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Abstract

Analysing the state of the art, zoom-in simulation "Eris", I study the distribution, ori-
gins and kinematics of O VI gas around star forming L* galaxies. A detailed comparison
to observations from the COS-halo survey is made, by generating sightlines through
the simulated halo and examining the properties of the gas along them. At z ∼ 0, the
O VI column density is between 1014 and 1015 cm−2 up to 300 kpc, consistent with the
COS-halo data. This column density appears to remain unchanged from z = 3 to z = 0
in the range of 10-100 kpc, which is at least partially explained by an expanding O VI
bubble. O VI rich gas particles in Eris are tracked from z = 0 to z = 3, with the aim of
finding the origin of the circumgalactic O VI gas. The result demonstrates that most
of the O VI rich corona gas in Eris is be enriched and heated by supernova feedback at
early times, in contrast with the classical interpretation of hot mode shock accretion.
The majority of the O VI bearing gas is outflowing at all times, but the inflowing com-
ponent increases with time. The mass distribution of the circumgalactic O VI peaks at
the virial radii for all redshifts. The majority of the gas traced by O VI is warm-hot
corona gas with temperature 105 K < T < 106 K, and the density of the O VI gas is
around 10−5 − 10−4 cm−3. The gas is mainly collisionally ionised, but photoionisation
also has a non-negligible impact on O VI abundance beyond 100 kpc. Synthetic O VI
spectra for the Eris simulation are generated in post-processing, and are fitted to find
broadening parameters. With this I recreate the column density relation to broadening
parameter seen in the COS-halo survey and other observations. Although the simu-
lation successfully reproduces the observed column density distribution of O VI and
H I, it underpredicts the column densities of low metallic ions, indicating the need of
alternative non-thermal feedback, or a better resolution of the CGM in cosmological
simulations.
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Chapter 1

Introduction

The question of how galaxies form and evolve in the Universe is part of the ever old
mystery that has inspired humanity to look upon the heavens for centuries: where did
we come from and where are we going? This natural curiosity has driven us to build
instruments and search for answers, and today computers and telescopes have made it
possible for us to come closer to understanding the Universe than ever before. This
project will attempt to improve the understanding of the co-evolution of galaxies and
their surrounding gas, through analysing a simulation of a galaxy not too different
from our own Milky Way. We use the modern and sophisticated Eris simulation - to
study the origins, distribution and kinematics of gas in the circumgalactic medium,
specifically five times ionised oxygen; O VI (O5+ in Chemistry notation).

1.1 Galaxy formation and evolution as we know it

The classical papers by Eggen et al. [1962] and Searle and Zinn [1978] present two
opposing theories of how galaxies form. Eggen et al. proposed a theory of rapid
collapse of a gas cloud, where most of the galaxy formed at the same time, while
Searle and Zinn suggested that the galaxy formed hierarchically by accretion of dwarf
galaxies. It was later realised that galaxies need more gas than what they start out
with, or can attain from accreting dwarfs, to have the continuing star formation history
that we observe. Flows of cold gas feeding the galaxies throughout time are therefore
essential for forming the galaxies we see today [Kereš et al. 2005, Dekel et al. 2009,
Agertz et al. 2009]. Our current view of galaxy formation is a combination of these
three theories [Somerville and Davé 2015, Naab and Ostriker 2017]. We think galaxies
started out with gas collapsing into dark matter gravitational potentials originating
from density fluctuations in the very early Universe, and continued to grow and form
stars due to merging and accretion of dwarf galaxies as well as inflows of cold gas
along the filamentary structures of the cosmic web. The exact contributions from each
formation mechanism are still unknown and being researched by observational surveys
and through analytical and computational work.

Simulations have become increasingly sophisticated and realistic with the develop-
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ment of efficient numerical techniques and the evolution of computers. Modern simu-
lations of galaxies include the three processes mentioned above as well as most of the
relevant physics. These tools represent controlled environments that can lead us closer
to a detailed understanding of galaxy formation and evolution. Early galaxy simula-
tions suffered from the so called "overcooling problem", where the gas cooled quickly
and too many stars were formed e.g. [Katz 1992]. This problem is solved by invoking
"feedback"; processes that reheat and redistribute gas in galaxies e.g. [Mo et al. 2010].
Feedback processes include stellar explosions (supernovae) and stellar winds, as well as
outflowing radiation and material from active galactic nuclei (supermassive black holes
in the centres of galaxies). These mechanisms lead to large scale outflows of heated
gas, and such outflows have been observed in nearby galaxies [Veilleux et al. 2005, and
references therein].

Gas flows in and out of galaxies regulate the star formation in the galaxies and
enrich the intergalactic medium. The outflowing gas can prevent star formation fuel
from flowing in to the galaxy, and hence contribute to "quenching" the star formation.
Enriched outflowing gas can also be recycled back into the disk to enhance cooling and
form more stars with increased metallicity. In order to understand the evolution of the
central galaxy we therefore need to understand the movement of gas and how it trans-
forms to stars and back [Davé et al. 2012]. This is called "the cycle of baryons". All gas
that enters and leaves a galaxy has to go through the circumgalactic medium (CGM).
Due to the low density of stars and relatively little disturbance of this region through
time (as opposed to the dynamic and everchanging disk and bulge of spiral galaxies),
the circumgalactic medium is an excellent arena to study flows of gas on significant
timescales for galactic evolution. The mass, velocity, temperature and composition of
the inflowing gas can tell us how many stars can form, and the outflowing gas informs
us of the star formation that has occurred in the galaxy and the feedback processes
present.

1.2 Oxygen as a tracer of evolution

Oxygen is the third most abundant element in the Universe (after hydrogen and helium)
and the most abundant metal. Astrophysicists call everything heavier than helium
metals, because these elements make up a tiny fraction of the baryons in the Universe
(1-2 % [Mo et al. 2010]), and were not present from the beginning. The vast majority
of the metals up to iron in the periodic table are produced in nuclear fusion in stellar
interiors [Mo et al. 2010]. Their abundance and distribution in the Universe therefore
depend on how the first stars and galaxies formed, how star formation rates have
evolved through cosmic time and how enriched gas has been spread from its stellar
interior origin and out into interstellar and intergalactic space.

Being the most abundant metal makes oxygen an important tracer of enriched gas
in the Universe, and following the flows of oxygen through the circumgalactic media
of galaxies can teach us about the enrichment of the Universe and the galaxies, the
star formation history, the different feedback processes present and their effect on the
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evolution of galaxies. O VI has proved to be one of the ions that are fairly easily
observed in the CGM, due to a clear doublet transition at λ1032 and λ1038 Å, and
the ionisation fraction peaking around the temperatures of the CGM of ∼ L* galaxies
[Heckman et al. 2002].

Large amounts of O VI have been observed in the circumgalactic medium of the
Milky Way and many other star forming L* galaxies at z ∼ 0 [Savage et al. 2000,
Heckman et al. 2002, Tumlinson et al. 2013, Werk et al. 2013; 2014; 2016]. These
observations are mainly based on absorption lines in the spectra of quasars, which
occur when our line of sight to the quasar passes through the circumgalactic medium
of foreground galaxies. O VI gas is observed to extend far from the galactic disks of
star forming L* galaxies, and it has relatively high column densities. O VI is a tracer
of highly ionised oxygen, which could appear in regions of high density, temperature
or pressure, or in the presence of ionising radiation. Feedback processes can lead to
such conditions by inducing shocks and strong radiation through the circumgalactic
medium, and because of this O VI can be called a fossil record of a galaxy’s feedback
history [Oppenheimer et al. 2016].

Why is O VI ubiquitous in the CGM of present day star forming galaxies? How
is it that so much gas (high column densities) in the CGM manages to stay within
the temperatures, pressures and densities favourable for O VI over time? What has
lead this highly ionised metal ion to be distributed in this way? How did the O VI
get there? Is it mainly collisionally ionised or photoionised (by UV background or
otherwise)? What can this tell us about the movement of gas and cycle of baryons in
galaxies? How can the distribution, origins and kinematics of O VI constrain feedback
mechanisms and the evolution of galaxies?

After the large, high column density regions of O VI were first found [Savage et al.
2000], the above questions have received attention from several research groups, and
O VI has been studied with observations, simulations and theory. Recent observational
studies have been done by the Cosmic Origins Spectrograph (COS) on board the Hubble
Space Telescope, with complementary data from several ground based telescopes. These
studies have confirmed the ubiquity of the O VI envelopes around star forming L*
galaxies, as well as found a linear correlation between column density of O VI and
absorption line width [Heckman et al. 2002, Werk et al. 2016, Stern et al. 2018]. The
correlation between low and intermediate ions with O VI has also been investigated,
and some have been found to be correlated [Werk et al. 2016].

In addition to observations, the distribution and state of the circumgalactic O VI has
been studied with various galaxy simulations. These include the cosmological volume
simulations EAGLE [Schaye et al. 2014] and Illustris [Genel et al. 2014], and the zoom-
in simulations FIRE [Hopkins et al. 2014], and Eris [Guedes et al. 2011] among others.
Few simulations have been able to reproduce the high column densities observed in the
COS halos, and the simulators often reach different conclusions about the ionisation
mechanism of the O VI gas. Several theories have been put forward aiming to explain
the observed O VI distribution. Some of these are: O VI traces virial temperature
gas in collisional ionisation equilibrium [Oppenheimer et al. 2016], O VI represents
hot coronal gas cooling through O VI temperatures after an accretion shock or after
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heating by feedback [Heckman et al. 2002, Werk et al. 2016], O VI is in photoionisation
equilibrium with the UV background [Stern et al. 2018] or with local radiation sources
[Werk et al. 2016]. The kinematics, origin and fate of the circumgalactic O VI is
therefore still an open question in modern Astrophysics, along with the formation and
evolution of galaxies of which it might hold clues to. This thesis is therefore dedicated
to further studying O VI, and investigate its relation to galaxy evolution.

1.3 This work

In this work, I take advantage of recent advances in computational and observational
work to study the evolution of galaxies. I do so by studying the origins, distribution and
kinematics of O VI in the circumgalactic medium of the state of the art, zoom-in sim-
ulation Eris. The Eris simulation produces a spiral galaxy quite similar to our present
day Milky Way, and many of the galaxy properties are consistent with observations
from the Milky Way galaxy as well as other L* galaxies out there (more information on
the Eris simulation in chapter 3) [Guedes et al. 2011]. By investigating the origins, dis-
tribution and kinematics of circumgalactic O VI around the central galaxy in Eris and
compare with recent observations, I aim to answer some of the questions above. With
that I hope to improve current models for the cycle of baryons, feedback mechanisms
and evolution of galaxies.

I delve into the mysteries of galaxy evolution through following velocities, temperat-
ures and element abundances of gas particles in the Eris simulation and their evolution
with time. The distribution of O VI and several other ions are studied with column
density maps and profiles, and compared to observations from the COS-halo survey.
The temperature, density and pressure of the gas in the simulation are investigated
in order to understand the state of the gas and how the extended O VI envelopes are
possible. To learn about the enrichment mechanisms and origins of O VI, gas particles
containing O VI are tracked through time. The kinematics of the O VI bearing gas is
investigated through line of sight velocities and synthetic spectra, giving new insight
to the movement of gas and cycle of baryons in galaxies.

This thesis is structured as follows: in chapter 2 the theoretical background is
summarised. This includes section 2.1: "The formation of structures and galaxies in
a ΛCDM Universe" and section 2.2: "The cycle of baryons". Then follows section
2.3: "Studying circumgalactic gas flows with observations" and section 2.4: "Studying
circumgalactic gas flows with simulations". The final section in the theory chapter is
section 2.5: "The O VI mystery". I then describe the simulation that was analysed
in this project in chapter 3 "The Eris simulation". In chapter 4 I go through the
methods that were used to analyse the Eris simulation, and in chapter 5 the results of
the analysis are presented. Finally, the results and implications are discussed in chapter
6 and concluded in chapter 7.



Chapter 2

Theoretical background

2.1 The formation of structures in a ΛCDM Universe

Figure 2.1: A timeline showing our current pic-
ture of the evolution of the Universe. Image credit:
NASA/WMAP Science Team [2012].

The most widely accepted the-
ory describing our Universe is
the ΛCDM cosmology. In this
cosmology the Universe is dom-
inated by a dark energy or cos-
mological constant Λ, which is
responsible for the accelerating
expansion of the Universe and
comprises about 70% of the total
mass and energy budget [Planck
Collaboration 2016]. The second
largest component of the Uni-
verse is thought to be Cold Dark
Matter (CDM), which amounts
to around 25% [Planck Collab-
oration 2016]. This dark matter
is made up of unknown particles
that interact exclusively or nearly exclusively by gravity [Turner and White 1997]. This
leaves only 5% for the regular, visible, baryonic matter that make up everything we
know.

Figure 2.1 illustrates the history of the Universe in ΛCDM cosmology, from the big
bang ∼ 14 billion years ago until the present time [NASA/WMAP Science Team 2012].
As mentioned in the introduction, the current view is that the structures and galaxies
in the Universe started out from density fluctuations in the very early Universe. These
grew exponentially during the epoch of inflation, and have evolved to the structures we
observe today [Dodelson 2003]. After inflation the temperature of the Universe cooled,
eventually allowing atoms to form and the Universe to become neutral.

At early times the Universe was dense and hot, and the atoms would not collapse
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into structures because of the high velocities and interaction rates of the particles. But
cold dark matter particles interact less and could start to form structures earlier [Turner
and White 1997]. This allowed gravitational potential wells to have grown deep by the
time baryonic matter had cooled enough to fall in, enabling structures to form. When
the first stars and galaxies formed, the epoch of reionisation began. The stars filled
the Universe with radiation and reionised the intergalactic medium [Dodelson 2003].
Today the intergalactic medium is fully ionised, and radiation from distant stars and
galaxies contribute to a background radiation of ultraviolet light; the UV background
[Haardt and Madau 2001].

Matter generally does not collapse completely to the centre of gravitational poten-
tial wells, but instead ’virialises’ to form extended structures [Navarro 1996, Birnboim
and Dekel 2003]. The reason for this is that infalling material is not likely to be on
perfectly radial orbits, and so there comes a point where the velocity of the material
counterbalances the gravitational pull of the well. This point is called the virial radius,
and sets the size of dark matter halos surrounding galaxies [Navarro 1996]. In this way,
the baryonic matter can cool via the expansion of the Universe and develop into the
clusters and galaxies we observe today.

Structures are believed to have formed hierarchically, and galaxies are thought to
grow by merging and accretion dwarf galaxies and gas [Freeman and Bland-Hawthorn
2002, Dekel et al. 2009]. How this gas behaves, how it can collapse to form stars and
how it and affects the evolution of galaxies is complicated. This is described by ’the
cycle of baryons’, which is studied in this thesis and described in the next section.

2.2 The cycle of baryons

The central question of this project is to understand the cycle of baryons in galaxy form-
ation and evolution, by studying the O VI gas in the Eris simulation. Baryonic matter
is everything that is built up by ordinary matter (protons, neutrons and electrons), and
includes the stars and the gas in galaxies. The cycle of baryons incorporates the gas
flows in and out of galaxies, and how the gas is transformed to stars and ejected from
the galaxy or recycled into new generations of stars. Outflows generated by feedback
processes such as supernova explosions and active galactic nuclei (AGN) are respons-
ible for reheating and redistributing the gas in galaxies, enriching the circumgalactic
and intergalactic medium and constraining the galactic star formation [Mo et al. 2010].
The outflowing gas associated with these processes will be heated and ionised by its
energetic origins, and O VI is one of the ions that could trace part of the path of this
gas.

