suppressing numerical radiative losses is critical in the de-
velopment of appropriately massive galaxies. Haloes are then determined
using a friends-of-friends algorithm (Turner and Gott, 1976).

Analysis of the generated outputs has yielded considerable knowledge
about many topics related to galaxy evolution. In Oppenheimer et al.
(2016) the authors demonstrate that by using O VI absorbers as tracer par-
ticles the feedback history can be inferred on timescales comparable to the
Hubble time. The cosmic spectral energy distribution of EAGLE simulated
galaxies was found to be in good agreement with observations (Baes et al.,
2019). While most galaxies have a correlation between their central super-
massive black hole mass and stellar mass, galaxies with black holes big
enough to break this correlation can be analyized using EAGLE (van Son
et al., 2019). The work outlined in Cochrane et al. (2018) is especially im-
portant to this thesis as the correlation between galactic halo mass, stellar
mass, and star formation rate is found to be particularly important in low
mass haloes; they find that most high-SFR, low-mass galaxies in EAGLE
are central galaxies in more massive dark matter haloes where the SFR is
driven by an increased gas content.

1.2.2 Other Software Suites

The two most popular methods of simulating structure formation numer-
ically are with N-body codes and fluid solvers (as EAGLE demonstrates).
Some codes only model gravity while others incorporate hydrodynamics,
star formation, supernovae, AGN, and gas cooling. Somerville and Davé
(2015) provides a good overview of the semi-analytic models and numeri-
cal methods being pursued by the astronomical community today. To find
the gravitational force on a particular particle one must solve Poisson’s
equation numerically; using a tree structure (see Barnes and Hut (1986))
reduces the computational complexity from O (n?) when all 2-body in-
teractions are considered to O (nlogn) by reducing clusters of faraway
particles to their composite mass multipole moment. Additionally, the

6
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1.3 Low-mass, Star-forming Galaxies 7

tree method has applications in gravity solvers regardless of scale. The
EMERGE suite (Moster et al., 2018) utilizes an N-body solver for the simu-
lation of galaxy evolution up to z ~ 10. Although the FARGO3D software
suite (Benitez-Llambay and Masset, 2016) is designed for protoplanetary
disks it shows that the capabilities of N-body solvers will be buoyed by
further advances in GPU technology in the coming years.

While hydrodynamical solvers employing particle methods such as
SPH were designed specifically for astrophysical problems, finite-difference
techniques and central methods have successfully solved the compressible
fluid dynamics equations in these contexts as well (LeVeque, 2011, Stone,
2007). The Enzo code (Bryan et al., 2014) uses adaptive mesh refinement to
model astrophysical fluid flows that incorporate magnetohydrodyanmics
(MHD) among other things and provides evidence that there is utility in
combining elements of N-body and hydrodynamical solvers. ATHENA
is another set of MHD codes (Stone et al., 2008) that employs adaptive
mesh refinement; Dolag and Stasyszyn (2009) demonstrates that there is
good agreement between this formulation and SPH. Berlok and Pfrom-
mer (2019) explore the Kelvin-Helmholtz instability using ATHENA and
indicate that this is relevant to cold flows in galaxy formation as well as
cold fronts in galaxy cluster mergers.

1.3 Low-mass, Star-forming Galaxies

Our choice of focusing on analyses of the circumgalactic media surround-
ing low-mass, star-forming galaxies has several motivations. In an effort
to understand how the CGM evolves with time we will be comparing the
EAGLE simulations at various redshifts (0 < z < 4). At earlier cosmic
times the galactic mass function is skewed towards the lower end of the
mass régime (which makes intuitive sense as overdensities at high red-
shift need a considerable fraction of the Hubble time to coalesce into the
structure with which we are familiar). Additionally, Figure 9 of Leitner
(2012) shows the star formation histories of galaxies as a function of look-
back time; at z = 2.24 less than 30% of today’s stellar mass is present.
Therefore, a one-to-one comparison of high-stellar mass galaxy character-
istics is not possible for the two previously mentioned redshifts. The same
paper also mentions that a star-forming galaxy is likely to have been star-

7

Version of July 29, 2019- Created July 29, 2019 - 00:59



8 Introduction

[ Ton [ Ioniz. Energy (eV) | Ioniz. Temperature (K) | Favored CIE Temperature (K) |

HI 13.6 1.58 x 10° -
SiIV 45.1 5.23 x 10° 7.94 x 10%
CIv 64.5 7.48 x 10° 1.26 x 10°
O VI 138.1 1.60 x 10° 3.16 x 10°

Ne VIII 239.1 2.77 x 10° 6.31 x 10°

Table 1.1: The energy required from an incident photon to liberate the least bound
electron from an atom with the listed ionization; see https: //physics. nist.
gov/cgi-bin/ASD/ie. pl for more details. The ionization temperature is the
temperature at which the thermal energy € = kgT is equal to the ionization en-
ergy. The third column indicates which temperature maximizes the mass fraction
of that ion while in collisional equilibrium; the corresponding H I value is not
available as there is no temperature peak associated with this ion and radiative
process.

forming in the past as well, which seems to indicate that there would be
few star-forming galaxies with low stellar mass at low redshifts. There are,
however, effects (e.g. IGM reionization, AGN feedback, and supernova-
driven winds; see Dawoodbhoy et al. (2018) and Ilbert et al. (2013)) that
can suppress the star formation rate (SFR). Ilbert et al. (2013) provides a
semi-analytical model that successfully replicates the observed number
density of low-mass, high-SFR galaxies at the present epoch.

The temperature of the CGM, and by extension the various ionization
states present in it is intimately connected to the mass of the halo via the
virial theorem. The baryon budget that is observationally accounted for
depends critically on the ionization state (Werk et al., 2016) so it stands
to reason that the the total mass will have an effect. Table 1.1 shows the
relevant ionization energies; we are primarily concerned with galaxies like
those that have been associated with observed H I, C IV, and/or Si IV
absorption.

Star formation has a critical role in galaxy structure and non-passive
galaxies tend to have more interesting dynamical structure (Conselice,
2014). Cochrane et al. (2018) provided observational evidence that stel-
lar mass and SFR can independently affect galaxy clustering (and via the
EAGLE simulations found that these low-mass galaxies with a high SFR
tend to be centered in massive dark matter haloes where the SFR is driven
by an increased gas content). Quiescent galaxies evolve more rapidly in
the low-mass régime (Ilbert et al., 2013) and this could be attributed to

8
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1.4 Absorption Spectra 9

environmental effects (Martis et al., 2016).

1.4 Absorption Spectra

As mentioned in §1.1, one of the most common tools used by astronomers
to determine the chemical composition of astronomical objects is an ab-
sorption spectrum. If there is a sufficiently bright background source with
a well-defined emission spectrum, the composition of the intermediate
space between the observer and the source can be inferred by analyzing
absorption lines. The nature of gas and dust within galactic winds have
been determined using absorption spectra (Heckman et al., 2000) where
the illumination source is within the galaxies themselves; this material is
embedded within a region where sufficiently bright sources are common-
place. A similar method called ‘down-the-barrel” spectroscopy can be ap-
plied to the CGM if the embedded galaxy is sufficiently luminous (Rubin,
2017). More often, though, external objects (namely, quasars) are needed to
get the CGM'’s absorption spectrum. The SpecWizard package, described
in Theuns et al. (1998) and Schaye et al. (2003), enables us to create mock
absorption spectra of this nature with the EAGLE data. By finding the
frequency-dependent optical depth along a particular line-of-sight we can
create a mock absorption spectum by convolving the result with a quasar
emission spectrum.

1.5 Comparing Simulations to Observations

In order to ensure the analyses done on cosmological simulations are ac-
curate comparisons to observations must be made. Sparre et al. (2018)
presents a description of multiphase gas flows such that they compare
nicely to observed column densities of Lyman-a haloes. The SPH code
GASOLINE, which is part of the MaGICC program, was able to reproduce
the O VI and H I distributions in the CGM of galaxies observed by the
HST (Stinson et al., 2012). This was achieved by increasing the energy in-
put per supernova relative to the initial model and tuning stellar feedback
to match the observed relationship between stellar and total halo mass.
The Milky Way’s CGM is difficult to separate from the gaseous disk so
Zheng et al. (2015) simulates a MW-like galaxy and finds that after cor-

9
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10 Introduction

recting for path length isues the expected O VI column densities within
the CGM match observations.

