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Professor Thomas R. Quinn

Astronomy

All galaxies evolve embedded in a vast gaseous halo — the circumgalactic medium (CGM)

— that dwarfs the mass and spatial extent of the stars in the galactic disk. Recent ultravi‐

olet (UV) absorption studies reveal that the CGM has a rich, multiphase structure shaped

by metal‐rich galactic winds that expel the byproducts of stellar evolution and pristine

inflows from the intergalactic medium. Galaxy evolution is intricately tied to the state of

its CGM, as galaxies depend on a consistent supply of cool gas in order to form new stars.

While current state‐of‐the‐art simulations excel at reproducing galactic disk proper‐

ties, most struggle to simultaneously reproduce the observed abundance, properties, and

kinematic structure of multiphase CGM gas. In this thesis, I argue that the missing piece

is likely a nonthermal component in the form of cosmic rays. I implement cosmic‐ray

physics into the ENZO and CHANGA simulation codes and use a combination of idealized,

isolated‐galaxy, and cosmological‐zoom‐in simulations to demonstrate the role of cos‐

mic rays in driving galactic outflows and shaping the multiphase CGM. Throughout this

work, I demonstrate how uncertainties in existing cosmic‐ray transport models can lead

to qualitatively different CGM structures, and motivate the need for more robust models

of cosmic‐ray hydrodynamics.

Additionally, I explore more direct techniques for comparing simulations against ob‐



servations. Using synthetic spectroscopy, I demonstrate how cosmic rays can naturally

explain the observed kinematic alignment of multiphase CGM gas. I then use synthetic

observations to demonstrate theprevalence andobservational signatures of cool andwarm

gas in the halos around the most massive galaxies, which are traditionally studied with

X‐ray emission from their hot, dense inner regions.
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middle), and cold mass flux (Ṁcold/Ṁff; right) as a function of the initial
tcool/tff for simulations with β = 100 and varying initial ratios of Pc/Pg.
The measurements are taken between 0.8 and 1.2 H and averaged over all
outputs between 4 and 6 tcool, which corresponds to the saturated phase of
the thermal instability (see Figure 3.5). Increased cosmic‐ray pressure de‐
creases the gas density fluctuation. High cosmic‐ray pressures increase the
cold fraction in simulations with tcool/tff ≥ 1 by preventing cold gas from
precipitating towards the midplane. Cold gas does not form in simulations
with tcool/tff = 10. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

3.7 2D slices of the 3D cosmic‐ray pressure for simulations with different im‐
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3.8 Similar to Figures 3.3 and 3.6, the panels above measure the mean den‐
sity fluctuation (⟨δρ/ρ⟩; left), cold mass fraction (Mcold/Mtotal; middle), and
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3.10 The mass‐weighted probability density functions (PDFs) of the gas density,
temperature, and cosmic‐ray pressure ratio for simulations with Pc/Pg = 1
and tcool/tff = 0.3 (above) and tcool/tff = 1.0 (next page). The data in the PDFs
is an aggregate from all simulation outputs between t = 4 − 6tcool, mea‐
sured between 0.8 and 1.2 scale heights. The PDFs are normalized so that
the area under each distribution integrates to 1. Different implementations
of cosmic‐ray transport change the distribution of the ratio of cosmic‐ray
pressure to gas pressure, which in turn sets the distribution of gas densi‐
ties. When cold gas has high cosmic‐ray pressures, the density contrast be‐
tween the cold and hot gas phases decreases. When cooling times are short
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3.11 The averagedensity contrast between the cold andhot gas phases (⟨ρcold⟩/⟨ρhot⟩)
as a function of the average ratio of Pc/Pg in cold gas clumps. The points
show data from all simulations described in the fiducial parameter suite
(Section 3.2.3) that form cold gas, both at fiducial and high resolution. The
data were measured between 0.8 and 1.2 scale heights and averaged over
20 outputs between t = 4− 6tcool. The different colors indicate simulations
with different prescriptions of cosmic‐ray transport: advection (green), dif‐
fusion (red), and streaming (blue). The black lines show predictions for the
density contrast for various possible scalings of cosmic‐ray pressure with
gas density, assuming Θ = 20 and βcold = 3 (Eq. 3.25). In all cases, the den‐
sity contrast between the cold and hot gas phases decreases with increased
cosmic‐ray pressure. However, the rate of that decrease depends on the
transport model, which effectively changes the degree to which cosmic‐ray
pressure scales with gas density. . . . . . . . . . . . . . . . . . . . . . . . . 114

xiii



3.12 The averagedensity fluctuation (⟨δρ/ρ⟩; left), coldmass fraction (Mcold/Mtotal;
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4.1 (Top) The projected paths of the 100 synthetic spectra in the x‐y plane, cen‐
tered on the galaxy center. The open circles show the projected position
of the impact parameter – the closest point between the sightline and the
galactic center. (Bottom) The random distribution of impact parameters
between 10 and 50 kpc. Note that the minimum impact parameter is 10
kpc, and the appearance of impact parameters < 10 kpc in the top panel is
due to projection effects. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136