Inflowing gas comes from the intergalactic medium and is colder, less ionised and
less enriched than the outflowing gas. Inflowing gas is the fuel for star formation in
galaxies [Kereš et al. 2005, Dekel et al. 2009]. It is likely to follow the gravitational
valleys created by the filaments in the cosmic web spun by dark matter on its way to the
central galaxy. Some outflowing galactic gas will not be able to escape the gravitational
potential of the galaxy, and will fall back to be recycled. The current view of the main
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paths of galactic gas flows is summarised in the artist’s impression from [Tumlinson
et al. 2017] shown in figure 2.2. The disk radius of ∼ 15 kpc is shown on the figure,
and the figure demonstrates that the large scale gas flows operate in the area around
the disk; the circumgalactic medium.

Figure 2.2: An artist’s impression of the gas flows in the circumgalactic medium. The blue
gas is inflowing gas along filamentary structures, the pink and orange show outflowing gas and
some gas in the process of being recycled, while the purple is a mix of all these states. The
figure is from [Tumlinson et al. 2017].

The circumgalactic medium (CGM) is also sometimes called the galactic corona or
the gaseous halo of a galaxy, and is defined as everything between the disk and the
virial radius of the galaxy’s halo [Tumlinson et al. 2017], or everything outside the disk
[Shen et al. 2013]. The size of the Milky Way gaseous halo is very uncertain, it could
be as large as a megaparsec, most say at least 100 kpc [Sokołowska et al. 2016]. It
may have an onion-like shape of decreasing temperature and density that transitions
smoothly into the intergalactic medium, and is most likely a mixture of intergalactic
gas and hot gas expelled by the galaxy [Putman et al. 2012, Sokołowska et al. 2016].
The CGM is very faint, seemingly transparent and empty, with a lot less activity than
in the luminous parts of the galaxy. The gas flows seen in figure 2.2 are rarely visible in
anything else than weak absorption, and an observed galaxy looks more like figure 2.3,
where nothing apart from background stars and galaxies is visible between the disk and
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the virial radius. But the gas flows through the circumgalactic medium regulate star
formation in the galaxy and enrich the intergalactic medium. Studying the gas flows in
the CGM can therefore be key to understanding feedback, the cycle of baryons, metal
enrichment, recycling, and ultimately galaxy evolution and formation.

Cold mode versus hot mode accretion

Figure 2.3: The circumgalactic me-
dium can be defined as the area
between the disk and the virial radius
of a galactic halo. Here the disk of the
Andromeda galaxy (M31) is shown,
which has a radius of approximately
35 kpc and a virial radius of about 300
kpc. This illustration was made by
me, using pictures from NASA [2013;
2011].

Gas that is accreted to a galaxy will in principle
have temperatures like the intergalactic medium
where it comes from (T ∼ 104−4.5 K). Radiative
cooling allows for gas clouds to collapse to small
and dense structures where star formation can oc-
cur, and low temperature gas is therefore a re-
quirement for star formation [Dekel et al. 2009,
Fox and Davé 2017]. But in the process of accre-
tion the infalling gas interacts with circumgalactic
and galactic gas, and this interplay constrains the
star formation in the galaxy. Infalling gas is often
observed to flow in the plane of the disk, while the
outflows are more likely to get through perpen-
dicular to this plane. This makes it possible for
cold gas to make its way into the central galaxy
even during phases of pronounced outflows [Dekel
and Birnboim 2006, Kereš et al. 2005, Dekel et al.
2009]. The infalling gas will however have signific-
ant velocities compared to the gas already settled
into the galaxy, and if the velocity of the infalling
gas exceeds the local velocity of sound, the gas will
not have time to slow down and it will get shock
heated [Birnboim and Dekel 2003, Dekel and Birnboim 2006]. Such shocks are thought
to produce the hot halo surrounding galaxies [White and Rees 1978, White and Frenk
1991].

If the gas has been heated, it will start to cool. Cooling of gas happens by gas
particles interacting with each other and with radiation, sending thermal energy away.
How fast the gas cools depends on the density and temperature of the gas, and how
fast it can collapse depends on the density. If the collapse time is shorter than the
cooling time, the gas will collapse to the centre of the galaxy before it has time to cool,
resulting in ’hot-mode’ accretion [Birnboim and Dekel 2003, Kereš et al. 2005, Dekel
and Birnboim 2006]. When the cooling time is shorter than the collapse time we instead
get ’cold-mode’ accretion, where the gas is able to cool and form stars [Birnboim and
Dekel 2003, Kereš et al. 2005, Dekel and Birnboim 2006]. The star formation history
of a galaxy is therefore intimately related to cooling of gas and this transition between
cold mode and hot mode accretion.
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Why bimodal colour distribution?

Galaxies tend to be either red or blue, with few galaxies falling between [Cattaneo
et al. 2006]. The blue galaxies are generally star forming spiral galaxies, while the
red are larger, more elliptical in shape and have less star formation. This bimodal
colour distribution of galaxies may be partially explained by the transition between
cold and hot mode gas accretion, although it has been shown that AGN feedback plays
an important role [Cattaneo et al. 2006, Springel et al. 2005]. Larger galaxies have a
higher virial temperature, leading to more warm gas and possibly less star formation.
A critical mass of ∼ 1011.5M� has been found to mostly separate the blue and the
red galaxies as well as the main mode of accretion [Silk 1977, Birnboim and Dekel
2003, Kereš et al. 2005]. This points to gas flows possibly holding a crucial role in the
explanation of structural properties of galaxies.

Cooling of gas

Cooling of gas happens through four different processes (based on discussion in Ap-
pendix B1.3 of Mo et al. [2010]):

• bound-bound: An electron in an atom jumps from one bound level to another.
Collisions in the gas can excite an electron, before it de-excites and emits a photon.
In this process kinetic (thermal) energy in the gas is converted to radiation that
can escape the gas.

• bound-free: A collision leads to an electron being removed from its atom. Kin-
etic energy is lost.

• free-bound: As an electron is captured by an atom, its kinetic energy is radiated
away.

• free-free: Free electrons are decelerated by nearby ions, and in the process energy
is radiate away.

More collisions happen when the gas is dense and warm, but more radiation escapes
when the gas is transparent. High temperatures lead to higher ionisation states and
more free electrons, changing the cooling mechanisms. Cooling also depends on the
composition of the gas. A metal rich gas will cool faster than a metal poor gas due
to increased numbers of electrons involved in the interactions. Ionising radiation from
nearby radiative sources (for example young stars) or the UV background increases
the ionisation levels and amount of free electrons [Mo et al. 2010]. An example of two
cooling curves is seen in figure 2.4, where the cooling rate is on the y-axis and the
temperature is on the x-axis. The colours denote various elements, while the black
solid line show the total cooling rate. The figure demonstrates that the cooling rate is
low before 104 K, and peaks at 105 K before it declines again at higher temperatures.
The left panel is for a gas in collisional ionisation equilibrium while the right is for a
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gas at nH = 10−4 cm−3 in photoionisation equilibrium with the z = 3 UV background
from Haardt and Madau [2001].

Figure 2.4: Cooling curves from Wiersma et al. [2009], assuming solar metal abundances. The
left panel shows a gas in collisional ionisation equilibrium of arbitrary density, while the right
shows a nH = 10−4 cm−3 gas in photoionisation equilibrium with the z = 3 UV background
from Haardt and Madau [2001].

As seen in figure 2.4, collisional ionisation equilibrium and photoionisation equilib-
rium makes a difference in the cooling rates of the gas. Collisional ionisation equilibrium
means that the atoms in the gas are in equilibrium and ionised by collisions with elec-
trons and other atoms. In photoionisation equilibrium the atoms are instead ionised
by interactions with photons/radiation.

Feedback

To avoid the overcooling problem of early galaxy simulations, where gas was cooled too
much and formed unphysically many stars, the galaxies also require heating mechanisms
[Cantalupo 2010, McCarthy et al. 2011, Mo et al. 2010]. Gas is heated by radiation and
winds from nearby stars or a central supermassive black hole, by supernova explosions
and by the cosmic UV-background. Supernovae, stellar winds and AGN contribute to
expelling and reheating gas from the central galaxy; they provide ’feedback’ of gas.
The gas that is expelled perpendicular to the disk has a higher chance of making it
out into the circumgalactic medium, and can generate ’galactic fountains’ out from the
disk [Shapiro and Field 1976, Bregman 1980]. The gas in these fountains is thought to
contribute to the gas in the hot corona of the galaxy, and some of it might cool and
rain back down on the disk [Shapiro and Field 1976, Bregman 1980].

Gas is heated in similar ways as it is cooled, just with the net effect being increased
thermal energy in the gas. Heating prevents all the gas from falling to the centre of the
halo potential well and transforming to stars, and preserves the extended galaxy and
halo [Dekel and Silk 1986]. It is however not fully understood how the heat, radiation
and momentum from feedback processes propagate through the circumgalactic gas. The
ranges on which they work depend on the density and structure of surrounding gas,
and whether the gas is heated or redistributed depends on local pressure and energy.
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Strong feedback is thought to be the solution to how star formation in galaxies can be
stopped or ’quenched’ [Cantalupo 2010, Mo et al. 2010]. Quenching is related to the
transition between hot and cold mode accretion and red and blue galaxies [Sokołowska
et al. 2017]. Feedback also solves the cusp-core problem with galaxy simulations, which
was that the mass profile of simulations used to be unphysically high in the very centre
[Governato et al. 2012]. This again illustrates that gas flows are essential in determining
structural properties of galaxies.

2.3 Studying circumgalactic gas flows with observations

Evidence for a hot gaseous halo surrounding the disk of the Milky Way was found in the
fifties, and the term ’corona’ was coined to describe it [Spitzer 1956, Münch and Zirin
1961, Tumlinson et al. 2017]. The first absorption lines from highly ionised gas were
seen in the spectra of hot stars, but the study of the circumgalactic gas advanced with
the discovery of quasars in the sixties [Schmidt 1963]. Quasars have made it possible
to probe the CGM of an increasing number of galaxies at large distances. In the same
year as the first quasar was discovered, a central explosion with outflowing hot gas
was seen in M82, and interest for the diffuse gas surrounding galaxies grew [Lynds and
Sandage 1963, Veilleux et al. 2005]. The faintness of the CGM has made it difficult to
observe and study, but the studies took off with the installation of the Cosmic Origins
Spectrograph (COS) on the Hubble Space Telescope (HST) in the late 2000s [Green
et al. 2011, Tumlinson et al. 2017].

From these observations we have learnt that the circumgalactic medium stretches
far and has significant column densities of several highly ionised atoms, indicating an
extended, high temperature gaseous halo/corona [Heckman et al. 2002, Werk et al.
2016]. Absorption lines from O VI are reasonably easy to identify at low redshift, due
to the Lyα forest being thin and the lines being quite strong [Heckman et al. 2002].
Absorption lines from highly ionised metals such as O VI have been found to have
suprathermal broadening, implying significant velocities of the hot gas [Werk et al.
2016]. Neutral atoms and ions with lower ionisation levels have also been observed,
and some seem to be kinematically correlated with the higher ions [Werk et al. 2016].
This has lead us to think of the circumgalactic medium as a complex, dynamic and
multiphase medium, with a range of temperatures, densities and metallicities [Tum-
linson et al. 2017, Werk et al. 2013; 2014; 2016]. A picture of the circumgalactic gas
flows has evolved from these observations (see figure 2.2), but the interactions between
and contributions from the different temperature components are not fully understood.
These interactions and contributions of circumgalactic gas determine the evolution of
galaxies, and are therefore still of great interest.

The COS-halo survey

The Eris simulation will in this thesis be compared to observational data from the COS-
halo survey at several occasions (along with some other observations), and I therefore
include some information about the observed sample of galaxies in the COS-halo survey.
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The COS halo sample includes 44 L* galaxies at z ∼ 0.2, with 24 distinct sightlines
through inner CGM of star forming galaxies with positive O VI [Werk et al. 2016]. The
sightlines come from background quasars, and hit the galaxies at impact parameters
between 10 and 160 kpc [Tumlinson et al. 2013, Werk et al. 2013]. The far-UV spec-
tra from COS are combined with spectroscopy from Keck/HIRES of the background
quasars and photometry from Sloan Digital Sky Survey (SDSS) [Werk et al. 2016]. The
mean halo mass of the COS-halo sample is 1012.2M�. This is higher than the mass of
the central halo in the Eris simulation (1011.9M�), but the sample contains a number
of galaxies similar to Eris.

2.4 Studying circumgalactic gas flows with simulations

From observations and theory we have learnt that the circumgalactic medium of galaxies
is complicated. It contains gas outflows and inflows, instabilities and turbulence, cooling
and heating of gas with ionisation states and cooling times and transport of gas due
to temperature and density variations. It also accommodates non-equilibrium physics,
varying local and global radiation fields, different types of feedback (AGN, supernovae
and stellar winds) as well as magnetic fields and cosmic rays [Tumlinson et al. 2017].
Realistic galaxy simulations need to capture all of this, and preferably without too
many tunable parameters [Naab and Ostriker 2017]. The goal of reproducing realistic
CGMs in simulations is therefore quite ambitious, and momentous efforts have been
made in order to get us to where we are today.

One of the reasons simulations are so useful, despite the challenges of making them
realistic, is that they produce controlled environments with a 3D, evolving picture
of galaxies. In simulations the properties of all the gas, dark matter and stars are
directly traceable, and this enables us to interpret observations and test analytical
theories. Simulations have also contributed to the current picture of gas flows in the
circumgalactic medium, and several groups of simulators have now been able to form
realistic CGMs where the gas flows depicted in figure 2.2 are seen [Agertz et al. 2009,
Vogelsberger et al. 2014, Oppenheimer et al. 2016, Guedes et al. 2011, Muratov et al.
2015, Hummels et al. 2013, among others]. These simulations have been used to improve
our understanding of the mechanisms necessary to produce them, and give us the
opportunity to study entire gaseous halos in much more detail than we can get from
the limited number of sightlines we have from observations.

Simulation methods

There are currently three major methods of simulating the formation of structures and
galaxies from dark matter and baryons in the Universe. These are ’adaptive mesh re-
finement’, ’moving mesh’ and ’smoothed particle hydrodynamics’ [Somerville and Davé
2015, Tumlinson et al. 2017, and references therein]. Adaptive mesh and moving mesh
rely on grids to describe the flows of matter, temperature and energy in the simula-
tions. In adaptive mesh simulations the size of the grid cells is reduced as overdensities
build up, while in moving mesh the grid ’moves with the overdensities’ [Springel 2010].
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Smoothed particle hydrodynamics (SPH) is used in the Eris simulation [Guedes et al.
2011, Wadsley et al. 2004]. This simulation method models the content of the simu-
lation (dark matter, stars and gas) as ’smoothed’ particles [Monaghan 1992, Wadsley
et al. 2017]. In this way the resolution naturally follows the flow of matter, allowing the
density distribution to be directly tracked. This makes the method suitable for mod-
elling the assembly of galaxies, including winds or flows of gas. Eris uses the TreeSPH
code GASOLINE [Wadsley et al. 2004], which is briefly explained in chapter 3.

To accurately model the evolution of galaxies and the circumgalactic medium, a wide
range of scales need to be considered. The formation of galaxies is dependent upon the
gigaparsec cosmological scale cosmic web of dark matter, as well as the subparsec scale
of gas clouds, star formation, supernovae and black holes [Naab and Ostriker 2017,
Tumlinson et al. 2017]. Current simulations do not have the dynamical range required
to accurately model the full range of these processes simultaneously, and approaches
are therefore made at distinct scales. On the largest scales we have dark matter only
simulations including tens of millions of galaxies, while on the smallest we have accurate
simulations of single gas clouds of varying density and temperature.

The Eris simulation and other ’zoom-in’ simulations centred on single galaxies or
groups fall in the middle of these ranges, and attempt to include the effects of large scale
structures as well as small scale physics. The gravitational effects of large structures are
included, while the small scales are added using ’sub-grid’ approaches in which simple
analytical models are used to encapsulate the complex physics that occurs in scales
below the resolution limit [Naab and Ostriker 2017, and references therein]. The sub-
grid scales of simulations are often tuned to match observations at some point in time.
This limits the predictive power of the simulations, but allows us to see a simulated
version of the past and future of our observed constraints.