As mentioned in §1.1 quasars enable much more thorough observa-
tions of the CGM. The mock absorption spectra of CGM surrounding z ~ 2
EAGLE galaxies were compared to results from the Keck Baryonic Struc-
ture Survey, which employed QSO sightlines, in Turner et al. (2017). Sim-
ulated galaxies with halo mass 101> M, were found to be most similar to
their observed counterparts. Figures 7 and 8 of Lau et al. (2018) show
how background quasars can illuminate the CGM of foreground galax-
ies. Muzahid (2014) uses quasar sightlines to analyze O VI absorbers in
the CGM of a galaxy at z ~ 0.2 and from there determines the size of the
CGM and baryonic mass (assuming constant density).

1.6 Brief Overview

In Chapter 2 we present the methods with which we go about post-processing
of the relevant EAGLE data. Chapter 3 (and §9.1 of the appendix) is de-
voted to the radial profiles of galaxy classes binned in units of pkpc as well
as a fraction of the virial radius. Relevant quantities such as column den-
sities associated with a particular ion, density, metallicty, and temperature
are explored. In Chapter 4 we present mock absorption spectra found by
looking along each line-of-sight associated with a galaxy of a particular
class, and in Chapter 5 we move the lines-of-sight such that they intersect
random regions within the CGM of a more refined galaxy class for which
observations have been conducted. Chapters 6 and 7 provide qualitative
discussion about how one could go about comparing the results found in
this thesis to future observations in addition to a general discussion about
the implications of our findings.
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Chapter 2

Post-processing Preliminaries

Astronomers of all kinds are tasked with a tremendously complicated di-
mensionality reduction task, namely capturing the three-dimensional spa-
tial distribution of cosmic material (either as a function of distance or Hub-
ble recessional velocity) in a two-dimensional map. A popular method
that is used throughout this thesis is a column density map, where the
number of particles per unit area is counted along the dimension that is
being reduced (usually along the line-of-sight). Regions with very low H
I column densities were analyzed in Lockman et al. (1986) in an effort to
understand the small-scale structure of the interstellar medium; such anal-
yses are impossible when the column density values are high because the
resulting spectra often incorporate additional H I sources.

Determining a column density is a well-defined task for observers but
as discussed in §1.2.1 the EAGLE simulations use a hydrodynamics solver
where the corresponding fluid (SPH) particle sizes are often greater than
the desired map resolution. The work in this thesis uses a set of scripts
written by Nastasha Wijers that reads in the EAGLE data (SPH particle
locations and attributes) and provides the appropriate two-dimensional
map (see Figure 1 of Wijers et al. (2019) for a sample gas surface density
map and O VII/VIII column density maps).

The EAGLE data is stored in the form of databases from which infor-
mation can be extracted using SQL queries. There are a number of cos-
mological box sizes (L = 25,50,100 cMpc) and SPH particle resolutions
available to analyze. From the databases associated with that box we can
glean certain information about each identified halo in the box: e.g., stel-

11
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12 Post-processing Preliminaries

lar mass, radius in which the average density exceeds 2000yitica1 (Which
we will identify as the virial radius Ryir), and star formation rate. In the
tield of large-scale structure the critical density of the Universe p.it plays
an important role; portions of the cosmos (or indeed the entire Universe)
that exceed this mass density are often expected to collapse gravitation-
ally. It is natural then to treat the size of a galactic halo as one where the
enclosed volume has a mass density that would suggest collapse has al-
ready occurred. Weak lensing studies often convolve lensing maps with a
filter called a mass aperture statistic which reduces noise (Leonard et al.,
2012); we chose an aperture mass statistic of 30 pkpc to define the stellar
mass and specific star formation rate. A number of statistics are available
in EAGLE but to ensure that this convolution did not affect our analyses
we chose a filter that could be applied to each galaxy class of interest with-
out a loss of information.

While galaxies have a radial temperature dependence T'(r) it is nonethe-
less instructive to have an order-of-magnitude estimate for the temper-
ature of particular ions. The virial temperature of a galaxy with mean
atomic weight p is defined to be

T 1G“lep M
vir — 5 kB RVir/

(2.1)

where Ry;; is the virial radius and M is the total halo mass. In this chap-
ter we will compare the average virial temperature of each galaxy class to
the corresponding favored CIE temperatures for each available ion, which
will provide insights into why a particular species” abundance may change
with redshift or have low column density values when compared to other
ions. Figure 2.1 shows the virial temperature for each galaxy class being
considered, and shows that star-forming galaxies at high redshift often
have temperatures which exceed the relevant temperatures as shown in
Table 1.1. While this is a crude estimate as the temperature varies dras-
tically within the CGM, this provides indications as to why knowing the
stellar mass at high redshift is not particularly helpful when determining
radial absorber abundances.

If our goal was to determine the nature of the CGM surrounding a
certain type of galaxy exactly (stellar mass, star formation rate, etc.) we
would need to find a column density or absorption map whose sole source

12
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Figure 2.1: The virial temperature as a function of total mass and redshift with
contours showing the temperatures from the third column of Table 1.1. The rele-
vant temperatures for O VI and Ne VIII exceed the virial temperature of all galax-
ies considered in this thesis.

is a galaxy with the desired attributes (see Figure 2.2 for an example), re-
peat the mapping process for every pertinent galaxy in the box, and then
run analyses on the aggregate of maps. In practice this method would be
prohibitively expensive computationally as there could be > 10° haloes
in the box that have a stellar mass or star formation rate in which we are
interested. Additionally, this would be a poor imitation of the observa-
tion process; contamination from other objects along the line-of-sight is
unavoidable so confirming the hypothetical results described in this para-
graph through comparisons to observations would be dubious.

There is a method of analyzing the simulated region that would mit-
igate both of these concerns; we can ”slice” the box perpendicular to the
line-of-sight, determine column density or surface brightness projections
of each slice, and then iterate through the slices to determine the projec-
tions for each halo of interest within the slice. This drastically reduces the
number of times for which the projection-generating Python script has to
be run; given that o « (Ngalaxies) ~1/2 the statistics can be trusted to a much
higher degree if we can analyze all of the haloes with desired parameters
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14 Post-processing Preliminaries

1014 1020 1012 101° 109 104

9.5 9.6 9.5 9.6 9.5 9.6
x (cMpc)

Figure 2.2: Single halo projection of a randomly selected galaxy from the
L0025N0376 box at z = 0 with stellar mass 8 < log(M, /M) < 8.5. Contours at
impact parameters r = 0.1Ryir, Ryir are included for reference, and the colorbars
indicate the column densities (Nion/cm?) for each ion. The remaining analyses
are built upon the higher resolution box available at this size, LO025N0752.

rather than a select few. Ideally this method could be used as a forward
model to predict what could be found observationally but optimizing the
model parameters in order to do so would be time-consuming and per-
haps unnecessary.

It will be instructive to analyze the galaxies and circumgalactic me-
dia at different redshifts in order to gain qualitative insights into how the
CGM evolves with time. The contents of this chapter will focus on analyz-
ing galaxies at the present epoch as well as at redshifts z ~ 1 — 3. Before
proceeding with the analysis of a large number of haloes we must ensure
that we are using appropriate values for the resolution of our projections
as well as the thickness of the box slices. These tests are run on the com-
paratively small 25 x 25 x 25 cMpc box as we expect to find a sufficient
number of haloes there with the desired stellar masses and star formation
rates.