4.2 The mass‐weighted projections of density, temperature and line‐of‐sight
velocity for P0 (top) and P0+CR (bottom) at z = 0.25. The width and depth of
the projection are 100 kpc. Relative to P0, the simulation with cosmic rays
has a cooler CGM in the inner ∼ 40 kpc and a larger rotating extended disk. 139

4.3 The mass‐weighted projection of the ratio of cosmic‐ray pressure to gas
pressure in P0+CR. Cosmic‐ray pressure is significantly larger than thermal
pressure in the inner CGM. The cosmic‐ray pressure gradient counteracts
gravity tomaintain hydrostatic equilibrium, allowing cool, low‐entropy gas
to fill the inner CGM. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140

4.4 The O Vı, Si ııı, and column densities at z = 0.25 for P0 (top) and P0+CR
(bottom). The width (and depth) of the projection is 100 kpc. Compared to
P0, the CGM of P0+CR has lower overall O Vı column densities and higher
column densities of Si ııı and in the inner 50 kpc. . . . . . . . . . . . . . . 142

4.5 The ion‐mass weighted 2D histograms of gas temperature and number den‐
sity for P0 (left) and P0+CR (right). The data for these plots is generated from
a spherical shell between 10 and 50 kpc from the galactic center. The addi‐
tional pressure support from cosmic rays moves the gas to lower densities.
P0 has a substantial amount of O Vı absorption at temperatures above the
collisional ionization equilibrium temperature of T ∼ 105.5 K. . . . . . . . . 143
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4.6 Example synthetic spectra from P0 and the gas properties along their line
of sight. (Top row) The normalized flux corresponding to Si ııı and O Vı
absorbers in velocity space. The gray lines show the raw synthetic spectra
and the green and red lines show the Voigt profile fits for Si ııı and O Vı
respectively. (Remaining rows) The gas density, temperature, metallicity,
line‐of‐sight velocity, and fractional ion column densities as a function of
position along the line of sight. The points are colored by their LOS velocity,
which helps discern which absorber they contribute to. The fractional ion
columndensities in the bottom roware divided by the total ion columnden‐
sity, to help discern which particles contributed the most to the absorbers
in the top row. In the light ray trajectory, 0 always represents the impact pa‐
rameter (point of closest approach to the galaxy center). While O Vı‐bearing
gas tends to form large, resolved structures, Si ııı‐bearing gas tends to form
dense, resolution‐limited structures. By matching fractional column den‐
sities of Si ııı and O Vı to the absorbers in the spectra, we can see that kine‐
matic alignment does not necessarily imply physical alignment (left). Con‐
versely, the right panel shows an example of Si ııı and O Vı absorbers that
are spatially aligned but kinematically misaligned. . . . . . . . . . . . . . . 145

4.7 Similar to Figure 4.6, the figure above shows example synthetic spectra
from P0+CR and the gas properties along their line of sight. There is an
additional panel to show the ratio of cosmic‐ray pressure to gas pressure,
Pc/Pg, along the line of sight. (Right) An example of kinematic alignment in
P0+CR inwhich both Si ııı and O Vı absorbers come from the same physical
structures. In all P0+CR spectra that have both O Vı and Si ııı absorbers,
there is at least oneOVı component that is kinematically alignedwith Si ııı.
P0+CR has higher incidences of kinematic alignment between Si ııı and
O Vı. In most cases in P0+CR, Si ııı absorption comes from large, ∼ 50
kpc, clouds that are enveloped by O Vı absorbers. Unlike in P0, low‐density
Si ııı‐bearing gas in P0+CR is resolved by many gas particles. . . . . . . . . 146
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4.8 (Left) The column density of O Vı absorbers as a function of Doppler‐b pa‐
rameter for P0 (top) and P0+CR (bottom). Purple squares indicate O Vı ab‐
sorbers that are matched with a Si ııı absorber within 35 km/s in line‐of‐
sight velocity space. Gray diamonds indicate O Vı absorbers that have no
corresponding Si ııı absorber within 35 km/s. We include data from Werk
et al. (2016) for comparison in black. Upward arrows indicate upper limits
on the measured column density. (Right) The histograms of the Doppler‐
b parameters of O Vı absorbers in P0 (top) and P0+CR (bottom) compared
against observations. All histograms are normalized to have an area of 1.
Both simulations have a distinct lack of very broad (b > 60km/s) O Vı ab‐
sorbers. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149