Implementing feedback

Early simulations suffered from the previously mentioned overcooling problem as well
as an angular momentum problem and a cusp-core problem [Navarro and White 1994,
Flores and Primack 1994, De Blok and Bosma 2002]. These problems lead to the
simulated galaxies having no disks at all, or disks that were much smaller compared
to the galactic bulge than what we observe [Mo et al. 2010]. The cusp core problem
refers to the density profiles of the galaxies; we observe ’cored’ density profiles (flat
in centre), while simulations used to produce ’cusped’ profiles (very high in the very
centre) [Mo et al. 2010]. These problems are solved by adding feedback processes to
the simulations, eventually in increasingly realistic ways and with improved resolution
[Governato et al. 2012, Teyssier et al. 2013].

There are many ways to implement feedback into numerical simulations of galaxies,
none of which are completely realistic due to resolution limitations. A major challenge
of galaxy simulations is to find a way to do this in a computationally efficient way
without sacrificing too much important physics. Feedback is generally implemented
using sub-grid methods, and modern zoom-in simulations have become quite successful
in implementing supernova feedback [Stinson et al. 2006, Guedes et al. 2011, Teyssier
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et al. 2013, Keller et al. 2014, Hopkins et al. 2014, Muratov et al. 2015].
The two most commonly used methods of implementing feedback from supernovae

in SPH simulations are ’direct energy injection’ and ’blastwave feedback’. In the direct
energy injection method, the energy expected from a supernova explosion is simply
injected as kinetic or thermal energy into nearby gas particles [Springel and Hernquist
2003]. Eris uses the blastwave feedback scheme, in which thermal energy is injected into
the particles surrounding a supernova and cooling is disabled for a set amount of time
after an event [Stinson et al. 2006, Guedes et al. 2011]. This is done to account for the
unresolved expansion of the supernova [Stinson et al. 2006, Muratov et al. 2015]. Other
feedback models have also been developed, the most recent are the superbubble model
[Keller et al. 2014] and the mechanical feedback model [Hopkins et al. 2014, Kimm et al.
2015, Martizzi et al. 2016, Smith et al. 2017]. Smith et al. [2017] compare six different
supernova feedback implementations in the moving mesh code AREPO, and find that
their mechanical feedback scheme is most successful when no fine tuning is done of
the parameters in the different schemes. Their mechanical feedback scheme models
supernovae by adding momentum to the neighbourhood, based on local densities and
metallicities. This feedback mechanism was however unable to produce the significant
outflows that are observed in galaxies in all but the highest resolution.

Implementations of supernova feedback have evolved to become quite sophisticated,
but methods for AGN are even more challenging. Supermassive black holes are found
in the centres of most galaxies where we have had a chance to observe them, and
their formation is likely to be intimately related to the formation of the galaxies in
which they reside [Ferrarese and Merritt 2000]. AGN feedback may therefore play a
critical role in the evolution of galaxies, and finding an appropriate way of implementing
AGN into simulations of galaxies could be an important milestone in understanding
galaxy evolution [Naab and Ostriker 2017]. Observations and theory on the formation
and evolution of black holes is however far from developed, and considerable effort is
required in this field in the years to come.

2.5 The O VI mystery

Only about 10% of the expected amount of baryons in the Universe are found in stars,
and about 40% in detected gas [Mo et al. 2010]. This means that if the current cosmo-
logical model is correct, 50% of the baryons in the Universe have not yet been found!
The circumgalactic and intergalactic media are promising avenues to look for the miss-
ing baryons, and this provides yet another motivation to study these diffuse regions of
the Universe. Sokołowska et al. [2016] find that 90% of the universal baryon amount is
recovered by taking the hot corona/gaseous halo in three different simulated L* galax-
ies in the Eris suite into account (and assuming all star forming L* galaxies have such
coronas). In their study, they consider the gas out to three virial radii of their simulated
halos, and find that large galactic outflows can lead to hot gas being transported even
further from the central galaxies [Sokołowska et al. 2016].

As mentioned in the introduction and the observation section, the highly ionised
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oxygen ion O VI has been observed to be ubiquitous in the circumgalactic media of
star forming L* galaxies. It has been found to extend far out into the gaseous halos
of these galaxies, and have high column densities. Confirming the extent of this highly
ionised gas together with the ionisation mechanisms and ionisation fractions of the gas
can provide clues to the missing baryon problem [Sokołowska et al. 2016, Werk et al.
2014; 2016].

A portion of the O VI gas is observed to have large broadening parameters, indic-
ating significant velocity of some of the highly ionised gas [Heckman et al. 2002, Werk
et al. 2016, Stern et al. 2018, McQuinn and Werk 2018]. This hot, high velocity gas
is likely to be associated with galactic outflows and feedback [Werk et al. 2016], which
can be key to constraining star formation and even quenching it completely. Study-
ing O VI can then also teach us about feedback mechanisms, and how these ionise,
heat and accelerate galactic gas. O VI is not frequently seen surrounding red galaxies
(large, often elliptical galaxies with less active star formation), and a relation between
star formation rate and O VI column density has been found [Tumlinson et al. 2011,
Werk et al. 2016]. This points to O VI possibly holding clues to the bimodality of
galaxies, the transition between hot and cold mode gas accretion and what happens
when a galaxy reaches the so called critical mass [Werk et al. 2016].

O VI gas is also found with lower broadening parameters and at large distances
from the central galaxy [Prochaska et al. 2011, Tumlinson et al. 2011, Werk et al. 2016,
Stern et al. 2018]. Hot, extended and diffuse gas are signature properties of the galactic
corona. This galactic component was originally thought to be a natural consequence of
baryons falling into the gravitational potentials of dark matter halos and experiencing
shocks as they hit denser material in central regions [Spitzer 1956, Münch and Zirin
1961]. It is also possible that the corona has grown over time, being fed by outflowing

Figure 2.5: Fractional abundance of O VI at
different temperatures assuming collisional ion-
isation equilibrium. The figure is rom [Heckman
et al. 2002] based on [Sutherland and Dopita
1993].

hot gas and possibly contributing in the
transport of gas through ’galactic foun-
tains’ [Bregman 1980]. Either way, or
both, the galactic corona and the highly
ionised gas that traces it is tied to the
formation and evolution of galaxies.

Possible origins of O VI

For oxygen to be ionised five times and
be in the state of O VI, it requires specific
conditions. In high density and temper-
ature environments, oxygen may be colli-
sionally ionised to O VI, and in the pres-
ence of ionising radiation O VI may be
the favoured ionisation state due to pho-
toionisation. The fractional abundance of
O VI at a range of temperatures if in col-
lisional ionisation equilibrium is seen in
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figure 2.5. This figure demonstrates that the fractional abundance of O VI is generally
low at most temperatures, and that the range where the fractional abundance peaks is
limited. Looking back to the cooling curves in figure 2.4, one notices that the cooling
rates at these temperatures are significant, meaning that continuous heating is required
to keep the oxygen at the temperatures required for it to be in the form of O VI.

The circumgalactic medium may be photoionised by the UV background, or by
radiation from nearby young stars. The UV background is however not very strong at
z ∼ 0, and requires low densities (ie. an optically thin gaseous halo) to be the dominant
ionisation mechanism of O VI. For this to produce the large column densities seen in
observations, very extended CGMs are required [Heckman et al. 2002]. Local radiation
from young stars may also contribute to photoionising the CGM. This radiation would
usually be generated in the disk, and is unlikely to be the dominating ionisation mech-
anism at large impact parameters. Photoionisation by a central supermassive black
hole could also contribute to ionising circumgalactic oxygen [Oppenheimer et al. 2017,
Mathews and Prochaska 2017].

Several research groups have studied the origin of O VI, and different scenarios ex-
plaining the O VI gas have been put forward. These include: collisionally ionised high
pressure gas outflowing and cooling through the O VI temperature window after being
heated by feedback or accretion shocks [Heckman et al. 2002], low density gas in pho-
toionisation equilibrium with the UV background or with local radiation sources [Stern
et al. 2018, Werk et al. 2016], gas in thermal equilibrium with the virial temperature
gas [Oppenheimer et al. 2016], gas at boundary layers/conductive interfaces between
hot and cold regions and gas in areas of turbulent mixing [Werk et al. 2016, McQuinn
and Werk 2018].

The contribution of diffuse halo gas to the galaxy baryon budget strongly depends
on the dominant ionisation state of the circumgalactic medium, but this is not yet
pinned down [Werk et al. 2016]. Conductive interfaces and turbulent mixing layers
seem to require very many layers along each line of sight and is hence unlikely to be
the dominant origin of O VI, but could contribute to part of it [Werk et al. 2016,
McQuinn and Werk 2018]. Werk et al. [2016] and McQuinn and Werk [2018] also rule
out several models of photoionisation only, and find that the variations in broadening
of O VI absorption lines point to multiple physical origins of O VI. In this work, I
investigate the origins, distribution and kinematics of circumgalactic O VI in the Eris
simulation. I hope to answer some of the unsolved questions about flows of gas in and
out of galaxies, constrain the ionisation mechanisms of O VI and learn about the cycle
of baryons and their contribution to galaxy evolution.



Chapter 3

The Eris simulation

Figure 3.1: Left: Optical/UV properties of Eris at z = 0. Right: Fraction of surface density
of neutral gas. The figure is from [Guedes et al. 2011].

The Eris simulation, presented by [Guedes et al. 2011], is the first cosmological hydro-
dynamic simulation successful in forming a realistic late type (disk dominated) spiral
galaxy. The Eris simulation is a zoom-in simulation of a Milky Way type galaxy in a
cosmological context. It is a smoothed particle hydrodynamic simulation with a total
of 18.6 million particles, and its rotation curve, stellar mass, bulge to disk ratio, mass
budget, chemical evolution, x-ray corona and scaling relations at redshift zero resemble
observations of the Milky Way [Guedes et al. 2011, Pillepich et al. 2014, Shen et al.
2015, Sokołowska et al. 2016]. It should be noted that the mass of the central halo
is approximately 20% less massive than the Milky Way. A visualisation of the central
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galaxy in Eris is seen in figure 3.1, where the disk structure is clearly visible.
The simulation is formed in a ΛCDM cosmology with ΩM = 0.24, ΩΛ = 1 − ΩM ,

Ωb = 0.042 and H0 = 73 km s−1Mpc−1 [Guedes et al. 2011]. The central halo in Eris
was identified at z = 0 in a low resolution dark matter only periodic box of 90 Mpc
on a side [Guedes et al. 2011]. It was chosen to have similar mass as the Milky Way
and a quiet late merging history (no major mergers after z = 3). After the halo was
selected new initial conditions were generated, and a higher resolution was given to the
1 Mpc centred around the selected halo [Guedes et al. 2011]. The force resolution of
the central 1 Mpc box is 120 pc, and the masses of the dark matter and gas particles
are mDM = 9.8 × 104 M� and mSPH = 2 × 104 M�. When star particles are formed
they are given a mass of m∗ = 6×103 M�, and the mass of the gas particle which forms
the star particle is then reduced accordingly [Guedes et al. 2011]. A visualisation of
the cosmological context of the Eris simulation is seen in figure 3.2, where the cosmic
web of dark matter is seen on the left and the gas in the surroundings of the central
halo is seen on the right.

Figure 3.2: The full 90 Mpc box with colour indicating dark matter density (left) and gas in
the central 11 Mpc (right) in the Eris simulation at z = 0. The images were produced using
the Tipsy visualisation tool [Katz and Quinn 2014], and demonstrate the cosmological context
in which the central halo in Eris is formed.

The Eris simulation includes Compton cooling (cooling by electrons), atomic cool-
ing, and cooling dependant on metallicity up to T= 104 K [Guedes et al. 2011]. It
also includes heating from a uniform cosmic UV field by Haardt and Madau [1996].
Star formation in the Eris simulation requires local density to exceed the threshold
of nSF = 5 atoms/cm−3, and the temperature to be less than 3 × 104 K. The star
formation rate is then:

dρ∗
dt

= εSF
ρgas
tdyn

, (3.1)

where ρ∗ is the stellar density, ρgas is the gas density and εSF = 0.1 is the star formation
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efficiency [Guedes et al. 2011]. The high star formation density threshold is essential in
forming realistic late type galaxies [Governato et al. 2010, Guedes et al. 2011]. It leads
to a clumpy interstellar medium (ISM) with star formation and supernovae occurring
only in the denser areas. This is what we expect from observations, and seems to be
necessary to produce disk dominated galaxies at the present epoch. A twin simulation
with a low threshold (ErisLT) leads to a much more massive bulge, as have been
produced by numerous earlier simulations [Guedes et al. 2011].

Each star particle in Eris represents a stellar population with an initial stellar mass
function given by Kroupa [2001]. The chemical enrichment of oxygen and iron in the
simulation comes from supernovae type Ia and II, and is computed according to yields
by Woosley and Weaver [1995] and masses from Thielemann et al. [1986] [Shen et al.
2012]. The Eris simulation adopts a blastwave scheme for supernova feedback, where
the cooling time is shut off to account for the unresolved expansion of the supernova
(’the snowplough phase’) [Stinson et al. 2006]. Each supernova releases metals and an
energy of εSF × 1051 ergs into surrounding particles, with εSF = 0.8 [Guedes et al.
2011].

3.1 A smoothed particle hydrodynamic simulation

Eris was made by running the TreeSPH code GASOLINE [Wadsley et al. 2004] for 1.5
million cpu hours. This corresponds to 171 cpu years, and would have taken about
that time to run on a normal computer. The gas in the simulation is modelled as
’smoothed’ particles, while the dark matter and stars are normal N-body particles
interacting through gravity. The particles in the simulation are much more massive
than real gas particles, dark matter particles and stars, and represent extended regions
of gas, dark matter and stellar populations. The extension of the smoothed particles in
the simulations is described by a three dimensional ’smoothing kernel’ Wij [Monaghan
1992, Gingold and Monaghan 1977, Wadsley et al. 2004]. The following smoothed
particle hydrodynamic equations are defined and written as Wadsley et al. [2004].

An estimate for some quantity f at a particle i given particles j at positions ~rj is
then given by:

fi,smoothed =

n∑
j=1

fjWij(~ri − ~rj , hi, hj), (3.2)

where Wij is the smoothing kernel and hj is a the ’smoothing length’ of particle j
Wadsley et al. [2004]. The smoothing kernel which is used in Gasoline and Eris is from
Hernquist and Katz [1989] [Wadsley et al. 2004]:

Wij =
1

2
w(| ~ri − ~rj | /hi) +

1

2
w(| ~ri − ~rj | /hj), (3.3)

where hj is the smoothing length of particle j and w(x) is a spline function (defined
in Monaghan [1992]) that becomes zero outside 2h. This means that particles fur-
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ther away than two smoothing lengths do not directly affect each other with baryonic
processes, but only interact through gravity.