2.1 Pixel Resolution Convergence Tests

It stands to reason that the various phenomena of interest, and by exten-
sion the particular ions, would require projections with differing cross-
sectional resolution. The upper limit is dictated by the storage limitations
of the projections in addition to the efficacy of analyzing pixels on the or-
der of the softening length which probes the SPH particle shape to a degree

14
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2.1 Pixel Resolution Convergence Tests 15

that might lead to erroneous inferences. If the projection is too coarse, on
the other hand, regions of similar impact parameter but different dynam-
ics, gas properties, etc. would be smeared. To find the optimal choice of
pkpc/pixel ratio we selected a 6.25 x 6.25 x 6.25 cMpc region of the high
SPH resolution, 25 cMpc box that appeared to have a suitable sampling of
voids and structure. We began by projecting the region along the z-axis
with a 214 x 214 pixel resolution and then reduced the resolution of the
column density map with the following scheme:

.. 1 A . .
Naewli, ] = 7 (Nota[24,27] + Nota[2i +1,2] (22)

+ Noa[2i,2j + 1] + Now[2i + 1,2 + 1]).

Once we had the 2" x 2" pixel projections (n = 13,12,11,10) we com-
puted a normalized histogram of the pixels’ column densities for HI, C1V,
and Si IV. In order to determine if an unacceptable amount of projection
information was being altered with decreased resolution we computed the
log(fractional error) f(y, N) associated with a particular resolution’s col-
umn density histogram y(N),

_ y(N) —y*(N)
f(y/ N) = logm (‘ y*(N) D , (2.3)
where y*(N) is the histogram of the highest resolution available. The
results for various ions at redshift z = 0, 1,3.53 are shown in Figure 2.3.
The H I column density is more sensitive to a decreased resolution (see
the 3rd row panels of Figure 2.3). At all three redshifts the disagreement
between the highest resolution and the reduced projections exceeds 10%
for column densities > 10'8. Considering the fact that this column den-
sity value is not an unreasonable one for CGM regions around low-mass,
star-forming galaxies we will have to proceed with H I projections with a
resolution of 3.05 ckpc/pixel. This resolution means each pixel’s physical
length is ~ 107! Ry, for a 101°M, galaxy at redshift z = 0. For the metals
we can operate at a much lower resolution, as the error only exceeds 10 %
for the highest column density values. This could very well be attributed
to the fact that there are comparatively few pixels in the projected region

15
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16 Post-processing Preliminaries

such that the sampling could lead to wildly varying fractional errors. In
addition, high column densities associated with metals are likely to hap-
pen at very low impact parameters so an inaccurate picture of non-CGM
portions of the halo should not be a concern. One mitigating concern is
that at lower resolution there will be fewer pixels for a single halo which
means far fewer impact parameter bins can be assembled; the computa-
tional expense is low enough that we can use the same physical distance
to pixel size ratio for both H I and the metal ions we are considering. H I
absorption typically comes from cooler gas found in small structures while
the more energetic C IV and Si IV ions are found elsewhere; this could be
one of the key elements driving the determined pixel resolution depen-
dence.

2.2 Slice Thickness Convergence Tests

The proposed slicing method would be fairly straightforward if there were
an optimal slice thickness (either in physical units or as a fraction of the
entire box) such that the contamination from other objects along the same
line-of-sight matched that which is found in observations. This optimal
slice thickness would also place an upper limit on the number of projec-
tions that have to be computed. To determine if such an optimal slice
thickness could transcend varying values of stellar mass and apply to ions
of varying ionization energies we ran a convergence test for galaxies ran-
domly selected from five total mass bins. We selected five galaxies from
each bin contained in a single AZ = 3.125 cMpc slice and then combined
projections to indicate what the result would be for slice thicknesses AZ =
6.25,12.5, 25 cMpc. Figure 2.4 shows the fractional difference between the
thinnest slice projection and the consequent slice combinations.

The error generally increases with increasing impact parameter (espe-
cially for H I) which should not be a surprising result, as the column den-
sities at 2 0.5Ry;, will be very low for the single halo projection and intro-
ducing material from other objects along the line-of-sight will provide the
bulk of the contamination. The cosmological principle would suggest that
these contaminating objects do not have a preferred azimuthal coordinate;
if the slices are a good model we should be able to infer whether EAGLE
properly captures the properties of contaminating objects for these mock

16
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Figure 2.3: The log(fractional error) found between the indicated comoving dis-
tance to pixel resolution and the highest available resolution (1.52 ckpc/pixel)
as a function of log Nj,,. The 10 % error threshold is included in the figure for
reference.

observations.

The column density values used to compute the fractional errors shown
in Figure 2.4 are the median value of the pixels with the indicated impact
parameter. Different impact parameters could be affected by things such
as smooth absorption over large lengths and foreground /background ob-
jects so it was worth noting that this test is not exhaustive and should
not indicate an ideal slice thickness that best serves our purposes of com-
paring the results derived from the EAGLE simulations to what has been
observed.

17
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18 Post-processing Preliminaries

2.3 Methods of Sampling the Cosmological Box

We are concerned with finding quantities as a function of impact parame-
ter starting from a column density map and a list of galaxies; this involves
converting from pixel to physical units and binning together each pixel
with a particular impact parameter. Once this is achieved we can find
statistics concerning a particular impact parameter bin (median, 90th per-
centile, etc.) or determine the covering fraction, which is defined in the
following way:

_ 7’lpixels(z\] > Ny, b)

where ”pixels(N > Ny, b) is the number of pixels with impact parame-
ter b whose column density N exceeds a threshold column density value
Nyy,. Covering fractions are a helpful tool when comparing to observations
(see Muzahid et al. (2016) for an example) as telescopes are often unable to
resolve column densities below a certain value; as Equation (2.4) demon-
strates, this limitation can be incorporated in computational research quite
nicely.

If we are to proceed with the slicing method to find projections for all
of the relevant haloes in the box we must determine a suitable method of
doing so. With only one slice (namely, the entire box) there could be an un-
realistic amount of contamination from other haloes along the same line-
of-sight. Conversely, using a number of slices such that the slice thickness
is < (Ryir) making the projections would become perhaps prohibitively
expensive, a great number of pixels would be computed without being
used, and we would not be able to compare to observations in a meaning-
ful way.

18
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Figure 2.4: The median column density log(fractional error) of the indicated slice
thickness projections in comparison to the AZ = 3.125 cMpc projection at redshift
z = 3.53. Five galaxies from each mass bin were chosen from the same (thin)
slice of the L0025N0752 box and statistics were determined once each pixel was
allocated to the appropriate impact parameter bin; the 10 % error threshold is
included in the figure for reference.
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Chapter 3

Radial Profiles of EAGLE Galaxies

31 HI

For the analyses in this chapter we chose to use 8 slices of the 25 cMpc,
high-SPH particle resolution cosmological box in an effort to get a more
refined sense of the circumgalactic ion distributions. One complicating
factor is that some galaxies might be too close to a slice boundary such that
material gravitationally bound to that particular halo might be in another
slice. There are several ways in which this issue could be mitigated: allow
for the inclusion of an additional slice in the event a galaxy is contained
within multiple slices, include the outputs from a fixed number of neigh-
boring slices whose zcenter Values are closest to that of the halo, or simply
omit galaxies from the analysis that are split up into multiple slices. The
first possibility would make certain galaxies more important than others
as thicker projections will invariably have higher column densities and
covering fractions. The ideal method would come from slicing the box
such that each slice had a thickness ~ (Ry;;) and then included a number
of slices N such that a projection whose depth was equal to % X (Ryir)
would capture the relevant galaxies as well as the expected amount of
contamination found in observations. In practice, however, this would
defeat the purpose of the slicing method as a significant portion of data
generated from the projection script would be thrown away and it would
behoove us to restructure the code in such a way that the projections are
found of each relevant halo individually.

The EAGLE simulations employ periodic boundary conditions (as do
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22 Radial Profiles of EAGLE Galaxies

most hydrodynamics solvers) so we can include these galaxies by incor-
porating a contingency into the script that takes the pixels from the appro-
priate projections even if they are on the other side of the box in any of the
x, Y, or z directions.

Neutral hydrogen is one of the primary absorbers of interest when an-
alyzing the dynamics of the CGM. Cen et al. (1994) shows that low H I col-
umn density values originate from Zel’dovich pancake-like regions (flat,
large-scale structures that arise from density perturbations, see Zel’dovich
(1970)) while high H I column density values are indicative of shocked
gas still undergoing the cooling process. These results were derived from
semi-analytic modelling of a ACDM Universe similar to EAGLE.