4.9 (Left) The column density of Si ııı absorbers as a function of Doppler‐b pa‐
rameter for P0 (top) and P0+CR (bottom). Green squares indicate Si ııı ab‐
sorbers that arematchedwith aOVı absorberwithin 35 km/s in line‐of‐sight
velocity space. Gray diamonds indicate Si ııı absorbers that have no corre‐
sponding O Vı absorber within 35 km/s. We include data from Werk et al.
(2016) for comparison in black. Upward arrows indicate upper limits on the
measured column density. (Right) The histograms of the Doppler‐b param‐
eters of Si ııı absorbers in P0 (top) and P0+CR (bottom) compared against
observations. All histograms are normalized to have an area of 1. P0+CR
better reproduces the observed broad Si ııı absorbers but over‐predicts the
abundance of narrow, high‐column Si ııı absorbers. . . . . . . . . . . . . . 150

4.10 The histograms of theminimumvelocity differences betweenOVı and Si ııı
absorbers for P0 (top) and P0+CR (bottom). This excludes sightlines that
have O Vı but no Si ııı absorbers. All histograms are normalized to have an
area of 1. P0+CR better reproduces the observed kinematic link between
O Vı and Si ııı absorbers. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153

4.11 Themass‐weighted 2D histogram of radial velocity as a function of temper‐
ature for cool (blue) and warm (orange) CGM gas for P0 (left) and P0+CR
(right). The data is taken from gas that is between 10 and 50 kpc from the
galactic center. Without cosmic rays, cool gas in the inner CGM tends to
be on a radially inward trajectory. With substantial cosmic‐ray pressure
support, low entropy cool gas is supported against gravity and has a very
similar velocity distribution to that of the warm gas, leading to kinematic
alignment of multiphase absorbers. . . . . . . . . . . . . . . . . . . . . . . 154
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4.12 The Wasserstein distance between O Vı and Si ııı line‐of‐sight velocities
and positions along the sightline. The color of the points indicates the im‐
pact parameter of the sightline. P0+CR has a clear relationship between the
kinematic and spatial alignment of O Vı and Si ııı absorbing gas. In con‐
trast, O Vı and Si ııı gas in P0 are less likely to be kinematically or spatially
aligned. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 156

4.13 The SOD shocktube. The state of the gas density (left), velocity (middle),
and pressure (right) at t = 0.31 seconds. The dashed line shows the an‐
alytic solution for the gas density, velocity, and total pressure, which is a
sum of gas and cosmic‐ray pressures. The shocktube was intialized with
a contact discontinuity at x = 250 cm at t = 0. To the left of the discon‐
tinuity, the gas density, pressure, and cosmic‐ray pressure are initialized
to ρ = 1g/cm3, Pg = 2/3 kPa, Pc = 4/3 kPa. To the right of the disconti‐
nuity, the gas density, pressure, and cosmic‐ray pressure are initialized to
ρ = 0.2g/cm3, Pg = 267.2 Pa, Pc = 267.2 Pa. The velocity is initialized to
zero everywhere. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 161

4.14 Demonstration of cosmic‐ray diffusion. An initial Gaussian overdensity
of cosmic‐ray energy decays overtime as cosmic rays diffuse down their
energy gradient with a constant diffusion coefficient. The y‐axis shows
radially‐averaged values of the cosmic‐ray energy as a function of position,
r = x2 + y2. The black dashed lines show analytic solutions for t = 0 and
t = 0.24Myr. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 164

5.1 A 5 x 5 Mpc snapshot (in physical units) of the ROMULUſC simulation at
z = 0.31. The dashed circles show the extent of 2 R200. Top row: The density‐
weighted projections of gas density, temperature, and metallicity. Bottom
row: The integrated X‐ray intensity, O Vı column density, and H ı column
density. The color scaling of the images in the bottom row is roughly consis‐
tent with the sensitivity of existing instruments. Compared to X‐ray emis‐
sion, the structure probed by UV absorption studies (O Vı and H ı column
densities) better traces cluster outskirts and small‐scale structurewithinR200.172