The smoothing kernel has the following two properties:∫
W (~r − ~r′, h)d~r′ = 1 (3.4)

lim
h→0

W (~r − ~r′, h) = δ(~r − ~r′) (3.5)

and is used to compute the fluid dynamic equations for the gas.
Density is computed as:

ρ(~r) =
∑
i

miW (~r − ~ri, h) (3.6)

and momentum and energy are computed with:

d~vi
dt

= −
n∑
j=1

mj(
Pi
ρ2
i

+
Pj
ρ2
j

+ Πij)∇iWij (3.7)

dui
dt

=

n∑
j=1

(
Pi
ρ2
i

+
Πij

2
)mj~vij · ∇iWij , (3.8)

where vi is the velocity, ui the internal energy, ρi is the density and Pi is the pressure
of particle i. Πij is an artificial viscosity term [Wadsley et al. 2004].
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Analysis methods

In this chapter, the methods I utilised to analyse the origins, distribution and kinematics
of O VI in the circumgalactic medium of the Eris simulation are described. The Eris
simulation is evolved from redshift 90 and contains information about 13 million gas
particles. In this project I attempt to understand the evolution of these, in particular
the ones containing O VI. The material available is 400 snapshots from redshift ∼50
to zero, but for most of the analysis I begin at redshift 3. Each snapshot contains the
three dimensional positions and velocities of all particles in the simulation, as well as
the mass, metallicity, density, temperature and "size" of the particles. The size is the
smoothing length defined in section 3.1. To analyse the Eris simulation, in form of
these 400 snapshots, C programs are used for heavier computations while IDL is used
for lighter computations and for making figures.

4.1 Distribution of O VI in the CGM

4.1.1 Computing ion fractions in gas particles

The first step to study O VI was computing the amount of O VI contained within each
of the 13 million gas particles in Eris. I computed the ion fractions in the Eris simulation
in post processing using tables from CLOUDY [Ferland et al. 1998]. CLOUDY is a one
dimensional radiative transfer code which computes the ion fractions of elements in
astrophysical gases or plasmas as a function of density, temperature, metallicity and
the shape of the UV background, assuming photoionisation equilibrium [Ferland et al.
1998]. The only photoionising mechanism present in Eris is the ultraviolet background,
as local radiation from stars and active galactic nuclei are not included. To compute
the O VI fraction within each particle the total oxygen mass fraction was needed, as
well as the metal fraction. These are computed in the Eris simulation, based on stellar
evolution and supernova data [Shen et al. 2012; 2015]. The O VI fraction was computed
with CLOUDY using four different UV backgrounds from Haardt and Madau [2012]. I
computed the O VI fraction within each gas particle from redshift three to zero, using
the UVB at the corresponding redshift of the snapshots.
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4.1.2 Generating sightlines through the CGM

To get an overview of the structure, extent and composition of the circumgalactic
medium of Eris, the computed ion fractions were studied with sight lines through the
simulated halo. This was done to find the column density of different elements and
ions, and mimic observations to enable comparison to data from the COS-halo survey
on the HST.

The procedure of Shen et al. [2013] was used to draw 500 x 500 regularly spaced
sightlines through the main halo (central 1 Mpc) for three projections of the galaxy,
giving a total of 750 000 sightlines. The column density of an absorbing ion along a
sightline of length L is:

N = Σj

∫ L

0

mjZj
m

W (rjl, hj)dl = Σj
mjZj
m

W2D(rjl, hj) (4.1)

where mj is the particle mass, Zj its mass fraction in the relevant ion and m the
atomic mass of the ion. W (rjl, hj) is the three dimensional smoothing kernel of each
particle, and W2D(rjl, hj) is the corresponding 2D version. The smoothing kernel is
briefly explained in section 3.1.

4.1.3 Computing radial profiles

Radial profiles of several gas parameters were computed by binning the gas particles
after their radial distance from the halo centre, and finding the spherically average
value of the quantity in question for each bin. This was done to find the temperature
profile of the gas, the density profile, O VI mass profile, and more. Unless otherwise
specified, 300 bins were used between the centre of the halo and a radial position of
500 kpc, giving a bin size of 1.7 kpc. The average in each bin was generally weighted
by gas particle mass, but where specified, by O VI mass.

4.2 Origins of O VI in the CGM

4.2.1 Tracking gas particles through time

The origin of the circumgalactic O VI was investigated through tracking particles con-
taining O VI through time. The procedure consisted of identifying the desired particles
and saving their particle IDs (identification numbers unique for each particle that re-
main the same throughout the simulation) to a file. The positions, velocities, temper-
atures, densities, masses, metallicities, oxygen fractions and O VI fractions were saved
for the identified particles at each snapshot between the desired redshifts. When a gas
particle is turned to a star particle completely, the gas particle disappears and is no
longer tracked.

I chose to track the particles with more than 30% of the maximum O VI fraction at
redshift zero, corresponding to just over 3000 particles. These particles were identified
at redshift zero, and their IDs were tracked back to redshift three. This was done to
see at what time and under which conditions the particles were enriched.
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4.2.2 Finding enrichment history

From z = 3 to z = 0, gas particles are often incorporated into the interstellar medium
(ISM) more than once, and therefore receive metals multiple times. To understand the
enrichment history of the gas in Eris, I computed the mean redshift of enrichment for
the gas particles. The method described in Wiersma et al. [2010] and Shen et al. [2012]
was used:

< zen >=
Σi∆mZ,izi
Σi∆mZ,i

(4.2)

Where < zen > is the mean redshift of enrichment, ∆mZ,i is the change in metal
mass or O VI mass of each gas particle between each timestep and zi is the redshift
of each timestep. All particles that end up containing oxygen at redshift zero were
tracked back to redshift five with the method described in section 4.2.1, and the mean
redshift of enrichment was computed with the above equation.

4.3 Kinematics of O VI in the CGM

4.3.1 Finding the radial velocity along sightlines

To study the kinematics of the circumgalactic O VI gas, the average radial velocity
along each of the sightlines generated in section 4.1.2 was computed (relative to the
centre velocity of the main halo). The calculation was done as follows:

vr = Σj

∫ L

0
mjZjvr,jW (rjl, hj)dl = ΣjmjZjvr,jW2D(rjl, hj) (4.3)

Where vr,j is the radial velocity of each particle relative to the centre velocity of
the main halo, and the other parameters are explained in section 4.1.2.

The radial distribution of outflow velocities of O VI gas was also studied. This
was done by identifying all outflowing particles (vr,i > 0) and computing the average
outflow velocity in radial bins:

< vout > (r) =
ΣN
i mivr,i

ΣN
i mi

(4.4)

In this equation N is the number of outflowing particles in the radial bin at distance
r, and mi is the mass (total or O VI) and vr,i is the radial velocity of each particle,
respectively. I also calculate the mass outflow rate in radial bins, using eq 8 from Shen
et al. [2012]:

Ṁw(r) =
1

∆r
ΣN
i mivr,i (4.5)

Where Ṁw(r) is the mass outflow rate, ∆r is the radial bin size (here 500 kpc/300
= 1.7 kpc), mi is the mass of each particle and vr,i is the radial velocity of each particle.
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4.3.2 Generating and fitting synthetic spectra

To generate synthetic spectra it was necessary to compute optical depths and finally
intensities, and to convert the velocities in the simulations to wavelengths. The optical
depth was calculated as in Shen et al. [2013] equation 4:

τ(ν) = Σj(mjZj/m)W2D(rjl, hj)σj(ν) (4.6)

where σj(ν) is the absorption cross section:

σj(ν) =
saj

π3/2∆νj

∫ +∞

−∞

exp(−y2)

(xj − y)2 + a2
j

dy. (4.7)

In this equation s is the frequency integrated absorption cross-section (proportional
to the oscillator strength f of the transition), ∆νj ≡ ν0(bj/c) is the Doppler width,
aj ≡ Γ/(4π∆νj), xj ≡ (ν − νj)/(∆νj), νj ≡ ν0(1 − vj/c) is the line centre frequency
corrected for the gas velocity along the line of sight and bj ≡

√
2kbTj/m is the Doppler

broadening parameter. The optical depth was converted to intensities simply by I =
e−τ . The conversion from velocities to wavelengths was done as follows:

λobs =
v

c
λ0 + λ0 (4.8)

Where λobs is the "observed wavelength" due to the doppler shift caused by the ve-
locities in the simulation and λ0 is the rest frame wavelength of the O VI line (1031.926
Å [Howk et al. 2002]). c is the speed of light and v is the line of sight velocity.

To fit the synthetic spectra, I used the Absorption (and emission) LIne Software
"ALIS" [Cooke 2015]. ALIS requires guessing the column densities, broadening para-
meter, redshift and number of absorption lines present in the spectra. The software
then runs as many iterations as needed to minimise Chi-squared and find the best fit
to the spectral line. The result includes the broadening parameter of the spectrum, the
column density and the redshift. The broadening can be separated into two compon-
ents; thermal and Doppler broadening, but this was not done in our case. The reason
we did not separate these two broadening parameters was that we wish to compare
with the total broadening parameter seen in observations, where the contribution from
temperature and velocity cannot easily be separated.
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Results

This chapter includes the results of the analysis of the distribution (section 5.1), origin
(section 5.2) and kinematics (section 5.3) of the circumgalactic O VI in the Eris sim-
ulation. The results are evaluated and discussed as I go along, but a more thorough
discussion and conclusion of the full picture of O VI and its implications is given in
chapters 6 and 7.

5.1 Distribution of O VI in the CGM

5.1.1 Column density maps

To study the distribution of O VI in the circumgalactic medium of Eris, I used the
computed column densities along the generated lines of sight to make column density
maps of the megaparsec around the central halo. The maps were made for each of the
snapshots from redshift three to zero. The column density snapshots were combined to
films of the evolution of O VI, total oxygen and neutral hydrogen H I. H I was studied
to get an idea of the inflowing cold gas feeding the star formation in the galaxy, while
total oxygen was studied because it is expected to more directly trace the enriched gas
outflowing from the galaxy (without the specific ionisation requirements of O VI). This
behaviour of neutral hydrogen and total oxygen gas is confirmed when the kinematics
of the gas in the Eris simulation is studied in section 5.3. I also looked at a few
low ionisation species (Mg II, Mg III, Si II, Si III, Si IV, C II, C III, C IV), as some
observations point to these being partly correlated with O VI, but column density maps
for these were only made at redshift zero. The resulting column density maps for O VI,
oxygen and neutral hydrogen are shown on the next page.
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Figure 5.1: Column density maps of the Eris simulation in the x-y plane for O VI (left), total
oxygen (middle) and H I (right) at 4 different redshifts (from top to bottom: z = 3.0, 1.5, 0.5,
0.0). The boxes are 1Mpc x 1Mpc, and the white circle marks the virial radius. The galaxy is
just in the very centre here, so most of this is the CGM. The colour bars for O VI and oxygen
are from logN= 12 to 16 [cm−2], while for H I the colour bar is 12 to 20 [cm−2]. These are
snapshots from short movies, the full movies can be found at http://folk.uio.no/akspilke/.

http://folk.uio.no/akspilke/
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The column density maps of O VI, total oxygen and H I in the x-y plane of the
Eris simulation at 4 different redshifts are shown in figure 5.1. The colour bars for
O VI and oxygen are from logN= 12 to 16 [cm−2], while for H I the colour bar is 12
to 20 [cm−2]. The films at http://folk.uio.no/akspilke/ indicate that O VI and
oxygen are associated with outflows, while hydrogen is dominated by inflows, at least at
early times. This is further explored when I study the kinematics of the circumgalactic
O VI gas in 5.3. O VI and oxygen are expected to be outflowing, and they trace hot
outflowing gas, while the neutral hydrogen is expected to trace cold gas inflowing along
the filamentary structures of the cosmic web. At redshift three the disk of the galaxy is
seen edge on, and it is clear that the outflowing hot gas is ejected perpendicular to the
disk, while the inflowing cold gas flows inward in the plane of the disk. This supports
the picture of the gas flows in the CGM shown in figure 2.2, although the amount of
recycling is not clear from these films/snapshots. At later times the central galaxy is
no longer necessarily shown edge on, and it becomes harder to see how the gas moves
in relation to the galactic disk.

In the H I film one can see dwarfs being accreted to the central galaxy, indications
of spiral structure in the galaxy, and some clumpy structure of H I. The origin of these
clumps might be cooling of halo gas and thermal instabilities, or it could also be SPH
instabilities (from surface tension in classical SPH [Agertz et al. 2007]). Small clumps
of H I are also seen in observations, and it is thought that these may have formed from
rapid cooling of material shocked by galactic winds or it could be a pressure confinement
originating from a thermally unstable background [Fielding et al. 2016].

In the film of the evolution of O VI one can notice jumps at the redshifts where
the ionising background changes (z = 2.5, 1.5 and 0.5). The z = 3 UVB is used for
column density maps from z = 3 − 2.5, the z = 2 UVB is used for z = 2.5 − 1.5, the
z = 1 UVB is used for z = 1.5 − 0.5, and the z = 0 for snapshot z = 0.5 − 0. This
illustrates the significance of the ionising background, and points to that some of the
O VI is ionised by the background. It is clear that a more continuously evolving UV
background should be used for more realistic films.

Column density maps of some low ions were also generated, as these are seen in
observations and are interesting to compare to. Column density maps of ions of carbon
and silicon are presented in figure 5.2, while figure 5.3 shows H I and O VI with colour
bars together with Mg II and Mg III. In an annual review of the CGM, Tumlinson
et al. [2017] summarises various sources with that low ions mainly reside in the cold,
dense, inner CGM, while higher ions dominate outer less dense and warmer regions.
Although we see from the column density maps that the high ions extend to larger
distances than low ions, it is not clear whether the high and low ions trace the same
gas. Future studies of the relationship between the high and low ionisation species and
the origins of the low ions are in planning, but is beyond the scope of this thesis.

http://folk.uio.no/akspilke/


38 Results

Figure 5.2: Column density maps of carbon and silicon ions. From top to bottom: C II, C III
and C IV (left) and Si II, Si III and Si IV (right). The relative abundances between different
alpha elements are assumed to be same as solar. This means there is more carbon than silicon,
as seen in the limits of the colorbars. These maps demonstrate that the higher ions have a
higher column density overall than the lower ions, and that the column density decreases with
radial distance from the centre.
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Figure 5.3: Column density maps of H I, O VI, Mg II and Mg III.

5.1.2 Column density profiles

In order to compare with observational data, column density profiles for the Eris sim-
ulation were computed. I first combined the column densities from all sightlines at the
three projections of the halo and computed the median, 75th and 25th percentiles of the
column density in radial bins. Observational data from Werk et al. [2016], Prochaska
et al. [2011] and Tumlinson et al. [2011] are overplotted on the computed column dens-
ity profile from the simulation. The result for the evolution of O VI is shown in figure
5.4.
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Figure 5.4: O VI column density versus impact parameter scaled by virial radius for the Eris
simulation together with observations from the COS-halo survey by Tumlinson et al. [2011]
and Werk et al. [2016], as well as from the LOC/WFCCD galaxy survey by Prochaska et al.
[2011]. The left panel shows the Eris simulation at redshift zero, where the solid black line is
the median of the Eris simulation sightlines, while the upper and lower stapled line shows the
75 and 25 percentile, respectively. In the right panel the Eris simulation at redshift 0.5, 1.0,
2.0 and 3.0 is included in colours.

Figure 5.4 demonstrates that the column density of O VI in the Eris simulation
agrees well with observations from observations by the COS-halo survey by Tumlinson
et al. [2011] and Werk et al. [2016], as well as with the LOC/WFCCD galaxy survey by
Prochaska et al. [2011]. The column density profile of the Eris simulation is almost con-
stant with time when scaled with the virial radius of the galactic halo. The agreement
between the Eris simulation and the observed column densities of O VI is encouraging,
as many simulators have struggled to reproduce the observed high column densities.
The sharp turnover in column density is most likely due to a continuous exponential
density profile rather than element "boundary" [Hummels et al. 2013, Oppenheimer
et al. 2016, Liang et al. 2016].