The bottom row of panels in Figures 3.1 and 3.2 show the H I column
density and covering fractions at redshifts z = 0,1,3.53 with slice thick-
ness AZ = 3.125 cMpc. At each redshift the amount of H I is correlated
with the total mass of the galaxy class (except for the lowest mass bin when
it is present at z = 1,3.53), but this stratification becomes less important
at high impact parameter. The H I values drop by several orders of mag-
nitude with decreasing redshift; whether or not this is attributable to a
completed cooling process is beyond the scope of this thesis as it would
require absorption spectra for a wide range of galaxy classes at different
redshifts.

It has been shown that the gas density profiles of the CGM are self-
similar (Pallottini et al., 2014). In the same paper an H I column density
function dependent on impact parameter (assuming spherical symmetry)
is proffered:

Cmax
Ny [(b) = miH/b Oprp XH ]\/ﬂ;_ibzdr, (31)

where the gas density profile ppp is self-similar, x 1 is the ion frac-
tion, and 4,5y = \/ b2 + (Av/H)? encapsulates the velocity window from
observations in a similar fashion to our slicing method. Figure 2 of that pa-
per, which plots the column density for varying halo mass, qualitatively
matches the findings provided here.

Observations of the H I present in the CGM of galaxies low redshift
have been difficult to accomplish; Pisano et al. (2019) discusses current
progress in this effort. The covering fraction of AMIGA data (with Ny, =
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10176) shows strong suppression at intermediate-to-high impact parame-
ter, although not to the degree shown in the bottom panels of Figure 3.2.
If we were to determine a galaxy’s total mass using an incomplete cover-
ing fraction it appears that for H I it be best to sample small impact pa-
rameters at low-to-intermediate redshift and large impact parameters at
high redshift. The most enigmatic profile is that of the lowest total mass
galaxy class, whose H I covering fractions exceed the next two most mas-
sive classes until ~ 0.5R;;.

32 SiIlVvandCIV

The top two rows of panels in Figures 3.1 and 3.2 show that there are few
distinguishing characteristics between the profiles associated with Si IV
and C IV. The latter is more ubiquitous by about an order of magnitude at
all redshifts and the covering fraction profiles are qualitatively very sim-
ilar at all redshifts. The decrease in column density is more gradual with
decreasing impact parameter, especially at higher redshifts. Stratification
by total mass is more clear with the exception of at low mass and high
impact parameter for redshift z ~ 1, where again the lowest mass galaxy
class displays some peculiar behavior by maintaining almost a constant
metal abundance at 7 = 0.75Ry;;.

Oppenheimer et al. (2018) partitions the CGM into an inner and outer
region whose boundary is the sphere with radius 0.5Ryj;, and the features
of Figure 2 of that paper qualitatively match those shown in Figure 9.1 in
the appendix. It is worth noting that their analyses were at slightly higher
redshifts and total masses; additionally, the authors of that paper employ
what are called zoom simulations. As evidenced by Figure 2.2 the projec-
tions with which we are working are fairly coarse; by using the initial pa-
rameters (e.g., primordial power spectrum) of a very small region within a
particular cosmological box the corresponding resolution is considerably
higher.

Zoom simulations with other sets of codes have yielded interesting in-
formation regarding the outflows and cold streams of metals at z ~ 3
(Shen et al., 2013). While profiles are not provided the zoom simulations
indicate that column densities are spherically asymmetric, especially in
the case of HI and Si IV. Figures 3a and 3b of that paper corroborate our
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24 Radial Profiles of EAGLE Galaxies

findings that some column densities are nearly constant until very high
impact parameters at high redshift (see the top and middle left panels of
3.1.

galaxy type: central
star-forming: yes
AZ = 3.125 cMpc

101 T T T T T T T T T T T T T T T
0.25 0.5 0.75 1.0 1.25  0.25 0.5 0.75 1.0 1.25  0.25 0.5 0.75 1.0 1.25
7"/]%vir
— 9 <log(M/Mg) <9.5 10 < log(M/Mg) < 10.5 —— 11 <log(M/Mg) < 11.5
—— 9.5 <log(M/Mgy) < 10 —— 10.5 < log(M/Mg) < 11

Figure 3.1: The column density N [em~2] 25/50/75th percentiles for all of the cen-
tral galaxies in the L0O025N0752 with a specific star formation rate > 10~ M, /yr
as a function of impact parameter. The box has been segmented into eight slices
along the z-axis, and as a result galaxies too close to a slice boundary have been
omitted.See the appendix for the column density profiles of other galaxy classes,
e.g. central or non-star forming galaxies as well as a table showing how many
galaxies are omitted for each class due to the slicing method.

3.3 Density, Temperature, and Metallicity

There are certain local quantities that would provide key insights into the
nature of the CGM, but measuring such things through line-of-sight mea-
surements is effectively meaningless. For example, all of the temperatures
along a line-of-sight would at best be a composite measure rather than pro-
vide any information about the temperature at various regions. To probe
these quantities we need a bulk quantity for which we can directly mea-
sure total values along the line-of-sight like column density. With this idea
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Figure 3.2: The covering fraction as defined in Equation (2.4) for the galaxies in
Figure 3.1. See the appendix for the covering fraction of other galaxy classes, e.g.
satellite or non-star forming galaxies.

in mind, the EAGLE data-to-projection script mentioned in the beginning
of Chapter 2 is capable of measuring ion-weighted local quantities like tem-
perature. We chose to weight them with S IV as it is fairly ubiquitous for
all galaxy classes at all redshifts and impact parameters (as shown in the
top three panels of Figure 3.1.

The top three panels of Figure 3.3 show that the metallicity increases
with time, which makes intuitive sense given stellar enrichment. Unlike
column densities the metallicities maintain the same order of magnitude
with increasing impact parameter. Figure 9.10 in the appendix shows that
metallicity does increase with time regardless of star formation histories
but the values of the metallicities themselves are critically dependent on
this process. The middle panels suggest that distinguishing galaxy class
by temperature a difficult proposition. At no point in time or for any low-
mass galaxy class does the median temperature exceed the collisional exci-
tiation temperatures for the metals in which we have been interested, but
the higher percentiles could exceed these thresholds to some degree, es-
pecially at low-to-intermediate redshift. The Si IV-weighted temperature
is nearly constant across cosmic time; this would suggest that various in-
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Figure 3.3: The metallicity, density, and temperature 25/50/75th percentiles for
all of the central galaxies in the L0025N0752 with a specific star formation rate
> 10~' My, /yr as a function of impact parameter The horizontal lines in the tem-
perature panels correspond to the collisional excitation temperatures listed in Ta-
ble 1.1. See the appendix for the profiles of other galaxy classes, e.g. central or
non-star forming galaxies.

ternal processes are negligible contributors to the maintenance of the cos-
mic thermostat; instead it seems reasonable that least for Si IV weighted
temperatures a global galactic measurement (perhaps even the virial tem-
perature Ty;;) would be a suitable approximation. Ions tend to be biased
temperature probes; as a result, this sort of information typically needs to
be supplemented by column density profiles as the abundances of particu-
lar ions can provide more information about the gas phases present in the
CGM. Of these local quantities it is unsurprising that the density profiles
are most similar to that of the column densities. It is worth noting, how-
ever, that these galaxies have very similar density profiles when binned by
virial radius; this would suggest that low-mass, star-forming galaxies are
homologous in this specific context.
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Chapter I

The Precursors to Mock
Absorption Spectra with EAGLE
Data

The content of the previous chapter and this one are closely connected, as
the properties (e.g., density) and ion abundances present along a partic-
ular line-of-sight inform the extent to which an external object’s light can
pass through the intermediate material. A quantitative measure relevant
to this sort of analysis is the optical depth, which is defined to be

dA

E dZ, (41)

T(Vops) = /OZE’”” 0 (Vops(1 +2)) nion(2)

where z,,,;; is the redshift at which the emitting object is observed, ‘31—2‘
is the derivative of the proper distance to the emitting object with respect
to redshift, v, is the frequency at which the light associated with a par-
ticular ion is observed, and ¢ (v = vys(1 + 2)) is the frequency-dependent
scattering cross section (Kitchin, 1987). The associated flux is

F(Vobs) = FC(Vobs)eiT(VObS)/ (4'2)

where F. is the continuuum flux at that frequency. At first glance Equa-
tions (4.1) and (4.2) provide an intuitive relation between optical depth/flux
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28 The Precursors to Mock Absorption Spectra with EAGLE Data

and the associated column density; however, the process of computing the
cross-section term necessitates a thorough understanding of how a pho-
ton wavepacket is scattered once it interacts with an ion (see Chapter 7 of
Sakurai et al. (1995) for more details). For the analyses presented in Chap-
ters 3 and 4 that are dependent on this optical depth calculation we use the
SpecWizard package. Upon providing a simulation (EAGLE, L0O025N0752),
alist of ions (HI, Si IV, C1V, O VI, Ne VIII), and a number of lines-of-sight
we are given the relevant optical depth profiles through the box as a func-
tion of rest-frame Hubble velocity.