5.2 The total gas mass (left) and metal mass (right) fractions in the cold (T <
104K), cool (104 < T < 105K), warm (105 < T < 106K), and hot (T > 106K)
gas phases as a function of radial distance from the cluster center in the
ROMULUſC simulation at z = 0.31. Although hot gas dominates withinR200

of the cluster, warm and cool gas comprise the majority of the gas mass at
the cluster outskirts. Additionally, the cool and warm gas phases hold the
majority of metals in the cluster outskirts. . . . . . . . . . . . . . . . . . . 176

xviii



5.3 The covering fraction of H ı (left panel), C ıV (middle panel), and O Vı (right
panel) as a function of the impact parameter measured from the cluster
center at z = 0.31. Each line represents the covering fraction for differ‐
ent observational column density thresholds. With existing observational
thresholds ofHST/COS (1013cm−2 for H ı, 1013.1cm−2 for C ıV and 1013.3cm−2

for O Vı ), we can expect covering fractions above 0.5 and 0.15 for H ı and
O Vı respectively within 1.5 Mpc of the cluster center. For reference, the
R200 of the cluster at this redshift is 810 kpc. At existing observational col‐
umn density sensitivities, the expected covering fraction for C ıV, is below
0.1. Improving the observational threshold by an order ofmagnitudewould
result in roughly a 2x increase in the covering fraction of O Vı. . . . . . . . 177

5.4 The distribution of the mass‐weighted, average metallicity as a function of
the temperature andhydrogennumber density of the gas. The plot datawas
taken from a snapshot of RomulusC at z = 0.31, within 3 R200 of the cluster
center. Gas probed by X‐rays exists in a disjoint temperature and density
phase from gas probed by UV‐lines. The metallicity inferred from X‐ray
observations is likely to be higher and more uniform than the metallicity
probed by UV lines. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 185

5.5 The 3D radial profiles of the median metallicity in cold (T < 104K), cool
(104 < T < 105K), warm (105 < T < 106K), and hot (T < 106K) gas phases
at z = 0.31. The shaded regions represent the 68.8% confidence intervals.
The gray pixels in the background show the normalized mass distribution
of all of the particles in the simulation within 3 R200 of the cluster center.
The red squares denote the X‐ray derived metallicities from Urban et al.
(2017). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 186

5.6 Left to right: The columndensity ofH ı, C ıV, andOVı as a function of impact
parameter for all galaxies with stellar masses M∗ > 109M⊙ within 4 R200

of the cluster center. The lines plot the median column density profiles of
galaxies within certain bins of distance from the cluster center as indicated
in the legend. The shaded regions indicate the 68.8% confidence interval of
the distribution. The orange shapes show the observed detections (squares)
and upper limits (triangles) of H ı andO Vı in cluster galaxies fromBurchett
et al. (2018). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 187
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5.7 The covering fractions of H ı, C ıV, and O Vı as a function of halo‐centric
impact parameter for all galaxieswithM∗ > 109M⊙ at z = 0.31. The different
lines represent halos within the indicated distance bins from the cluster
center. Covering fractions measure the fraction column densities above
some threshold column density. We assume column density thresholds of
1013cm−2 for H ı, 1013.1cm−2 for C ıV, and 1013.3cm−2 for O Vı. The covering
fraction of all ions is lower for galaxies nearer to the cluster center. . . . . . 189

5.8 The O Vı column density overplotted with locations of sightlines for which
we extracted synthetic spectra. The R200 of cluster galaxies with stellar
masses ofM∗ > 109M⊙ are indicated by circles (centered on each galaxy). . 190

5.9 The O Vı column density around the regions of the sightlines presented in
Figure 5.10. Each sightline was chosen at an arbitrary location, in‐between
galaxies at the z = 0.31 snapshot of ROMULUſC. It is not required that a
sightline directly intersect the CGM of a galaxy for there to be detectable
amounts of O Vı in the ICM. . . . . . . . . . . . . . . . . . . . . . . . . . . 191