The lack of evolution of the column density profile is however rather puzzling. It
is puzzling because a correlation between O VI column density and star formation has
been found in for example Tumlinson et al. [2011] and McQuinn and Werk [2018], and
star formation in the Universe peaked around redshift two and has been decreasing
since. The NO V I − SFR correlation is expected if O VI originates from large scale
outflows driven by supernova feedback. Such supernova blasts require many stars to
have formed and died, and would be correlated with star formation rate. Oppenheimer
et al. [2016] does however find that the apparent correlation between SFR and O VI is
actually due to a relation between O VI and halo mass, and they explain the relation
with O VI tracing virial temperature gas. Mass and virial temperature are directly
related, so this would make sense with the evolution disappearing when scaled with
virial radius. Whether the O VI traces virialised gas is however far from certain, and
we will come back to this in section 5.2.3 where we discuss the ionisation mechanism
of O VI.
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Low ions

Another aspect of observations that simulations have often struggled to reproduce is
the column densities of low ions. We wish to find out whether the Eris simulation agrees
with observations also here, and therefore compare Eris’ low ion column densities to
observations, see figure 5.5.

Figure 5.5: Column density versus impact parameter for six different ions at redshift zero;
H I, C II, C III, Si II, Si III and Mg II. We see a good correspondence between simulation and
observation for H I, but for the low ions, our simulated column densities are significantly lower
than what was observed by the COS-survey in Werk et al. [2013] and Werk et al. [2014]. The
total column density of the various elements in Eris is therefore overplotted in blue.



42 Results

From figure 5.5 it is clear that the Eris simulation is unable to reproduce the ob-
served column densities for the low ions. The discrepancy in column density of low
ions could be due to a discrepancy in temperature, in density, in radiation or in ele-
ment abundances. The blue lines demonstrate that the column densities of the total
elements is high enough. The discrepancy is then likely to be one of the other factors;
temperature, density or radiation. The agreement with neutral hydrogen is however
good, implying that there may be enough cold gas in the simulation, but that it is not
significantly enriched. I also compare covering fractions of the Eris simulation with
results from the COS-halos in Werk et al. [2013]. Covering fractions describe the frac-
tions of random sightlines that pass within a given impact parameter that exhibit a
specified absorption strength for a given ion [Werk et al. 2013]. The covering fractions
are calculated as in the equation that follows, and the results are shown in figure 5.6.

Covering fraction Cf =
number of sightlines with N > Nthreshold

total number of sightlines
(5.1)

Figure 5.6: Table to compare covering fractions in the Eris simulation with observed covering
fractions in the COS halos from table 6 in Werk et al. [2013]. Cf is the covering fraction and
the numbers specified in the square brackets is the impact parameter range in kpc. We see that
the O VI and H I covering fractions in the Eris simulation seem to agree reasonably well with
the data, but for the other ions the simulation have significantly lower values than observed, as
also seen for column densities (figure 5.5). The thresholds for the column densities were 12.50
for Mg II, 13.00 for Si II, 13.75 for C II, 13.00 for C III, 12.75 for Si III, 13.25 for Si IV, 13.50
for H I and 14.15 for O VI.

The table in figure 5.6 again show a good agreement between the Eris simulation
and observations of O VI and H I, but reveals that the covering fraction numbers from
the Eris simulation are about an order of magnitude lower than the observations for the
low ionisation species. This has often been the case for simulations similar to Eris. The
reason could be that the densities are insufficient or it could be that the simulations
produce a different temperature CGM due to variations in cooling or gas flow. This is
further discussed in section 6.1.1.
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5.2 Origins of O VI in the CGM

The next step of my master’s project was looking into the evolution of the gas particles
with large fractions of O VI. This was done to investigate the origins of O VI in the
circumgalactic medium and find out when and how the gas is enriched and ionised
and how it manages to stay rich in O VI. To study the origins of O VI I follow the gas
through time and see how it behaves in temperature, density, radial position, metallicity
and more, with the method described in section 4.2.1. In section 5.2.1 I track particles
containing O VI through time, in section 5.2.2 I look at the enrichment history of the
gas and in section 5.2.3 I investigate the ionisation mechanism of the O VI bearing gas.

5.2.1 Tracking gas particles through time

Figure 5.7: Evolution of 25 O VI rich particles tracked backwards in time from redshift zero
to three. The panels show evolution of temperature, metallicity, nOV I/nH , oxygen fraction,
number density (n = ρ/mp) and radial distance, respectively. The coloured lines show a random
selection of 25 O VI rich particles, while the black lines show the average value at each time
step. Each particle has its own colour, which is the same for the same particles in the different
panels.

To understand the ubiquity of O VI in the circumgalactic medium, I wish to see what
conditions are necessary for gas to get enriched in O VI and stay that way. I therefore
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identified the particles with the most O VI and followed their evolution in temperature,
enrichment, density and distance from centre of the halo trough time. The particles
with more than 30% of the maximum O VI fraction were identified at redshift zero and
tracked back in time to redshift three. The number of particles with more than 30% of
the maximal O VI at redshift zero was 3165. The result of the tracking for 25 of the
particles is displayed in figure 5.7.

From figure 5.7 one can see that the particles ending up being rich in O VI at
the present time were enriched at different epochs, and that the enrichment normally
happens at the same time as a jump in temperature and density. This generally occurs
when the gas particle is in the central regions of the galactic halo. This points to heating
and O VI increase being due to supernova feedback rather than accretion shocks, as
accretion shocks would likely happen further out in the halo. For accretion shocks to
happen a halo mass larger than ∼ 1011.5M� is required [Birnboim and Dekel 2003,
Kereš et al. 2005], and this is only achieved at late times.

The radial distance plot (bottom right) tells us that gas generally inflows first as
it accretes onto the halo and the galaxy, then outflows as it is ejected by supernova
feedback. One can however see some particles experiencing something resembling ac-
cretion shocks after about 7 billion years. Then their accretion is slowed down for a
few billion years, before they continue falling in to the centre. This could indicate that
the halo reaches the critical mass around this time, and that the accretion changes
from cold mode to hot mode. From these 25 particles it is hard to quantify how much
gas is heated by supernovae and how much is heated by accretion shocks, and this is
something it would be interesting to look into in future work.

We can see from the number density plot that gas particles ejected at earlier times
(. 5 Gyrs) usually ended up in the CGM (n ∼ 10−4 cm−3), whereas particles ejected
in later times stays in the ISM (n ∼ 1 cm−3). This indicates that feedback is more
effective in driving outflows at high redshift. To further investigate the circumgalactic
medium, I repeat the procedure without the particles that end up in the disk, see next
figure (figure 5.8).

Comparing figure 5.7 and figure 5.8, one can see that the particles ending up in the
circumgalactic medium tend to be enriched earlier than the particles ending up in the
disk. This does not come as a surprise, as the potential well of the halo will be less
deep at earlier times, and therefore allow more particles to escape to the circumgalactic
medium. The first panel (temperature) shows that the O VI rich particles are heated
at various times, and that the O VI rich particles in the CGM tend to be slowly cooling
and mostly outflowing at late times. There now seems to be only one gas particle
left of these 25 that experiences shock heating, and this particle seems to end up in
central regions (although outside 10 kpc). This indicates that the circumgalactic O VI
generally gets heated, accelerated and enriched by supernovae at early times rather
than by accretion shocks.
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Figure 5.8: Same as previous figure (figure 5.7), but the particles that end up within the
central 10 kpc (disk) are cut out.

The temperature window favoured for collisional ionisation is approximately between
105 − 107 K (see figure 2.5). Heckman et al. [2002], McQuinn and Werk [2018] among
others argue that the circumgalactic O VI marks gas transitioning through this tem-
perature. Considering the temperature evolution of the particles in the top left panel
of figure 5.7 and 5.8, the Eris simulation seems to be consistent with this hypothesis.
To understand the ionisation mechanism of the gas, it is interesting to look at the evol-
ution of the gas in temperature density space. Figure 5.9 shows the path of the same
25 particles in this space through time, together with their evolution in radial distance
from the centre of the halo.
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Figure 5.9: Evolution of 25 particles with high O VI fractions in the temperature number
density space. A film showing the time evolution of this figure and the radial distance is located
at http://folk.uio.no/akspilke/trackmov2pan.gif. The colours follow each particle from
redshift 3 to 0, as in the previous figure. The particles move fast over the right side of the
temperature-density panel, and this generally happens when the particles are in central regions.
This is likely due to heating from supernova feedback. After the particles have been heated
they generally move slower down the top left side of the temperature density plot, as the radial
distance increases.

Figure 5.9 and the film at http://folk.uio.no/akspilke/trackmov2pan.gif de-
scribes the evolution of a small selection of the gas particles that end up being rich in
O VI. The general picture seems to be that the O VI rich particles that end up in the
CGM tend to be enriched in central regions at relatively early times before they are
transported out towards the CGM. In the film one can see that many particles start
out in the lower left of the temperature density panel (low temperature and low dens-
ity; the intergalactic medium), but as they fall towards the central galaxy the density
increases. The particles then get a very rapid temperature increase (sometimes they
jump over the entire right side of the panel in just one time step!), indicating that the
particles leave the central region with high velocity. After the rapid heating the gas
"rains down" towards lower density and temperature and larger radii (the CGM).

At later times we also see some particles that cool quickly and fall back into higher
density regions. These may represent gas that is heated by accretion shocks. By
comparing the paths of particles in temperature density space to figure 1 in [Kereš
et al. 2005], one can recognise the paths of hot mode and cold mode accretion. The
transition between cold mode to hot mode accretion seems to occur between z = 2 and
z = 1 as also found in Sokołowska et al. [2016]. This corresponds to when the virial
temperature of the galaxy is around T 1̃05.5 K which is optimal for O VI. However, the
majority of the O VI rich gas tracked here seems to originate from supernova feedback
at early times. To determine whether this is the case also for the rest of the O VI
bearing gas, a more quantitative investigation is needed.

http://folk.uio.no/akspilke/trackmov2pan.gif
http://folk.uio.no/akspilke/trackmov2pan.gif
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5.2.2 Enrichment

In this section I investigate the enrichment time of the gas in the Eris simulation. This
is done by finding the mean redshift of enrichment and comparing this to the density of
the gas at the present day, to see when the circumgalactic medium tend to get enriched.
The fraction of gas particles with a mean redshift of metal enrichment higher than 5,
4, 3, 2, 1 and 0.5 are depicted in figure 5.10, binned after their density at redshift zero.

Figure 5.10: Left: Fractional amount of metals within 250 physical kpc from centre of Eris
at redshift 0 that was added to gas particles before redshifts 0, 0.5, 1, 2, 3, 4 and 5. The
particles are binned by their number densities at z = 0. Right: Numbers of particles within
each density bin that have a mean redshift of enrichment higher than 0, 0.5, 1, 2, 3, 4 and 5.
The left figure was made by dividing the numbers in each bin enriched before various redshifts
(coloured histograms) by the numbers in each bin at redshift zero (black histogram).

Figure 5.10 tells us that enrichment redshift clearly is a sensitive function of what
density environment the gas resides in at the present day. The circumgalactic medium
is then typically enriched earlier than central dense regions, where recent enrichment
events tend to happen. This was also seen in Shen et al. [2012] for ErisMC at z = 3.
This means that most of the circumgalactic oxygen was generated rather early, and has
mostly been outflowing and cooling since. It is also consistent with the picture that
galactic outflows need some time to travel to the outskirt of the CGM.

5.2.3 Collisional ionisation versus photo ionisation

In this section I investigate the ionisation mechanism of the circumgalactic O VI gas in
the Eris simulation. This is a heavily debated topic, as the contribution of the diffuse
halo to the galaxy baryon budget depends on it [Werk et al. 2016]. To understand the
ionisation mechanism of the O VI gas in Eris, I study the temperature and pressure dis-
tribution of the gas and the mass distribution of O VI, the effect of the UV background
and finally the mass distribution of the O VI gas in temperature-density space.
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Figure 5.11: Evolution of temperature profile (left) and pressure profile (right) in the Eris
simulation. The average temperature stays within a O VI friendly range, and high temperatures
are seen already at z = 3 due to feedback. The vertical lines in the pressure profile mark the
virial radii at the various redshifts. By comparing to the high and low pressure scenarios in
[Stern et al. 2018], it is clear that both scenarios contribute to the O VI gas, but that the low
pressure scenario becomes more important at large radii and late times.

High or low pressure scenario?

[Stern et al. 2018] present two possible scenarios for the origin of the bulk of the O VI
bearing gas; a high pressure scenario and a low pressure scenario. In the high pressure
scenario O VI is thought to be produced by collisional ionisation in gas cooling from
a virially shocked phase, while in the low pressure scenario the O VI traces cooler gas
beyond the shock, photoionised and in thermal equilibrium with the UV background.
It should be noted that Stern et al. [2018] assumes all the O VI bearing gas to be
inflowing, which I will later demonstrate is not true for the Eris simulation (section
5.3). However, it is still interesting to look at the density, temperature, pressure and
mass of the gas in the Eris simulation, to see which scenario fits best with the simulation
and to learn about the ionisation mechanism of the O VI gas. The density profile for
the Eris simulation was shown in figure 6.1, and using the same method of spherically
averaging in radial bins, I compute temperature, pressure and O VI mass profiles at
five different redshifts. The results are presented in the figures that follow.

The peak temperature for collisional ionisation equilibrium is TCIE ≈ 105.4 K and
the peak for photoionisation equilibrium is TPIE ≈ 104.5 K [Werk et al. 2016]. The
temperature profile in the left panel of figure 5.11 indicates that the inner part of the
circumgalactic medium is collisionally ionised, while the outer may be photoionised.
This is confirmed by the pressure profile in the right panel. There, I used the temper-
atures and densities computed for each radial bin to compute the average pressure in
each bin with the simple relation P = nHT . This establishes that collisional ionisation
dominates in inner CGM of the Eris simulation, while photoionisation is important at
large radii and late times. To see in which region the bulk of the O VI gas resides, the
O VI mass profile of the Eris simulation is presented in figures 5.12 and 5.13.
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Figure 5.12: Mass profile of O VI gas at five different redshifts. There are again 300 bins
between the halo centre and 500 kpc, and the sum of the O VI mass in each bin is plotted.
O VI mass peaks around the virial radius at all redshifts. The significant increase from z = 0.5
to z = 0.0 is likely an effect of the UV background.

Figure 5.12 illustrates that O VI mass peaks around the virial radius at all redshifts.
By comparing to the temperature profile in the left panel of figure 5.11 one finds the
average temperature around the virial radius to be close to the favoured temperature
for collisional ionisation, but one also needs to consider the density of the gas. When
temperature and density is taken into account in the pressure profile in the right panel,
one can see that the virial radius is actually in a region where photoionisation dominates
below redshift 0.5. Another interesting feature of figure 5.12 is the remarkable increase
in O VI mass from z = 0.5 to z = 0.0. This is most likely an effect of the UV
background, as the background decreases substantially between these redshifts, and
this is where the peak of the O VI mass falls into the pressure region favourable for
photoionisation. The UV background is higher at earlier times, and this could lead to
oxygen being ionised to higher ions than O VI. This points to photoionisation by the
UV background being an important mechanism for ionising the O VI gas at late times
and large radial distances. To see if the O VI mass distribution in the Eris simulation
agrees with observations from the COS-halo survey presented in Stern et al. [2018], I
also plot the cumulative O VI mass profile, see figure 5.13.
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Figure 5.13: Cumulative mass profile of O VI in the Eris simulation at five different redshifts
(left), and an "observed" cumulative O VI mass profile (derived using an inverse Abel transform
on column density data from COS-halos) from Stern et al. [2018] (right). This comparison
reveals that the z = 0 Eris simulation predicts a larger enclosed O VI mass at large radii than
inferred from observations.