The SpecWizard package reads in particles from the EAGLE data along
the line-of-sight, determines the locations of the relevant ions, and com-
putes the number of ions using the ion fractions available from density
and temperature tables. From this set of information a position space
ion density spectrum can be extracted. The quantum mechanical nature
of the absorption process is codified with the wavelength and oscillator
strength associated with a particular ion, the latter being a measure of the
probability that a certain electron orbital transition will occur (Robinson,
1996). Combining the ion population information with the quantifiable
description of how absorption occurs, including self-shielding (Rahmati
et al., 2013), for that ion produces the optical depth along the line-of-sight.

4.1 Fluxand Optical Depth Along a Line-of-sight

We began the analyses of §4.1 and 4.2 by selecting all of the galaxies in the
L0025N0752 box at redshift z = 3.53 with total masses 9 < log(M /M <
9.5 and specific SFRs exceeding 10~ M, /yr. This yielded 1328 galaxies,
and we developed a script that would generate line-of-sight coordinates in
the xy plane as a fraction of the box size. These coordinates were pointed
directly through the center of each galaxy, so the consequent figures are
representative of the galactic centers rather than the CGM itself; in Chap-
ter 5 we will discuss ways of mimicking the line-of-sight determination
process used in observations of the CGM. In addition to computing quan-
tities such as optical depth and flux along each line-of-sight SpecWizard
determines the peculiar velocity at each point, defined to be the movement
independent of the Hubble flow:
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4.1 Flux and Optical Depth Along a Line-of-sight 29

Vpee = £ — H, (4.3)

where r is the point’s proper coordinate. These velocities distort the
observed spatial distribution of material (Kaiser, 1987). SpecWizard com-
putes the gas peculiar velocity along the line-of-sight to account for this
distortion, and while it would be interesting to see the absorption spec-
tra with this effect turned off it is beyond the scope of this thesis. In or-
der to indicate where the galaxies through which this line-of-sight passes
we must find their respective coordinates in position space, account for
Hubble flow, and incorporate the peculiar velocity values that have been
computed for that location along the line-of-sight.

Galaxy ID: 214610

Line- of swht dlstance chc

T A T

1072 4

Y

Optical Depth

— C
— HI
1074 5 Ne VIII
0 VI
Si IV

107° T T T T T T y
0 250 500 750 1000 1250 1500 1750 2000
Hubble velocity (observer frame, km/s)

Figure 4.1: The optical depth along the line-of-sight that passes through the
galaxy in the L0025N0752 box with ID 214610; a solid line is used to indicate its
exact placement (including peculiar velocity) in redshift space. Dashed lines indi-
cate the location (in Hubble velocity space without the incorporation of peculiar
velocity) of other haloes in the EAGLE database that intersect this line-of-sight.

Figure 4.1 shows the optical depth associated with five ions along the
line-of-sight passing exactly through the center of a low-mass, star-forming
galaxy at high redshift (by our standards). Along a considerable portion
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30 The Precursors to Mock Absorption Spectra with EAGLE Data

of the line-of-sight the H I optical depth exceeds that of the definition of a
stellar photosphere, T = 2/3. The presence of additional (possibly extra-
neous) galaxies along the line-of-sight is correlated with asymmetries in
the optical depth about the central galaxy in redshift space.

The corresponding fluxes, as shown in Figure 4.2, corroborate the opac-
ity associated with H I absorption and strong dependence on galaxies
along the line-of-sight for metal absorption. If Equation 4.1 is evaluated
assuming no peculiar velocities then it can be shown that

T(Vops) & 1y 1(2)- (4.4)

In turn the flux is proportional to exp (—np 1(z)); Figure 4.2 indicates
that there are H I clouds along the line-of-sight that are entirely indepen-
dent from the relevant galaxies. This suppression of background Ly-«
emission is not thorough enough to be considered the manifestation of
the Gunn-Peterson trough within the relevant EAGLE simulation, where
the comparatively low abundance of neutral hydrogen in the intergalactic
medium would indicate that a reionization epoch occurred at some red-
shift between the one we are considering (z = 3.53) and recombination
(z ~ 1100). Although the sources of UV and X-ray radiation to reionize
the IGM have not yet been precisely determined it has been shown that
Population II/III stars, as well as quasars, are suitable candidates (Baek
et al., 2010).

The fluxes corresponding to metal lines are comparatively high and
almost exactly 1 for regions further than 50 km/s from a galaxy in redshift
space. The favored collisional ionization temperatures for these species are
greater than 70000 K, which is uncommon for material not associated with
virialized structures. Rather surprisingly it appears the strongest absorber
associated with the galaxy with which the line-of-sight is centered is C 1V,
while O VI dominates for the galaxy whose redshift distance separation
is 250 km/s from the primary galaxy of interest. It is likely that these
differences in absorber strengths are attributable to galactic attributes such
as total mass and specific star formation rate.
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4.2 Composite Absorption Profiles 31

Galaxy ID: 214610
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Figure 4.2: The flux F « e " corresponding to the optical depths shown in Figure
4.1.

4.2 Composite Absorption Profiles

The contents of the previous section were a precursor to the composite op-
tical depth/flux profiles that will serve as our primary tool for comparing
the EAGLE simulations to real observations. Each line-of-sight begins at
the observer (0 km/s in redshift space) and continues on through the en-
tire box. To find optical depth/flux statistics as a function of galaxy frame
Hubble velocity we had to manipulate the spectra such that each one was
centered on the galaxy in redshift space. This was achieved by converting
the galaxy’s total velocity t into redshift space coordinates and “rolling”
(borrowing from the parlance of the numpy library) the spectrum arrays
such that they were centered on the galaxy used to generate the line-of-
sight. Once each array had been rolled the statistics of each element bin
were computed. Another way of expressing this idea is by imagining each
row of a 2D NumPy array corresponds to a particular line-of-sight spec-
trum of length N and each column a galaxy frame Hubble velocity value;
the following values are plotted in Figures 4.3 and 4.4:

np.percentile(spectral:,i], x),
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32 The Precursors to Mock Absorption Spectra with EAGLE Data
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Figure 4.3: The composite optical depth associated with H I absorbers
(25/50/75th percentiles) where each line-of-sight passing through the center of
a low-mass, star-forming galaxy at z = 3.53 is stacked.

where x = 25,50,75 and i € [0, N — 1]. The corresponding metal line
profiles can be found in the appendix. At separations of 100 km/s in red-
shift space the galaxy absorbs nearly all of the incident radiation associ-
ated with H I. At more disparate positions along the line-of-sight the H I
flux settles into a median value of ~ 0.75; this is an indicator of how H I
is absorbed by the intermediate material within the EAGLE simulations
rather than a set of damping wings (phenomenon where high column den-
sities yield a saturated aborption line and Lorentz broadening increases
absorption outside of the main line, (Gunn and Peterson, 1965)).