5.10 Synthetic spectra of sightlines generated using TRıDENT through the RO‐
MULUſC cluster. From left to right, the panels correspond to Sightlines
2, 7, and 12 marked in Figure 5.9. Each subpanel shows absorption (or
lack thereof) for the transition labelled in its lower right corner, relative to
z = 0.31. The blue curves mark Voigt profile fits to the visually identified
absorption components. Note that the apparent absorption at > 1000 and
< 1000 km/s in the Sightline 2 and 7 H ı 1025, O Vı 1031, and O Vı 1038
panels are actually O Vı 1031, O Vı 1037, and O Vı 1031 lines, respectively,
due to the large velocity range plotted. These spectra show the diversity
of absorbers predicted by our simulation, including broad and narrow H ı
components with and without corresponding O Vı and C ııı. . . . . . . . . 192

5.11 Temperatures (top) and columndensities ofH ı andOVı (middle and bottom,
respectively) intercepted along Sightline 7 through the RomulusC volume.
In the bottom two panels, the small green circles show the column density
of each ion recorded at each point along the ray’s trajectory, and the purple
squares reflect the cumulative column densities along this trajectory. Hor‐
izontal dashed lines show the H ı an O Vı column densities measured by
Voigt profile fitting from the Trident‐generated (Hummels et al., 2017) syn‐
thetic spectra. The cumulative column densities exhibit sharp increases
where localized overdensities of these ions occur. Furthermore, the col‐
umn densities we measure from the synthetic spectra are consistent with
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5.12 The detectability (at 3σ) of H ı Lyα (solid) and O Vı λ 1032Å (dashed) lines
over a range of column densities and temperatures (via the Doppler b pa‐
rameter) given several levels of S/N achieved (see color‐coding in legend).
Our predicted covering fractions of H ı and O Vı for three column density
thresholds (for ρ < 2 Mpc) are indicated by horizontal dotted lines, and a
given column density is considered detectable if a colored curve falls at or
below that value in the plot. For example, a S/N = 10 spectrum should re‐
turn a covering fraction≳17% forOVı (dashed purple line) across thewarm
temperature regime but fc = 50− 70% for H ı (solid purple line) across this
same temperature range. . . . . . . . . . . . . . . . . . . . . . . . . . . . 203

5.13 Signal‐to‐noise (S/N) ratio achieved under the current LUVOIR 15m tele‐
scope concept when observing UV‐bright sources at various exposure times
(color coding indicated in legend). The horizontal lines indicate covering
fractions of H ı and O Vı assuming the column densities detectable of each
ion at the indicated S/N (see Figure 5.12). . . . . . . . . . . . . . . . . . . . 204
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Chapter 1

INTRODUCTION
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For many of us, when we think of a galaxy, we imagine the brilliant light of its stars,

its mesmerizing spiral arm structure, or perhaps the intricate patterns of dust extinction

in its interstellar medium (ISM). However, these “visible” components that make up the

galactic disk comprise only a small fraction of the mass and spatial extent of a galaxy.

Galactic disks are embedded in a vast darkmatter halo that extends roughly ten times far‐

ther than its stars, filling over 1000 times more volume. Aside from invisible dark matter,

the galactic halo is filled with a massive reservoir of diffuse gas known as the circum‐

galactic medium (CGM). In the last decade, astronomers have confirmed that the CGM

contains the vast majority of all galactic baryons and has a complex physical structure,

shaped by the flow of gas into and out of galaxies. Although the importance of the CGM

in governing galaxy evolution is now unquestionable, many aspects of the CGM, includ‐

ing a comprehensive interpretation of its physical properties, remains one of the biggest

theoretical challenges in astronomy.

1.1 A Brief History

Lyman Spitzer Jr. first hypothesized the existence of the CGM (which he named the “galac‐

tic corona”) in 1956 (Spitzer, 1956), after being shown preliminary observations of Na I

and Ca II absorption in the spectra of stars high above the galactic disk (Münch and Zirin,

1961). Spitzer inferred that these cool clouds, traced by Na I and Ca II absorption, must be

embedded in a hot1 gaseous galactic atmosphere that is in hydrostatic equilibrium with

the gravitational potential well of the galaxy. After the discovery of quasi‐stellar objects

(also known as quasars or simply QSOs; Schmidt, 1963), astronomers used similar absorp‐

tion spectroscopy techniques to infer the presence of cool and warm gas in the halos of

other galaxies (e.g., Bahcall and Spitzer, 1969; Bergeron and Stasińska, 1986; Steidel and

Sargent, 1992; Chen et al., 1998). The presence of the hot CGMcoronawas not directly con‐

1The classifications of gas temperatures can vary greatly between subfields in astronomy. In this disser‐
tation, unless otherwise stated, I define cold gas to be ∼ 104 K, cool gas to be 104−5 K, warm gas to be
105−6 K, and hot gas to be > 106 K.
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firmed until the early 2000s, using soft X‐ray emission (e.g., Kuntz and Snowden, 2000).