The comparison of cumulative O VI mass profiles in figure 5.13 reveals that the Eris
simulation predicts a larger enclosed O VI mass than Stern et al. [2018] derived from
COS-halo observations. The MOV I profile in Stern et al. [2018] flattens out at 1 Rvir
and MOV I ∼ 2 × 106M�, while the redshift zero profile for Eris seen in figure 5.13 is
steeper and larger (notice the different y-axes). The redshift zero profile actually does
not flatten out before ∼2 Rvir and MOV I ∼1.5 ×107 M�! It should however be noted
that the COS-halo data used by Stern et al. is from redshift 0.2, and the profile is more
similar to Eris at redshift 0.5. This comparison to Stern et al. [2018] has then revealed
that the simulation has a more extended O VI region than inferred from COS-halo
observations, but Eris has a similar enclosed mass within Rvir for z = 0.5. The major
difference in the O VI mass from redshift 0.5 to redshift 0 is likely due to the rapid
change in ionising background. I therefore examine the impact of the UV background
in the next subsection.
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The impact of the UV background

Figure 5.14: Evolution of UV back-
ground ionisation rate from tables in
Haardt and Madau [2012]. The back-
ground decreases rapidly at z = 1− 0.

So far in this thesis, indications that the UV
background significantly affects the distribu-
tion of circumgalactic O VI have been seen.
The first signs were the jumps in the column
density film of the evolution of O VI, and the
last was the remarkable increase in mass of
O VI between redshift 0.5 and 0.0 seen in fig-
ures 5.12 and 5.13. Both of these effects are
most likely due to the ionising background, as
the UVB decreases rapidly at z < 1. It actu-
ally decreases to a fifth of its strength between
z = 0.5 and z = 0.0, as illustrated by figure
5.14 [Wiersma et al. 2009, Haardt and Madau
2012]. In this section I study the impact of
the UV background by using higher UV back-
grounds at late times and examining the differences from some of the previous results.
To do this, I compute new O VI fractions for all gas particles at z = 0, using the dens-
ity, temperature and metallicity information at z = 0 but the ionisation background at
z = 3, 1, 0.5 and 0. The column densities and O VI mass profiles are then recomputed.
The following figures show the change in column density and enclosed O VI mass.

Figure 5.15: O VI column density profiles showing the impact of changing UV background.
The left panel is for Eris at z = 0, using the UVB for z = 0.0 (grey) and z = 0.5 (black).
The right panel show the evolution of O VI column density profile with unchanging UVB,
with the redshift 3 background used at all redshifts. The redshift three background has the
photoionisation rate near its peak, which brings NOV I down at late times, it ionises too much!
The impact of photoionisation is not strong for z > 1, indicating a collisional ionisation origin
of the high redshift O VI. A stronger evolution is seen here with unchanging UVB than with
changing UVB (figure 5.4).
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Figure 5.16: Column density maps of O VI at z = 0 with varying UV background. Left:
z = 1 UVB, middle: z = 0.5 UVB, right: z = 0 UVB. The strength of the ionising background
decreases towards the right of this figure, and the panels show that the column density and size
of the O VI bubble increases as the UVB decreases.

Figure 5.17: Impact of UV background on enclosed O VI mass in Eris at redshift zero. Left:
z = 1 UVB, middle: z = 0.5 UVB, Last: z = 0 UVB.

The comparisons with changing and unchanging UV background in figures 5.16 and
5.15 confirm that the UV background contributes significantly to the photoionisation
of O VI at late times and large radial distances. The figures show that the higher
UV backgrounds at earlier times bring the column density of O VI down; the strong
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early UVB ionises the oxygen too much, probably placing the bulk of oxygen in higher
ionisation states than O VI.

Figure 5.17 demonstrates that the column density, extension and enclosed mass of
O VI in the Eris simulation is drastically reduced with a higher UV background. The
redshift three UVB brings the O VI mass profile at z = 0 below the result of Stern et al.
[2018], and if the z = 0.5 UVB is used for the z = 0 snapshot, the mass enclosed within
two virial radii is M(<2Rvir) = 4× 106M� instead of 1.5× 107M�. This confirms the
importance of the ionising background at late times, and indicates that a stronger UV
background or inclusion of local radiation sources may be used with the Eris simulation
in order to better match observations.

Evolution in temperature-density space

In this section the ionisation mechanism of the circumgalactic O VI gas is studied
through investigating the distribution of the O VI bearing gas in temperature-density
space. The ionisation mechanism of gas is strongly dependant on both temperature
and density, and much can therefore be learnt from the distribution in this space. The
left panel of figure 5.18 shows CLOUDY modelling of the O VI fraction in temperature-
density space from Stern et al. [2018], while the right show the mass distribution of
O VI in Eris at z = 0.

Figure 5.18: The left figure is taken from [Stern et al. 2018], while the right again shows the
O VI mass distribution in the Eris simulation at redshift zero. In the left figure the black and
grey contours denote the O VI over total oxygen fraction in the temperature density space, and
the red dashed lines denote the high pressure (marked with nHT = 30) and low pressure (marked
with T = Teq) scenarios discussed in Stern et al. [2018]. At high density and temperature ions
are in collisional equilibrium and their fractions are independent of density [Shen et al. 2013].
At lower densities photoionisation is dominant and the gas can get ionised to higher ions. Here
density is also important, as ionising photons are absorbed when the optical depth is high.
By comparing these two figures it is clear that significant amounts of the O VI in the Eris
simulation is located in regions of collisional ionisation, but also in regions of photoionisation.
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The comparison between the CLOUDY modelling of O VI from Stern et al. [2018]
and the redshift zero Eris simulation in figure 5.18 establishes that both collisional
ionisation and photoionisation is important for the circumgalactic O VI in the Eris
simulation. The peak of the O VI mass is at T ∼ 105.3 K and nH ∼ 10−5 cm−3; close
to the peak of collisional ionisation but also not far from the peak for photoionisation
in temperature-density space. At lower temperatures the O VI mass distribution in
Eris follows the contours for photoionisation seen in Stern et al. [2018]. To look at
how the mass distribution of O VI in Eris changes with time, I plot the distribution in
temperature-density space at four different redshifts in figure 5.19.

Figure 5.19: Evolution of O VI gas in phase space, the colours and contours show O VI mass,
and the four panels show redshift 3, 2, 1 and 0. The mass distribution of O VI moves slightly
towards lower temperatures and lower densities with time, where photoionisation becomes in-
creasingly important.

Figure 5.19 indicates that more O VI mass is located at lower temperatures and
densities at later times, which is the region where photoionisation from the UV back-
ground becomes important. To look at the radial differences in the ionisation mechan-
isms of the gas, radial cuts were made at 230 kpc (the virial radius at redshift zero)
and 100 kpc, see figure 5.20.



5.2 Origins of O VI in the CGM 55

Figure 5.20: The O VI mass enclosed in inner, middle and outer parts of the central Eris
halo in phase space at redshift zero. In the first panel only gas within the central 100 kpc is
included, while in the second only the gas between 100 and 230 kpc is shown. In the final panel
I only plotted gas outside 230 kpc (outside the virial radius). There is an explicit difference in
the O VI mass distribution with radius; central O VI gas tends to have high temperatures and
high densities, while both decrease with radius.

The decline in temperature and density with radius seen in figure 5.20 has important
consequences for the ionisation mechanism of the O VI gas. By again comparing the
left panel of figure 5.18 from Stern et al. [2018], one can recognise that the O VI in
the central regions of the Eris simulation is collisionally ionised, while most of the
photoionised gas lies in outer regions, and almost all gas outside the virial radius is
photoionised. At high radial distances from the centre the circumgalactic medium
transitions into the intergalactic medium. The intergalactic medium is thought to
be predominantly photoionised by the UV background at the present day [Mo et al.
2010], and this may explain some of the ionisation of O VI at large distances. The
intergalactic medium does however generally not have the densities and temperatures
required to ionise oxygen to O VI, and O VI is therefore unlikely to be found outside
the circumgalactic medium. Shen et al. [2013] find that a cooler, clumpyer O VI
component with smaller covering factor is dominant at galactocentric distances at z =
3. In the simulation they analyse, most of the O VI is collisionally ionised, and the
photoionisation component is mainly at the outskirt and can come from both dwarfs
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and the host galaxy. The gas at z = 3 is thought to be expelled by nearby dwarfs and
photoionised by the UV background, but the gas seen here at z = 0 may also originate
from ouflows of the central halo.

5.3 Kinematics of O VI in the CGM

One of the key issues that can lead us to an understanding of the evolution of galaxies
is the movement of gas. In this section I therefore study the kinematics of O VI (and
some H I) in the Eris simulation. I do so by generating velocity maps and column
density maps of inflowing and outflowing O VI gas in the halo. The fractions of gas
that is inflowing and outflowing are studied, as well as the average outflow velocity and
mass outflow rate. Finally, I compare the kinematics of O VI in the Eris simulation to
observations by generating synthetic absorption spectra and examining their broadening
parameters.

5.3.1 Radial velocity analysis

The first stage to understanding the velocity distribution of the O VI gas in the Eris
simulation was to generate velocity maps of the central halo. This was done by using
the sightlines generated in section 4.1.2, and computing the average radial velocity
along each line of sight. The resultant velocity maps of O VI at redshifts 3, 2, 1, 0.5
and 0 are displayed in figure 5.21, and the same for neutral hydrogen (H I) is shown in
figure 5.22. Due to the line of sight procedure, both inflowing and outflowing gas will
be present along each line of sight. I therefore separate outflowing and inflowing O VI
gas to get a clearer view of what is going on, see figure 5.23. To get an idea of the mass
or densities involved at the various sightlines, I also made column density maps of the
inflowing and outflowing O VI gas which are displayed in figure 5.24.

The evolution of the velocity distribution of O VI gas seen in figure 5.21 and in the
film at http://folk.uio.no/akspilke/OVIvelocity.gif reveals that the O VI gas
is mostly outflowing, and that the average radial line of sight velocities decrease with
time. For neutral hydrogen (figure 5.22 and film at http://folk.uio.no/akspilke/
HIvelocity.gif), the majority is inflowing, and again the average line of sight velo-
city decreases at later times. These results confirm the general picture presented in
the artists impression in figure 2.2: cold gas (traced by neutral hydrogen) is mostly
inflowing, while hot gas (traced by O VI) is dominated by outflows. This is especially
seen for the O VI velocity distribution at redshift 3 (first panel of figure 5.21) combined
with the H I velocity distribution at redshift 3 (first panel of figure 5.22).

http://folk.uio.no/akspilke/OVIvelocity.gif
http://folk.uio.no/akspilke/HIvelocity.gif
http://folk.uio.no/akspilke/HIvelocity.gif
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Figure 5.21: Radial velocity maps of O VI traced gas at redshifts 3, 2, 1, 0.5 and 0 respectively.
At redshift three one can see high velocity outflows perpendicular to the disk, while there is some
inflowing gas in the plane of the disk. At later times the disk is not necessarily seen edge on, and
the radial velocity is more mixed up and harder to interpret. The gas traced by O VI seems to
be dominated by outflows, and the outflows have higher velocities than the inflows. At redshift
zero the gas velocity is more extended and even around null km/s. A film showing the evolution
of the velocity of the O VI gas is found at http://folk.uio.no/akspilke/OVIvelocity.gif.

http://folk.uio.no/akspilke/OVIvelocity.gif
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Figure 5.22: Radial velocity maps of H I traced gas at redshifts 3, 2, 1, 0.5, 0 respectively.
In contrast to the O VI velocity maps, neutral hydrogen gas is dominated by inflows along the
filamentary structure. The inflow mostly seems to be in the plane of the disk, and has high
velocities at early times. A film showing the evolution of the velocity of the O VI gas is found
at http://folk.uio.no/akspilke/HIvelocity.gif.

http://folk.uio.no/akspilke/HIvelocity.gif
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Figure 5.23: Radial velocity maps of inflowing (left) and outflowing (right) O VI gas in the
Eris simulation at redshifts 3, 2, 1 and 0 (from top to bottom). This figure demonstrates that
there is both inflowing and outflowing gas at nearly all lines of sight, but that the outflowing
gas tends to have higher velocities and extend further.
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Figure 5.24: Column density of O VI in inflow (left) and outflow (right) in the Eris simulation
at redshifts 3, 2, 1 and 0 (from top to bottom). Outflowing O VI gas is more extended and has
higher column densities at all redshifts.



5.3 Kinematics of O VI in the CGM 61

When inflowing and outflowing gas are separated (see figure 5.23), it is evident
that both inflowing and outflowing gas are present in the vast majority of sightlines.
The figures also demonstrate that the outflowing portion of O VI gas is more extended
and has higher velocities than the inflowing gas. Outflowing gas will be accelerated by
supernova shocks and winds, and this is likely to result in high velocities. The inflowing
gas is recycled gas that has slowed down and turned around, or O VI gas generated in
satellites and dwarf galaxies in the process of accretion. The reason why the average
velocities along each line of sight tend to decrease with time might be that the average
is computed over longer distances (larger O VI bubble), or that the gas becomes more
mixed at later times. Less star formation and supernovae are expected at later times,
which leads to less energetic outflows and less disturbance of the gas.

The velocity maps and column density maps in this section have established that
the O VI gas in the Eris simulation is dominated by outflows; the outflows are more
extended than the inflows, with higher velocities and column densities. A more quant-
itative comparison between the mass fraction of O VI that is outflowing and inflowing
is made in figure 5.25.

Figure 5.25: A quantitative comparison between the mass fractions of O VI gas in inflows
and outflows. Again, it is clear that the majority of O VI gas is outflowing at all redshifts, but
this figure reveals that the mass fraction of inflowing gas increases with time. Shen et al. [2013]
find 32% of the O VI gas to be inflowing at z = 3 in Eris2, over double of what is seen here for
Eris.

The mass fractions in figure 5.25 again confirm that most O VI gas in Eris is
outflowing, but reveals that the mass fraction reduces with time. This could be due
to reduced star formation and supernova feedback from the central galaxy, as well as
the increasing gravitational potential. I now wish to study the radial distribution of
outflow velocity of O VI gas, and therefore compute the average outflow velocity in
radial bins, see figure 5.26.
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Figure 5.26: Average velocity of outflowing gas in radial bins weighted by total O VI mass
in bin. This figure demonstrates that the outflow velocities are high in the centre, where the
supernova feedback originates, while the velocity declines towards larger radii. The velocities
are larger and extend further at high redshifts, as is expected due to the growing gravitational
potential. This is also seen in COS-halo data [Werk et al. 2016].

The radial distribution of O VI outflow velocities seen in figure 5.26 show that
the outflow velocities are high in the centre, where the supernova feedback originates,
while they decline towards larger radii. The velocities are larger and extend further
(when scaled with virial radius) at high redshifts, as is expected due to the growing
gravitational potential. This is also seen in COS-halo data [Werk et al. 2016]. The
decline in velocity with radial distance could be due to distance from the supernova
energy injections. The velocity does however increase again at large radial distances
and early times, which is likely an effect of the Hubble expansion. To investigate this
I plot the Hubble expansion in figure 5.27, where it is clear that the contribution from
the Hubble flow at large distances and early times is significant.

Figure 5.27: Evolution of Hubble velocity in radial bins.



5.3 Kinematics of O VI in the CGM 63

Column density relation to line broadening?

Multiple observations indicate that broader lines tend to have a higher column density
of O VI, see several results from observations in figure 5.28. This broadening must be
at least partially suprathermal; caused by the velocity of the gas. The reason for this is
that if the temperature of the gas is T∼ 105.5 K then the thermal broadening would be
bth = (2kbT

m )1/2 = 16.2 km/s, and much broader lines are seen in observations, among
others in the COS-halo data [Werk et al. 2016]. Heckman et al. [2002] find that the
linear relation between O VI column density and broadening parameter matches the
relation predicted from analytical models of a radiatively cooling flow of hot gas that
passes through the coronal temperature window. This relation can therefore shed light
on the origin and ionisation mechanism of the O VI gas, and is interesting to study.

Figure 5.28: Observed relations between column density and line broadening of O VI from
Heckman et al. [2002], Werk et al. [2016] and Stern et al. [2018], respectively. Note that the
broadening parameter is on the x-axis for the two first panels, but on the y-axis for the last.
These observations have all found linear (possibly with a turnover at low b and N) relations
between column density and broadening parameter.
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The data in Stern et al. [2018] is consistent with O VI being collisionally ionised
and with it being in thermal equilibrium with the UV background. I wish to investigate
whether the correlation between column density and broadening/velocity is also present
in the Eris simulation, and therefore plot radial velocity versus column density (figure
5.29).