Of all of the metals we considered, O VI was the strongest absorber
of the photons passing through this set of EAGLE galaxies. This absorp-
tion, however, was nearly negligible; the largest median optical depth was
T ~ 1073, which is several orders of magnitude below standard defini-
tions of opaque material. Given the collisional ionization temperatures
we should suspect that the strongest metal absorber would either be Si IV
or C IV. These lines-of-sight pass directly through the center of each galaxy
so perhaps the densities and temperatures through which these photons
pass favor different photoatomic reactions.
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Figure 4.4: The flux assocaited with the optical depth presented in Figure 4.3.
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Chapter 5

Comparison to Observations

5.1 Status of Comparing CGM Simulations to Ob-
servations

Methods of observing the CGM are robust and varied, so our analyses
should mimic these practices while simultaneously achieving improve-
ments due to the nature of having a large suite of simulations wherever
possible. Given the limitations of observing material on the periphery of
galaxies as mentioned in §1.1.1, it is critical to complement these studies
with corresponding results from simulations.

The ”stacking” method employed by observers of the CGM was im-
plicitly introduced in §4.2. By combining the spectroscopic contributions
from each galaxy within a collection of hundreds or thousands with simi-
lar parameters, statistical noise can be effectively erased. Figure 10 in Stei-
del et al. (2010) divides the galaxy sample into two mass bins (total mass
either above or below 3.7 x 10!1°M,) and plots the normalized intensity as
a function of galaxy frame Hubble velocity; while qualitatively similar to
the results presented in this chapter, their profiles are considerably more
asymmetric about vg,pp, = 0 km/s and have non-negligible absorption
features for all of the ions, not just H 1.

Among the benefits of using the EAGLE simulations for comparisons
to observations, we are not limited by saturation effects or comparatively
poor statistics stemming from a sample of few galaxies. For column densi-
ties log(Np 1) ~ 18 the entire Lyman series is saturated (Tumlinson et al.,
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36 Comparison to Observations

2017); this implies that observed stacks of pencil beams passing through
a set of galactic centers would not be able to produce Figures 4.3 and 4.4.
The multiphase nature of the CGM was determined using O VI and C IV
absorbers in Rudie et al. (2019), but the results were derived from only
eight ~ L* galaxies at z ~ 2; the small sample was mitigated by using
multiple lines-of-sight (130 in total) for each galaxy in the sample. The
results presented in §5.2 use one line-of-sight for > 200 galaxies of a par-
ticular class. A similar study found that O VI absorbers were a suitable
tracer of outflowing and accreting CGM gas and did so with observations
of O VI within 29 galaxy environments in a fairly narrow redshift band
(Nielsen et al., 2017). Chen (2012) posits that the CGM has not changed
dramatically from z ~ 0 — 2, and they mitigated this sampling issue by
analyzing a collection of five different galaxy observation samples from
the literature.

5.2 Circmgalactic Media of EAGLE Galaxies Ready
For Direct Comparsion

In Chapter 4 we found the (x, y) coordinates from the EAGLE database
for each of the low-mass, star-forming central galaxies at z = 3.53 in the
L0025N0752 box (13th row of Table 9.1). From that list of ordered pairs
we computed line-of-sight measurements along the z-direction and pre-
sented an example of a single line-of-sight optical depth/flux profile pass-
ing through a galactic center and the resulting composite profiles.

Adjustments needed to be made in order to more accurately mimic the
CGM observation process. We needed to collect precise measurements of
the attributes associated with the CGM (rather than the galactic centers)
and the galaxy class definition needed to be sharpened such that we could
compare more directly to an existing set of observations. The new galaxy
class had the folowing total masses and star formation rates:

10°°My < M, < 10'° Mo, (5.1)
1079 M, /yr < M, < 10%74M, /yr. (5.2)

From observations the specific star formation rate of a particular galaxy
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5.2 Ciremgalactic Media of EAGLE Galaxies Ready For Direct Comparsion 37

is well understood but the total mass (especially at higher redshift) is
susceptible to fairly large uncertainties, which is incorporated into the
definition of our galaxy class. To achieve our goal of creating mock ab-
sorption spectra of the CGM surrounding low-mass, star-forming galax-
ies we needed to adjust our line-of-sight determination algorithm. Rather
than choosing the coordinates given in the EAGLE database, we incorpo-
rated random number generators to create a new ordered pair (x',y’) =
(x + rcosB,y + rsin @), where the polar coordinates r, 8 were determined
using a random number generator that provided values in the following
ranges.

r € [20,320) pkpc, (5.3)
6 € [0,27). (5.4)

We should point out that our sampling scheme was biased towards
small impact parameters; a uniform polar coordinate sample would dis-
tribute lines-of-sight evenly through impact parameter slices with area
27trAr. This was intentional; observations tend to be focused on the cir-
cumgalactic regions closer to the galactic disk and as a consequence we
incorporated this trend into our line-of-sight generator.

From the EAGLE database we found 213 galaxies in the L0025N0752
box at redshift z = 3.53 that belonged to this galaxy class; their composite
optical depth is shown in Figure 5.1. At galaxy frame Hubble velocities of
greater than 500 km /s one the optical depth is similar to the more broadly
defined galaxy class (see 4.3). As expected the peak optical depths are
smaller than in the Chapter 4 case as the lines-of-sight are passing through
the CGM rather than the galactic center which presumably has a higher
H I absorber density.

The corresponding flux of A = 1215.67A photons is shown in Figure
5.2. The median optical depth of the CGM for this ion is about an order of
magnitude larger than in the galactic center, which explains why a negli-
gible number of these photons avoid absorption for galaxy frame Hubble
velocites of less than 50 km/s. This would suggest that the ion fraction
of neutral hydrogen is higher in the CGM; this makes intuitive sense as
hydrogen atoms are more likely to be ionized in the density and temper-
ature régimes associated with the centers of galaxies. It is possible that
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Figure 5.1: The composite optical depth along lines-of-sight (25/50/75th per-
centiles) passing through the CGM of galaxies with the indicated attributes.
About half of the total column densities along these lines-of-sight exceed Ny | =
10'85; when passing through the galactic center nearly all line-of-sight column
densities exceed that same value.

the different galaxy class definitions could be partially responsible for this
discrepancy; the total mass range is larger and Figure 3.2 shows that H I
abundance at high redshift is dependent on both total mass and impact
parameter. The change in specific star formation rate definition would

require a deep connection between star formation and neutral hydrogen
abundances in the CGM.

Figures 5.3 through 5.10 show the absorption spectra for several metal
absorbers. The most ubiquitous of these ions are C IV and O VI accord-
ing to the medians shown in Figures 5.6 and 5.8; Si IV and Ne VIII are
not nearly as strong but the flux at small galaxy frame Hubble velocities is
lower than when the lines-of-sight pass through the galactic centers. It ap-
pears that there is a correlation between the broadness of the optical depth
peak and the associated energies listed in Table 1.1. This may be related to
the transition from collisional ionization being the dominant photoatomic
mechanism in the CGM to other processes closer to the galactic center.
The optical depth associated with Ne VIII absorption, for example, does
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Figure 5.2: The composite flux of photons (25/50/75th percentiles) with the indi-
cated wavelength as a function of galaxy frame Hubble velocity.

not change very much as the line-of-sight passes through the CGM be-
cause the favored CIE (see Table 1.1) is too high for collisional ionization
to be an important feature for that particular ion in this region. Figure
9.20 shows that when the lines-of-sight pass through the galactic center
the Ne VIII absorption is considerably broader, indicating that the loca-

tion of the line-of-sight is critical in understanding the ion absorption line
widths.
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Figure 5.3: The composite optical depths associated with Si IV absorption from
lines-of-sight passing through the CGM of the galaxies in the class whose defini-

tion is informed by a recent set of observations.