Figure 5.29: Radial velocity versus column density of O VI for the generated sightlines through
the gas in the Eris simulation. The observed column densities Log10(NOV I) from observations
(see figure (5.28) are between 13 and 15, and velocities are between 0 and 200 km/s. The
observations then show similar column densities as this figure for the Eris simulation, but
higher velocities. This is not necessarily a problem, as the observed line widths include thermal
broadening as well as doppler broadening.

The similarity between the column density versus broadening parameter figures from
observations in figure 5.28 and from the Eris simulation in figure 5.29 is not obvious,
although the numbers for column densities are in the same range. The broadening seen
in observations give much higher velocities than what is seen in the Eris simulation, but
the temperature also contributes in the observed broadening. For a clearer comparison
I therefore generate synthetic spectra for the Eris simulation using ALIS, see the next
section.

5.3.2 Synthetic spectra

In this final result section, I present the generated synthetic spectra for the Eris sim-
ulation and the results from the ALIS fitting of the column density versus broadening
parameter. Examples of generated and fitted spectra are shown in figure 5.30, while
the resultant O VI column density versus broadening parameter for 20 lines of sight is
shown in figure 5.31. Only 20 lines of sight were studied due to time constraints for
this project.
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Figure 5.30: Synthetic spectra from the Eris simulation (black), with fitted spectra from ALIS
(red). These panels show a selection of absorption lines with decreasing broadening parameter
from top left to bottom right.

The synthetic spectra in figure 5.30 show a range of column densities and broadening
parameters. The black line is the synthetic spectra generated from the Eris simulation,
while the red is the fitted spectra generated by ALIS. Some of the spectra gave better
fits than others, and ALIS particularly seemed to struggle with the very broad lines.
The top left panel seems to be a blended line with more than two components, but
fitting with more than two absorption features did not give better results. It is not
clear why ALIS misunderstands these broad spectra, but if the fitting of observed
spectra has the same issues it is possible that some of the very broad observations are
also blended. This possibility is also pointed out by Werk et al. [2016], but they argue
that the column density - broadening parameter relation is unlikely to be produced
by blending alone. If the observed absorption lines do not suffer from blending this
would indicate that the velocities in the Eris simulation are not quite high enough. I
now wish to see if the Eris simulation reproduces the observed relation between O VI
column density and broadening parameter seen in observations (figure 5.28). I therefore
plot the fitted column densities versus broadening parameters from Eris together with
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the observations from Werk et al. [2016], see figure 5.31 below.

Figure 5.31: O VI column density versus broadening parameter for Eris (black crosses), with
observations (orange diamonds) from Werk et al. [2016] and theory (grey lines) from Heckman
et al. [2002]. An excellent agreement is seen between the Eris simulation and the observations
from the COS-halo survey fromWerk et al. [2016]. Both also seem to fit reasonably well with the
theoretical prediction for a radiatively cooling, collisionally ionised gas at T = 105 K (dashed)
and T = 106 K (dotted) from Heckman et al. [2002]. The solid line shows the effect of blending
narrow components with negligible velocity offsets [Werk et al. 2016].

The column density versus broadening parameter plot in figure 5.31 demonstrates
an excellent agreement between COS-halo observations by Werk et al. [2016], the Eris
simulation and theoretical work done by Heckman et al. [2002]. The theoretical predic-
tions are for a radiatively cooling, collisionally ionised gas at T = 105 − 106 K, where
the cooling flow velocity is assumed to be equal to the broadening parameter.

Blending of multiple components with negligible velocity offsets (solid line) is in-
distinguishable from the radiative cooling flow lines (dotted and dashed), and one can
therefore not draw definite conclusions about the ionisation mechanism of the O VI gas
from this [Werk et al. 2016]. But Werk et al. [2016] finds that the relation is unlikely
to be caused by blending of lines alone, as the relation is not seen for any of the low or
intermediate ions.

It is possible that the correlation between O VI column density and broadening
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parameter is influenced or caused by a relation between column density and impact
parameter. The reason for this is that radial velocities and column densities both tend
to be higher in the central regions of the halo (see column density maps and profiles in
section 5.1 and velocity maps earlier in this section). To investigate whether this may
be the case I plot column density versus radial position and broadening versus radial
position in figure 5.32.

Figure 5.32: Left: column density versus impact parameter for 20 sightlines through Eris
(black) and the COS-halos observations from Werk et al. [2016] (orange). Right: broadening
parameter versus impact parameter for 20 sightlines through the Eris simulation.

In the above figure no obvious correlation between column density and impact para-
meter or broadening parameter and impact parameter is seen. Only a small sample of
sight lines through Eris are studied here, and more should be included to make definite
conclusions about these relations. Werk et al. [2016] find that column density decreases
with impact parameter, meaning the impact parameter could be a contributing factor
to the column density broadening parameter relation. This should therefore be pursued
in further work.
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Chapter 6

Discussion

Through studying the distribution, origins and kinematics of the circumgalactic O VI
gas in the Eris simulation, I have in this thesis attempted to gain new insight to the
flow of gas and cycle of baryons in galaxies and how this affects galaxy evolution.

6.1 Evaluation of results

6.1.1 Distribution of O VI in the CGM

For the distribution analysis of the circumgalactic O VI in the Eris simulation (section
5.1), the evolution of the column density maps of Eris support the current picture of
gas flows around galaxies. The column density films I generated of the Eris simulation
show hot, enriched gas being ejected from the galaxy perpendicular to the disk due to
feedback processes, while cold gas is inflowing along filamentary structures in the plane
of the disk. At low redshift this is however not as clear. This is partially because of
the viewing angle, but there could also be more recycled winds and less filamentary
accretion at late times. Through the O VI distribution analysis I confirmed that the
O VI and H I column density in Eris is consistent with observations from the Cosmic
Origins Spectrograph on board the Hubble Space Telescope.

Why is the O VI column density close to constant?

The distribution analysis of O VI also revealed that the column density profile of O VI
in Eris is rather constant with time. This is surprising due to an expected relation
between NO V I and SFR; several observations have established that O VI is highly
abundant around star forming (blue) galaxies and rarely found around quiescent (red)
galaxies [Tumlinson et al. 2011]. This and other results have pointed to a relation
between O VI and star formation rate.

To understand how the column density profiles of the O VI gas can be so constant
over time, I study the number density distribution of the gas as it changes with time.
The number density profile of gas in Eris is shown in the left panel of figure 6.1, while
right panel shows only the O VI bearing gas.
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Figure 6.1: Evolution of number density profile for the hydrogen gas in Eris (left) and the
O VI bearing gas (right). The density of gas tends to decrease with time, which could be due
to star formation and expansion.

The left panel of figure 6.1 reveals that the number density profile of hydrogen gas in
Eris is nearly constant with time. The right panel however shows that the O VI halo is
expanding and decreasing in density with time. This explains that only small changes
were seen in column density in section 5.1.2 (figure 5.4); the expansion of the O VI
"bubble" can compensate for the the decreasing number density and prevent drastic
changes in column density. If this is indeed the case then most of the O VI could still
have been generated during early epochs of high star formation, and the O VI would
be related to star formation history instead of instantaneous star formation rate.

Why are low ionisation species underpredicted?

The column density and covering fraction distribution of low ions are clearly under-
predicted in Eris. Simulations that are successful in reproducing galaxy properties
often have this issue of under predicting low ions, and the reason for this is not yet
known. Many factors can contribute to the discrepancy. For example, it has been
demonstrated in idealised ISM simulations (e.g. Simpson et al. [2016]) that cosmic rays
can drive large scale galactic wind, and due to its non-thermal nature, the temperature
of the outflows are generally lower than the supernova driven winds. However, it is in
general quite challenging to incorporate cosmic ray transport, because it requires self-
consistently modelling the evolution of galactic magnetic fields. In addition, cold gas
is often in form of dense clumps (of order < 100 pc), even state-of-the-art simulations
today may lack the resolution to sufficiently resolve the cold clumps in the CGM [Naab
and Ostriker 2017]. As the main focus of this work is the O VI absorbers, I will defer
the investigation of the low ions to a future study.
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6.1.2 Origins of O VI in the CGM

Heating mechanism: Feedback or Accretion Shocks?

In the search for the origins of the O VI gas in section 5.2, I tracked gas particles that
contain more than 30% of the maximum O VI fraction back in time and saw the particles
have strong increase in temperature, O VI fraction and density at relatively short
distances from the centre of the halo. This points to heating from supernova feedback
rather than accretion shocks as the main heating mechanism of the gas, although some
gas is also shock heated after the halo reaches the critical mass of 1011.5M� which occurs
between z = 2 − 1 in Eris [Birnboim and Dekel 2003, Kereš et al. 2005, Sokołowska
et al. 2017].

A more quantitative analysis is necessary to determine the contribution of accretion
shocks in the total O VI budget. After the high redshift enrichment, the O VI rich
gas cools slowly as it is transported outward towards to the low density circumgalactic
medium. At low redshift, in contrast, gas heated by supernova is more likely to stay
in the disk and cool rapidly, as seen in figures 5.7 and 5.9. It should be noted that
only 25 particles were studied in detail. For more quantitative results I could instead
have computed averages or medians of all the O VI rich particles, but it was instructive
qualitatively to look at a few particles separately and see some of the variation in the
evolution of the gas.

The average redshift of enrichment was computed for all gas particles ending up
enriched at redshift zero, and binned after their density at redshift zero. This demon-
strated that the gas ending up in low density environment (the CGM) tended to be
enriched earlier than gas in higher density (central) regions, as also seen in Shen et al.
[2012].

Collisional ionisation or photoionisation?

The last issue I wanted to shed light on in the quest for the origin of the O VI gas was
the ionisation mechanism of O VI. Analysis of the O VI gas in temperature-density
space illustrated that the majority of the O VI gas within the virial radius in Eris
is collisionally ionised and in the ’high pressure scenario’ of Stern et al. [2018] (see
figures 5.18 and 5.11). Photoionisation is however important at late times and large
radial distances. Several research groups have tried to explain the O VI halos as either
completely collisionally ionised or photoionised without success, and the reason might
be that we are dealing with a multiphase corona where the temperature, pressure,
phase and ionisation mechanism of the gas varies [Werk et al. 2016]. At high redshift
the majority of the O VI gas is however collisionally ionised, and changing the UV
background does not significantly alter the O VI distribution.

The O VI mass profile of the Eris simulation at redshift ∼ 0 is more extended
and contains more O VI than what is inferred from the COS-halo data in Stern et al.
[2018]. The mass and extent of the O VI gas in Eris at late times is closely dependant
on the ionising background, and the ionising background added in post processing could
therefore be the source of this discrepancy. Another possible explanation for the large
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amounts of photoionised O VI at large radial distances in Eris is that the corona gas in
Eris is less dense and more optically thin than the corona gas seen in the COS-halos,
or that the inclusion of local radiation from young stars would lead to a more highly
ionised corona in Eris. The COS-halos lack observations at large radial distances, and
more of these are needed to confirm or reject this discrepancy.

6.1.3 Kinematics of O VI in the CGM

Finally, I studied the kinematics of the circumgalactic O VI gas. Films of the radial
velocity of O VI and H I gas again confirmed the current picture of galactic gas flows;
high velocity outflows are present perpendicular to the disk and cold gas flows in along
filaments in the plane of the disk at high redshift. The analysis revealed that the
majority of the O VI gas is outflowing at all times, at redshift zero 71% of the O VI
gas is found to be outflowing. The outflowing gas also has higher column densities,
higher velocities and it extends further from the disk than the inflowing component.
The inflowing O VI component does however increase with time, from 14% at redshift
three to 29% at redshift zero, suggesting some of the previously outflowing gas being
recycled. The average velocities along each line of sight decrease with time.

Synthetic spectra

In order to compare the kinematics of the gas in the Eris simulation to observations,
synthetic spectra for Eris were generated and fitted using the Absorption LIne Software
ALIS [Cooke 2015]. These were used to demonstrate once again that the Eris simulation
reproduces COS-halo observations successfully, and that the simulation is a useful tool
to learn about realistic galaxy evolution. The reproduced column density relation to
broadening parameter fits well with the theoretical model for a radiatively cooling gas
flow in collisional equilibrium considered in Heckman et al. [2002], but as argued by
Werk et al. [2016] the fit is almost indistinguishable from blending of lines with small
velocity offsets. We can therefore not draw definite conclusions about the ionisation
mechanism of O VI gas from the column density relation to broadening parameter.

The method of generating and fitting spectral lines in Eris could be improved in
several ways. An obvious improvement would be to fit more than 20 spectral lines,
but this was not done due to time constraints on this project. In order to do this, an
effective way of identifying the number of absorption lines to fit along each line of sight
should be used, as the "by-eye" identification of blended lines is time consuming and
inaccurate. ALIS clearly struggled to fit the broad and blended lines, and to reduce
the errors in the fitting procedure another software could be used in these cases. One
possibility would be to use VPFIT [Carswell and Webb 2014], although it is far from
certain that this would improve our results. But with two fitting algorithms one could
compare the results to find out. Another source of error in the line fitting is that the
column densities in observations are found by fitting Voigt profiles to spectra and and
decomposing them [Rahmati et al. 2016]. This is not exactly the same as what we do
in simulations, but should not be a major source of uncertainty.
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Cooling time and mass outflow rate

As seen if figures 2.5 and 2.4, cooling is significant around the temperatures of O VI.
This requires heating and outflows to sustain the column densities of O VI. In this
subsection I investigate the cooling time and mass outflow rate in the CGM of Eris.
The temperatures and densities in the circumgalactic medium of Eris were found to
be around n ∼ 10−4 cm−3 and T ∼ 105.5 K, see top left of figure 5.9. This indicates
cooling times of a few gigayears without metal cooling and a few hundred megayears
with metal cooling, see figure 6.2 from Wiersma et al. [2009]. This means that the gas
is able to stay within temperatures and densities favourable for O VI over relatively
long periods of time, making the large and slowly evolving O VI halos possible if the
outflow rate of O VI is large enough. Because of this it is interesting to study the
outflow rate of the Eris simulation, and compare to what is required to maintain the
extended O VI envelopes.

Figure 6.2: Cooling times in temperature density space, from [Wiersma et al. 2009]. The left
panel has no metal cooling, while the right one does. Solar metallicities are assumed. The blue
dots are located in the regions in temperature density space where the outflowing hot gas in
the CGM of Eris cools, see figure 5.9. The Eris simulation has metal cooling up to 104K and
a metallicity ∼ 1/3 of solar, so the cooling time in this simulation should be between the two
times indicated in the panels above (∼ 108 − 1010 years).

For the column density of O VI to be as high as seen in observations and simulation
with this cooling time, an estimate following the procedure of [McQuinn and Werk
2018] show that a mass outflow rate above ∼ 10M�/year is needed. This is calculated
from equation 2 in [McQuinn and Werk 2018]:

NO V I =
fO V I [fO]�Z

πR2 × µimp
×Ṁ×tO V I = 2×1014cm−2R−2

200k(
Ṁ

100M�yr−1
)×(

Z

0.3
)(

tO V I

100Myr
)

(6.1)
Where [fO]� = 5×10−4 is the solar oxygen fraction, fOV I is the fraction of oxygen in

O VI, µi ≈ 1.2 is the mean molecular mass, Ṁ is the mass flow rate, Z is the metallicity
relative to solar, and R200k is the radial distance in units of 200 kpc [McQuinn and Werk
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2018]. To get a column density of ∼ 2× 1014cm−2 at 200 kpc with tOV I ∼ tcool ∼ 1000
Myr, a mass flow rate of Ṁ ∼ 10M� yr−1 is needed. If the cooling time is shorter than
this, which it very well may be due to metal cooling, then the mass flow rate must be
higher. The mass flow rate of O VI gas in the Eris simulation in radial bins is presented
in figure 6.3.

Figure 6.3: Mass outflow rate of O VI gas in Eris in radial bins at five redshifts, in the right
panel the radius is scaled by the virial radius. The mass outflow rate follows the shape of the
outflow velocity in figure 5.26 and generally decreases with time.

Figure 6.3 demonstrates that the mass flow rate in central regions is well above
10 M�/yr at early times, but at late times the flow rate is lower. The outflow rates
in the Eris simulation hence struggle to explain the O VI column densities present.
This indicates that not all the O VI bearing gas is likely to be outflowing. Infalling
O VI can come from accreting dwarf galaxies and/or recycled enriched gas from the
early outflows of the main halo, while O VI gas at a roughly constant radius could
arise if the virial temperature gas holds significant amounts of O VI, or if the outer
O VI gas is in photoionisation equilibrium with the UV background and the pressure
outward is roughly cancelled by the inward gravitational pull. It should however be
noted that McQuinn and Werk [2018] assume all O VI gas to be collisionally ionised,
which we have seen is not the case for the gas in the Eris simulation. The discrepancy
between the required and real outflow rates in the Eris simulation may therefore also
be another indication that a significant portion of the O VI gas is photoionised by the
UV background.

6.2 Implications

From the analysis of the distributions, origins and kinematics of the circumgalactic O VI
in the Eris simulation a picture of the high temperature galactic outflows emerges. The
majority of the hot circumgalactic gas traced by O VI seems to originate from super-
nova explosions in the central galaxy at relatively early times, before it is transported
outwards by the blastwave energy of the explosions. As the gas flows outward it cools
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with cooling times of the order of a few billion years when at typical density of the
CGM (n ∼ 10−4 cm−3) and temperature T ∼ 105.5 K. The column density of the O VI
gas is kept relatively constant due to the continuing outflows and the expansion of the
O VI bubble. At late times infalling O VI gas also contributes to the observed column
densities (about 30% of the O VI gas is inflowing after redshift one), and it is possible
that a portion of the O VI gas is in equilibrium at virial temperatures or with the
UV background. At z = 0, the majority of the O VI gas within the virial radius is
collisionally ionised, and the results presented in this work seem to fit reasonably well
with the analytical model of Heckman et al. [2002] of a collisionally ionised, radiatively
cooling, and outflowing O VI gas. It is however clear that photoionisation contributes
significantly to the ionisation of O VI at late times and large radial distances in Eris. To
see if this is the case in observations, more observations are necessary at large impact
parameters.

Werk et al. [2016] argue that successful models of the CGM must account for: 1)
the velocity correspondence with low photoionised ions, 2) high O VI column density
and various broadening, and 3) the relation between column density and star formation
rate (NO V I − SFR relation). The emerging picture from the Eris simulation allows
for these requirements to be fulfilled, although without explicitly explaining them. The
velocity correspondence with low photoionised ions could be a consequence of further
cooling of the ouflowing enriched gas where O VI is seen, but the low ionisation species
and their correlation to O VI in Eris should be further investigated to draw conclusions
about this.

The high O VI column densities in Eris arise from the high star formation density
threshold and the blastwave supernova feedback causing large scale galactic outflows,
and various broadening is seen in absorption lines through the Eris simulation. Large
galactic outflows extending far from the central galaxy seem to be essential for forming
the galaxies we see today, together with the large scale inflows of colder star forming
gas. In this picture the circumgalactic O VI originates from the supernovae explosions
in the central parts of the galaxy, and galaxies with a more active star formation history
are therefore likely to have a higher column density of O VI. Higher column densities are
also seen at earlier times in Eris, when the star formation rate was higher. The galaxies
in the COS-halo survey are however all at relatively low redshift, and a larger sample
of low redshift simulations should be compared in order to confirm the NO V I − SFR
relation in Eris. Oppenheimer et al. [2016] argue that the NO V I −SFR relation really
is a relation between O VI and halo mass. The O VI gas is then explained to mainly
track virial temperature gas in L* galaxies. Virial temperature gas may contribute to
the O VI mass budget in the Eris simulation, but the results presented in this thesis
demonstrate that most of the O VI in Eris is outflowing and cooling. It would however
still be instructive to examine the effect of halo mass on the results presented here.

The O VI halo seen around the central galaxy in Eris extends even further than
observations have been able to reach, supporting the picture of a large portion of the
missing baryons residing around galaxies. The mass of circumgalactic O VI gas in
the Eris simulation at redshift zero is sensitive to the UV background used, but with
the z = 0 UVB of Haardt and Madau [2001] it is about 4 × 106 M� within the virial
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radius, and 1.5 × 107 M� within two virial radii. This is more than has been seen
in observations, and promising for a solution to the missing baryon problem. Highly
ionised gas mass in CGM most likely exceeds 107M� [Tumlinson et al. 2011], and the
masses expected for the total baryons in the CGM of simulations in the Eris suite have
been found to recover 90% of the universal baryon value [Sokołowska et al. 2016].

6.3 Possible additions and refinements to the method

The most important caveat of this work is that the Eris simulation only includes a
single system. Galaxy properties vary between galaxies, and to get statistically sig-
nificant results with predictive power for the evolution of galaxies in general, more
simulations should be analysed and compared. The Eris simulation also does not in-
clude local radiation, metal cooling for T > 104 K, non equilibrium ionisation, magnetic
fields, cosmic rays or active galactic nuclei [Guedes et al. 2011]. AGN might be key to
formation and evolution of galaxies, and also contribute with feedback. Local radiation
is demonstrated to be significant in changing cooling and heating rates [Cantalupo
2010, Gnedin and Hollon 2012], although Stern et al. [2018] argues it is unlikely to be
dominant on the large scales on which O VI is observed. Metal cooling can also have
important consequences for the results presented here, for cooling times, star formation
and more. The circumgalactic medium hosts energetic outflows and inflows simultan-
eously, and this is bound to lead to turbulent conditions where the gas is in states far
from equilibrium. Magnetic fields are also likely to be present, and would affect the
paths of the charged particles in the galactic gas, and thus the cycle of baryons.

One of the aims of this project was to constrain feedback mechanisms in galaxies.
We have seen that the blastwave feedback in Eris works rather well and that many
of the observed galaxy properties are reproduced. There are however many physical
processes and types of feedback that are not included in Eris, as mentioned above. All
these processes are thought to be present in galaxies and have important implications
for their evolution, and considering this it is remarkable how successful the Eris simula-
tion is. It is likely that the supernovae in Eris may have taken over the role of some of
the other feedback mechanisms, and that not all the O VI originates from supernovae
explosions [Naab and Ostriker 2017]. The presence of an active galactic nuclei could
for example photoionise oxygen and heat gas far away from the centre, and a small
change in cooling and heating rates could have large impacts on the gas and star form-
ation over time [Oppenheimer et al. 2017]. In order to constrain feedback mechanisms
properly one should therefore compare the Eris simulation to similar simulations with
other types and strengths of feedback, and more physical processes included. Including
accurate radiative transfer, magnetic fields or cosmic ray transport in simulations is
however challenging, and simulators have only just started to do so. The next genera-
tion simulations will hopefully advance in these areas, and it will be interesting to see
what implications this has for the O VI gas and the evolution of galaxies.

Several follow up simulations including a larger number of physical processes have
been made after Eris, and comparing results with these can give indications of the im-
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portance of the different processes. When more processes are included it does however
become more challenging to identify which mechanisms are responsible for what hap-
pens in the galaxy, and some processes may cancel each other in effect. A goal of galaxy
simulations is to produce realistic galaxies with as few tunable parameters as possible,
as this increases the predictive power of the simulations. It is however challenging to
find physically motivated sub-grid models, and to implement them into the simulations.
In their review of the current theoretical challenges of galaxy formation, Naab and Os-
triker [2017] present the inclusion of sub-resolution physical processes related to AGN
and stellar feedback as major challenges in simulations of galaxy formation, and also
Somerville and Davé [2015] are concerned about the implementation and predictive
power of such sub-grid recipes.

It is argued that the amount of feedback needed to maintain the ubiquitous O VI
halo is larger than what could be expected from supernovae alone, and this could be
explained by feedback from a central supermassive black hole [Mathews and Prochaska
2017, Oppenheimer et al. 2017]. The central SMBH in the Milky Way could contribute
as much as the total Galactic supernova energy generated in 108 years [Mathews and
Prochaska 2017]. This would also lead to a natural explanation for the deficiency of
O VI around red galaxies, as the oxygen then would be even more highly ionised at
the observed radii, and the O VI would reside further out in the halo. The amount
of SN energy is likely to decrease after the epoch of star formation at z ∼ 2, but
the O VI halo must still be maintained. Rahmati et al. [2016] find that AGN do not
have a large effect on the EAGLE simulations, while Oppenheimer et al. [2017] find
that flickering AGN with timescales of around a million years and unextreme accretion
rates in the EAGLE simulations can increase the amount of O VI by factors 2-3 and
explain the COS-halo observations of O VI. Many simulations have underpredicted
O VI columns, and the lack of AGN feedback could explain this. AGN would lead to
increased photoionisation, and mainly affect central parts of CGM. This is where we
concluded collisional ionisation was the dominant ionisation mechanism of O VI in the
Eris simulation.

In order to constrain feedback mechanisms and make definite conclusions about the
evolution of galaxies the Eris simulation should be compared to similar simulations
with different feedback mechanisms and physical processes included, and to detailed
observations. Variations in the Eris suites of simulations that we could compare to
include Eris2k, GigaEris, ErisMC, Eris superbubble, ErisLT. Eris2k includes metal
cooling, a new and improved IMF, higher threshold for star formation, type Ia and II
SN, stellar winds and turbulent mixing. GigaEris has about 100 times higher resolution
in mass. This is useful to resolve the small scale structure in the CGM and understand
the low ions. ErisMC is the same as Eris just with metal cooling also above 104 K, and
Eris MC forms 70% more stars than Eris [Shen et al. 2012]. Eris superbubble uses a
novel feedback model from Keller et al. [2014], which takes into account the formation
of a superbubble as a result of many coeval supernova explosions, and also the thermal
conduction between the hot and the cold phases of gas. ErisLT has a lower density
threshold for star formation, and produces a much larger galactic bulge [Shen et al.
2013]. We could also compare to other simulated galaxies such as Venus [Sokołowska
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et al. 2017] and Romulus [Tremmel et al. 2017], to see if the results are the same in these
simulations. When it comes to more detailed observations, all we can do is keep pushing
for the circumgalactic medium and galaxy formation to be prioritised in current and
future observational projects. Observations farther from disk would be a stringent test
of feedback models and hopefully solve the missing baryon problem [Sokołowska et al.
2016].

To further analyse the circumgalactic medium of Eris and other simulations, the
connection between O VI and other high ions to low ions should be investigated. This
could give new insight to the structure and state of the CGM gas as a whole, not only
the hot gas. Some low ions have been found to be kinematically connected to the high
ions [Werk et al. 2016], but many are also not. This may indicate that the ouflowing
gas clouds containing O VI are multiphase and also contain low temperature gas, or it
could be due to mixing and boundary layers. This is something that should be further
pursued in future work.
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Conclusion

The aim of this thesis has been to improve the understanding of the co-evolution of
galaxies and their surrounding gas, by studying the distribution, origin and kinematics
of the circumgalactic O VI gas in the Eris simulation. Through the completion of this
project, I have established that the Eris simulation produces a high column density
O VI halo with NO V I = 1014−15 cm−2, as seen in COS-halos observations. The column
density peaks at the virial radius, and the radial distribution is nearly constant from
redshift three to zero when scaled with virial radius. O VI is mainly collisionally ionised
before redshift ∼ 1, but photoionisation dominates at large radius (outside ∼ 150 kpc)
and at late times (when z < 1). The stronger ultraviolet background at early times
ionises the oxygen to higher states, and it is only at late times when the background is
reduced that the UVB contributes significantly to the ionisation of O VI.

The circumgalactic O VI gas seems to originate from gas heated by supernova
feedback and cooling through the T ∼ 105.5 K window where collisional ionisation
peaks. Gas is also heated from accretion shocks when the halo mass reaches the critical
mass of ∼ 1011.5 M�, but this is not the main origin of the circumgalactic O VI gas
in Eris. The temperatures and densities where most of the O VI gas resides indicate
a cooling time of a few billion years [Wiersma et al. 2009]. For all the O VI gas to be
outflowing an analytical consideration based on McQuinn and Werk [2018] leads to a
requirement of an outflow rate larger than 10 M�/yr, and higher with metal cooling.
This is not obtained in the Eris simulation at late times. It should be noted that
McQuinn and Werk [2018] assume all observed O VI gas to be collisionally ionised,
which we have seen is not the case for Eris at late times.

The fact that Eris does not have significant outflow rates to explain the circumgalactic
O VI column density by collisionally ionised outflowing gas alone could then be another
indication that a significant portion of the gas is photoionised by the UV background,
or it could be that inflowing or nearly constant radius gas contributes to the O VI mass
budget. Inflowing gas may originate from gas that was ejected from the galaxy at early
times and is being recycled, or gas that was enriched and ionised in dwarf galaxies that
are now in the process of accretion. Virial temperature gas or gas in equilibrium with
the UV background could also contribute to the O VI mass budget. As a significant
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portion of the O VI gas is photoionised by the UVB the latter option is especially likely
to contribute.

By generating and fitting synthetic spectra from the Eris simulation, the O VI
column density relation to broadening parameter seen in observations [Heckman et al.
2002, Werk et al. 2016, Stern et al. 2018] was reproduced. This relation fits well with
the analytical model of a radiatively cooling, collisionally ionised gas by Heckman et al.
[2002], but the relation could also be caused by blending of lines with similar velocities
[Werk et al. 2016].

The hot circumgalactic gas in Eris then seems to originate from supernovae explo-
sions in central parts of the galaxy at relatively early times, before it is transported
out to the circumgalactic medium. It contributes to large scale outflows of hot gas
perpendicular to the disk, which cools over a few billion years. The column density
of O VI does not change significantly from redshift three to the present time. The
column density is kept high by the expansion of an O VI bubble, refill of new heated
gas from central regions and at late times an increasing contribution from inflowing and
photoionised gas. At early times and in central regions the pressure is high enough to
keep O VI gas collisionally ionised as it is outflowing and radiatively cooling, but at late
times and large radial distances photoionisation becomes important. A portion of the
hot corona gas in Eris may therefore also be in equilibrium with the UV background,
and some may represent virial temperature gas.

Whether the conclusions made for the Eris simulation here also hold true for the
general L* galaxy remains to be seen. Although the Eris simulation beautifully re-
produces a number of common properties of L* galaxies, it is important to remember
that it only represents one single system, and that several important physical processes
are neglected. Active galactic nuclei are found in the centres of most L* galaxies and
are thought to have a fundamental relation to the formation of galaxies [Ferrarese and
Merritt 2000], but implementing something so small and so energetic into a simulation
of this scale is far from straight forward [Somerville and Davé 2015, Naab and Ostriker
2017]. Local radiation and high temperature metal cooling could also play a key role
in the heating and cooling of the galactic gas [Cantalupo 2010, Gnedin and Hollon
2012], and the effects of magnetic fields and cosmic rays could also be significant. To
study these effects on the conclusions made for the highly ionised circumgalactic gas in
Eris, one should perform a detailed comparison to different simulations and continue
the comparison to observations. Future observations, at high impact parameters and
otherwise, could unveil the feedback mechanisms of galaxies, solve the missing baryon
problem and lead us closer to a more complete understanding of gas flows and how
these contribute to the evolution and formation of galaxies.
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