1.2
Si TV (A = 1393.764)
2 =353
111 9.5 < log(M/Ms) < 11.5
—0.65 < log(M,[Mg /yr]) < 0.74
Nyatazies = 213
1.0 g
‘l‘ ﬂr‘f
> i {‘lr
ES 0.9 ‘d{ i
|
A
!
0.81 WJ |
§
I
|
0.7 !
0.6 - T T T T T T T T
750 500 250 0 250 500 750 1000

1000

Hubble velocity (galaxy frame, km/s)

Figure 5.4: The flux corresponding to Figure 5.3.
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Figure 5.5: The composite optical depths associated with C IV absorption from
lines-of-sight passing through the CGM of the galaxies in the class whose defini-

tion is informed by a recent set of observations.
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Figure 5.6: The flux corresponding to Figure 5.5.
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Figure 5.7: The composite optical depths associated with O VI absorption from
lines-of-sight passing through the CGM of the galaxies in the class whose defini-

tion is informed by a recent set of observations.
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Figure 5.8: The flux corresponding to Figure 5.7.
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Figure 5.9: The composite optical depths associated with Ne VIII absorption from
lines-of-sight passing through the CGM of the galaxies in the class whose defini-
tion is informed by a recent set of observations.
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Figure 5.10: The flux corresponding to Figure 5.9.
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Chapter 6

Discussion

Generally speaking the aims of astrophysical simulations are two-fold: to
confirm that artificially constructed cosmic ecosystems built upon prevail-
ing physical theories align with what has been observed and to serve as a
tool for probing phenomena in greater detail than what is attainable with
observations. In this effort we have presented several results, but a discus-
sion of what has not yet been answered and what could be worked out in
the future is certainly warranted.

6.1 Unresolved Questions

The range of possible inquiries into the nature of the CGM of EAGLE
galaxies is extensive. For the sake of brevity we explored an admittedly
small region of parameter space while defining galaxy classes. While we
present the radial profiles of central and satellite galaxies, star-forming
and not star-forming, and binning measured values in physical and virial
coordinates separately it would certainly be instructive to explore other
galaxy classes to have a more comprehensive picture. Additionally, ap-
plying a statistical analysis regimen to the results from different galaxy
classes could give us a quantitative, rather than qualitative, comparison.
Once the optical depth and flux profiles are extracted by the SpecWiz-
ard package for each pencil beam the peculiar velocities along the line-of-
sight are computed. We use the value associated with the primary galaxy
through which the line-of-sight passes to indicate the galaxy’s location in
velocity space. In Figure 4.2 we only incorporate the peculiar velocity
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value for the primary galaxy and the others are unchanged; a more sys-
tematic approach to dealing with the galaxies not being investigated that
lie along the line-of-sight would be beneficial to future studies. Over large
samples of pencil beams the contributions from nearby galaxies could per-
haps be suppressed but it would be interesting to see to what extent the
varying environments along the lines-of-sight affect these optical depth
and flux profiles.

In Chapter 5 we present a single method of finding a line-of-sight pass-
ing through the CGM, namely with a random number generator which
provides polar coordinates biased towards small impact parameters. Ex-
ploring additional methods, such as analyzing lines-of-sight at a fixed im-
pact parameter (e.g., 0.5R;;) or with uniform sampling of the impact pa-
rameter we could determine to what extent this sampling process affects
our composite optical depth and flux profiles. Additionally, it is common
practice to use multiple lines-of-sight passing through the same galaxy
during observations (Manuwal et al., 2019); this principle could be readily
implemented into our code and provide even more lines-of-sight to ana-
lyze.

6.2 Future Work

Perhaps the most exciting aspect of working with the EAGLE data is that
there is what appears to be a myriad of potential research questions wait-
ing to be answered. From this thesis alone we could extend our analy-
sis to additional classes (e.g., higher mass), other galactic material such
as dark matter, and to higher redshifts; EAGLE has snapshots available
up to redshift z = 20. With the usage of other simulations such as the
high-resolution, 100 cMpc box we could in principle determine the de-
pendencies of the presented analysis on number of galaxies in the class
or SPH particle resolution. As alluded to in Chapter 2, a computational
astrophysicist must always be aware of when it is advisable to sacrifice
accuracy for a decrease in computational expense. The number of pos-
sible contingencies associated with this work necessitated an admittedly
restrictive choice in galaxy class definitions and consequent analyses of
available EAGLE simulations.

Machine learning algorithms could be applied to EAGLE in order to
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accelerate data analysis pipelines and provide more streamlined observa-
tion comparison processes. Let us say, for example, that observations have
yielded a C IV column density radial profile for a single galaxy whose total
mass and specific star formation rate are poorly understood. By feeding a
deep, convolutional neural network with thousands of profiles from EA-
GLE galaxies similar to those found in Chapter 3 and the appendix we
could develop an infrastructure that estimates to which class that galaxy
belongs (Krizhevsky et al., 2012). With the L0025N0752 box such a classifier
would be most successful with central, low-mass galaxies at high redshift.
To confirm that the galaxy does indeed belong to that class an absorption
spectrum could be measured and compared to the results presented in
Chapter 5.

The following ideas are entirely speculative but it is worth considering
if utilizing a particular advancement in computing technology is a worth-
while venture for someone interested in astrophysical simulations at any
scale. The Lattice Boltzmann Method, which was briefly introduced in
Chapter 1, allows for the simulation of complex fluid flows by greatly
reducing the number of degrees of freedom via two key ingredients: a
mesoscopic treatment of the fluid particles and by constraining their flow
through a lattice structure. If it is possible to create a formalism such that
the lattice could be used as an octree-like framework for a gravity solver
then the two primary forces governing astrophysical evolution could be
implemented simultaneously in an environment ideally suited for graphi-
cal processing units, whose capabilities are improving dramatically given
their association with deep learning.
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Chapter

Conclusion

For most of human history our collective understanding of galactic astron-
omy was informed exclusively by the bright band across the night sky, the
signature of the Milky Way. Ever since Hubble determined that this was
only a very small part of the entire picture, astronomers have begun to
fill in the tableau that is the structure of the cosmos. Filaments of inter-
galactic material and archipelagos of galaxies have coalesced from small
density perturbations imprinted during the earliest moments in the Uni-
verse. These structures, teeming with complexity, can only be understood
through rigorous observation programs and equally rigorous testing of
the underlying physics using state-of-the-art computer simulations.

One of the more elusive elements of galaxies, their circumgalactic medium,
is one of the most critical environments through which we can come to
understand the processes of galaxy formation and evolution. The CGM is
multiphase, has temperatures and densities which vary by orders of mag-
nitude, and is driven to change rapidly in response to extreme phenomena
like supernovae and supermassive black hole feedback. As a result, anal-
ysis of the CGM yields critical information about the galaxy as a whole
in addition to critical tests of the physical theories underlying our under-
standing of how the cosmos operates.

In this thesis we explored the nature of the CGM surrounding low-
mass, star-forming galaxies from within simulated regions millions of light-
years across. Given the scale of the simulation suite we were able to an-
alyze tens of thousands of synthetic galaxies in an effort to explain their
composition, how they evolve, and how they relate to one another. This
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was achieved by breaking up the region into “slices”, projecting the con-
stituent material of each slice, and selecting out pixels belonging to the
galaxies of interest. Pixels were binned by impact parameter such that
composite radial profiles of quantities such as ion column density or metal-
licity could be produced for a class of galaxies. Generally speaking we
found that our profiles qualitatively matched observations that have been
presented in the literature.

Algorithms that distill the EAGLE data into formats similar to those
presented in observation studies are critical; the SpecWizard package em-
ployed in Chapters 4 and 5 reads in the SPH particle data and produces
line-of-sight measurements that are suitable for comparisons to observa-
tions. We present a proof of concept in Chapter 4 by analyzing a single
line-of-sight as well as stacked lines-of-sight passing through the centers
of galaxies belonging to a broadly-defined class at high redshift. Once the
method of stacking has been established we provide the composite lines-
of-sight optical depth and flux profiles passing through the circumgalactic
media of galaxies belonging to a class for which observations will soon
be available. Preliminary comparisons are encouraging, which buoys the
idea that by delving further into the EAGLE data in ways that cannot be
replicated with telescopes we could perhaps discover new things that have
not yet been observed.

It is tremendously exciting to present a new analysis of the CGM at
this point in the history of astronomical research. Given the number of
proposed observational programs to be developed in the coming years we
look forward to answering the call for continued research from a theoreti-
cal and computational perspective.
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Chapter 9

Appendix

Codes written specifically written for this project are stored in the form of a
GitHub repository: https://github.com/BrianTCook/firstproject-CGM.
Within the main chapters of this thesis we have selected just a few figures
from our entire analysis for the sake of brevity. In this appendix we present
the radial profiles for the remaining galaxy classes. Chapter 3 provides
these profiles strictly as a fraction of the virial radius; here we provide
the analogous profiles when the appropriate values are binned by phys-
ical distance in §9.1. In Chapter 4 only the H I optical depths/fluxes are
shown, but we computed similar quantities for the following metals: C1V,
Si IV, O VI, and Ne VIII. These composite measurements are provided in
§9.2. Lastly, the galaxy population table for the L0O025N0752 box is pro-
vided in §9.3.

9.1 HI/CIV/SiIV Column Densities and Cover-
ing Fractions

In §3.1, 3.2 we presented the column densities and associated covering
fractions of H I, C IV, and Si IV in central, star-forming galaxies. These
galaxies were separated into five total mass bins and these radial profiles
are as a fraction of the virial radius. This section of the appendix is devoted
to satellite galaxies, non-star-forming galaxies, in addition to presenting
radial profiles where the relevant pixels were placed according to their
physical distance. This method is more common in observations so these
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profiles may be more readily compared to observational studies.
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Figure 9.1: The column densities of star-forming, central galaxies the relevant
annuli are stored by physical distance rather than as a fraction of the virial radius.
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Figure 9.2: The covering fractions for galaxies represented in Figure 9.1.
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Figure 9.3: The column densities of star-forming, satellite galaxies in physical
coordinates.
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Figure 9.4: The covering fractions for galaxies represented in Figure 9.3.
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Figure 9.5: The column densities of non star-forming (Mo <1071 M/ yr), cen-
tral galaxies in physical coordinates.
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Figure 9.6: The covering fractions for galaxies represented in Figure 9.3.
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Figure 9.7: The column densities of non star-forming (Mo <1071 M, / yr), satel-
lite galaxies in physical coordinates.
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Figure 9.8: The covering fractions for galaxies represented in Figure 9.7.
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9.1.1 Maetallicity/Density/Temperature

Several Si IV-weighted local quantities are presented in §3.3 for central,
star-forming galaxies. The plots in this section of the appendix show the
radial profiles for other galaxy classes as well as the results for when the

galaxies are analyzed by physical distance rather than as a fraction of the
virial radius.
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Figure 9.9: The Si IV-weighted metallicity, temperature, and density of the star-

forming, satellite galaxies where the impact parameter is in physical, rather than
virial, coordinates.
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Figure 9.10: The Si IV-weighted metallicity, temperature, and density of the non-
star-forming, central galaxies where the impact parameter is as a fraction of Ryji,.
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Figure 9.11: The Si IV-weighted metallicity, temperature, and density radial pro-
files of the non-star-forming, satellite galaxies in pkpc.
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Figure 9.12: The Si IV-weighted metallicity, temperature, and density radial pro-
files of the star-forming, central galaxies where the impact parameter is in pkpc.
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Figure 9.13: The Si IV-weighted metallicity, temperature, and density of the non-
star-forming, central galaxies where the impact parameter is in physical coordi-

nates.
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9.2 Metal Absorption Spectra 61

9.2 Metal Absorption Spectra

In chapter 4 the method of extracting pencil beam optical depth and flux
profiles from the EAGLE data is discussed and as a proof-of-concept we
show how a composite profile could be compiled using a ”stacking” method.
Here we show the corresponding optical depth and flux profiles for O VI,
SilV, C1V, and Ne VIII.
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Figure 9.14: The optical depth associated with photons that interact with O VI
ions within the galaxies of Chapter 4.
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Figure 9.15: The flux of photons absorbed by O VI along the line-of-sight passing
through the center of each galaxy within the class discussed in Chapter 4.
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Figure 9.16: The composite Si IV optical depth along the lines-of-sight passing
through the galaxies of Chapter 4.
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Figure 9.17: The flux of photons absorbed by Si IV along the line-of-sight passing
through the center of each galaxy within the class discussed in Chapter 4.
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Figure 9.18: The composite C 1V optical depth along the lines-of-sight passing
through the galaxies of Chapter 4.
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Figure 9.19: The flux of photons absorbed by C IV along the line-of-sight passing

through the center of each galaxy within the class discussed in Chapter 4.
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Figure 9.20: The composite Ne VIII optical depth along the lines-of-sight passing

Version of July 29, 2019- Created July 29, 2019 - 00:59



9.3 Number of Galaxies in Each Class 65

1.15
O VI (A =1031.934)
2 =353
1.10 1 9 < log(M/M¢) < 9.5
—11 < log(M,[Mg/yr])
Nyalazies = 1328
1.05
e
= 1.00 —
m -
0.95 1
0.90 1
0.85 & : : . . . . ; :
1000 750 500 250 0 250 500 750 1000

Hubble velocity (galaxy frame, km/s)

Figure 9.21: The flux of photons absorbed by Ne VIII along the line-of-sight pass-
ing through the center of each galaxy within the class discussed in Chapter 4.

9.3 Number of Galaxies in Each Class

All of the relevant galaxy population information for the L0025N0752 box
is shown in Table 9.1, which was the basis for the analyses presented in
Chapter 2, Chapter 3, and §9.1. In some cases there were no galaxies
available (e.g., very low-mass and star-forming central galaxies at z = 0).
Some of the more erratic plots presented in §9.1 may be attributed to poor
galaxy sampling; for example, there are three galaxy types where three or
fewer galaxies were analyzed. Future research could be devoted to these
poorly sampled galaxy classes by using a larger EAGLE simulation like
the L100N1504 box. The sixth column indicates how many galaxies are
present in the box while the fifth column shows how many were kept af-
ter the slicing method was implemented.
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E

‘ (x<10g (Mﬂ> <y)

Star Forming ‘

|

N*

N,

Type galaxies galaxies, total
353 | 95,10 yes central 1501 1559
3.53 | 10,10.5 yes central 732 775
3.53 | 105,11 yes central 212 224
353 | 11,115 yes central 65 72
1 9,95 yes central 11 11
1 95,10 yes central 93 94
1 10, 10.5 yes central 471 488
1 10.5,11 yes central 320 349
1 11,115 yes central 117 129
0 10, 10.5 yes central 245 252
0 10.5, 11 yes central 303 320
0 11,11.5 yes central | 116 126
353 19,95 yes central 1292 1328
353 | 9,95 yes satellite | 436 472
3.53 | 95,10 yes satellite | 213 233
3.53 | 10,105 yes satellite | 47 52
3.53 | 10.5,11 yes satellite | 10 12
353 | 11,115 yes satellite | 1 1
1 9,95 yes satellite | 133 140
1 9.5,10 yes satellite | 167 184
1 10, 10.5 yes satellite | 84 101
1 10.5, 11 yes satellite | 38 43
1 11,11.5 yes satellite | 10 15
0 10, 10.5 yes satellite | 86 92
0 10.5, 11 yes satellite | 67 75
0 11,11.5 yes satellite | 19 23
353 | 9,95 no central 6999 7171
3.53 | 9.5,10 no central 962 986
3.53 | 10,10.5 no central 28 30
1 9,95 no central 515 525
1 9.5,10 no central 170 176
1 10, 10.5 no central 165 173
0 10, 10.5 no central 210 215
0 10.5,11 no central 15 18
353 | 9,95 no satellite | 532 554
3.53 | 9.5,10 no satellite | 30 35
1 9,9.5 no satellite | 486 581
1 9.5,10 no satellite | 89 102
1 10, 10.5 no satellite | 2 4
0 10, 10.5 no satellite | 31 34
0 10.5, 11 no satellite | 3 3

Table 9.1: The number of galaxies in the L0025N0752 box with the indicated at-
tributes. The sixth column corresponds to the total number while the fifth column
accounts for the galaxies that have to be omitted as they are too close to a slice
boundary. The slice boundaries in the AZ = 3.125 case are at Z = 3.125 x n,
wheren € |0, 8].
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