Meanwhile, early theoretical works predicted that the CGM was a hot, quiet remnant

of galaxy formation — a by‐product of the interactions between cooling and accretion in

a young galaxy (Binney, 1977; Rees and Ostriker, 1977; Silk, 1977). This hot CGM phase

(∼ 106 K for a Milky Way‐sized galaxy) was expected to be long‐lived as radiative cooling

rates are inefficient at those temperatures. Observations of cold high‐velocity clouds just

above the Milky Way galactic disk motivated various “two‐phase” models of the CGM, in

which cold clouds condense out of a hot medium due to various hydrodynamic instabil‐

ities (e.g., Field, 1965; Mo and Miralda‐Escude, 1996; Maller and Bullock, 2004). A key

assumption in these models, and an assumption which I will continually revisit through‐

out this dissertation, is that the cool clouds are in thermal pressure equilibrium with the

hot halo gas,

Pcold ≡ ncoldkBTcold = Phot ≡ nhotkBThot, (1.1)

where P, n, T are the gas pressure, number density, and temperature, and kB is the Boltz‐

mann constant. A key implication of this assumption is that the density contrast between

the cool and hot gas phases is determined by the inverse of their temperatures,

ncold

nhot
=

Thot
Tcold

. (1.2)

The installation of the Cosmic Origins Spectrograph (COS) on board the Hubble Space

Telescope (HST) revolutionized the study of the low‐redshift CGM, as it offered a 30× in‐

crease in sensitivity compared to previous UV instruments. Using HST‐COS and ground‐

based instruments like the CosmicWeb Imager on the Keck Telescope, astronomersmade

great advancements in characterizing the physical state of the CGM around high‐redshift

(e.g., Steidel et al., 2010; Rudie et al., 2012; Turner et al., 2014; Zahedy et al., 2019) and low‐

redshift (e.g. Prochaska et al., 2011; Tumlinson et al., 2011; Werk et al., 2013; Borthakur

et al., 2015; Burchett et al., 2019) galaxies in the previous decade.

Developing a comprehensive theory of galaxy evolution that can reproduce these ob‐
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servations, particularly those relating to the CGMof low‐redshift L∗ galaxies, is the driving

motivator for this thesis.

1.2 Observationally Motivated Science Drivers

This dissertation aims to address the following three science drivers.

1.2.1 What processes drive the galactic outflows that ultimately shape the multiphase CGM?

CGMabsorption studies often detectmetals hundreds of kiloparsecs from their host galax‐

ies (Tumlinson et al., 2017a). Since galaxies have very low metallicities at early cosmic

times (z > 3), these metals, ejected by supernovae, serve as excellent tracers of outflow‐

ing material. In fact, galaxies retain only about ∼ 20–25% of the metals they produce in

their stars and ISM (Peeples et al., 2014). The remaining metals appear to have been lost

to outflows into the CGM (Tremonti et al., 2004).

Contrary to predictions from the early “two‐phase” models, the CGM is full of metal‐

rich gas that spans orders of magnitude in temperature and density. Surprisingly, most of

the “multiphase” CGM exists in the form of cool and warm gas (Werk et al., 2013), which

has very short radiative cooling times relative to galactic timescales. It remains unclear

how this material survives in such abundance.

1.2.2 What supports cool CGM gas?

Recent observations of cool gas around low‐redshift L∗ galaxies infer that the densities

of cool CGM gas are significantly lower than those expected from thermal pressure equi‐

librium in “two‐phase” CGM models (Werk et al., 2014; Stern et al., 2016). If cool CGM

gas is out of pressure equilibrium, then we expect it to be very short‐lived. If this is the

case, then we need to understand which physical mechanisms are capable of regenerat‐

ing ∼ 25 – 40% of all galactic baryons on very short time scales. However, an alternative

explanation is that the cool phase is out of thermal pressure equilibrium but in total pres‐
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sure equilibrium, supported by a nonthermal source of pressure like turbulent, magnetic,

or cosmic‐ray pressure.

The origin and fate of cool CGM gas is particularly interesting for its expected role

in galaxy star formation. Galaxies rely on an ample supply of cold molecular gas, which

is ultimately accreted from the CGM. It is therefore surprising why the halos of massive

quenched galaxies are observed to have massive reservoirs of cool gas in their CGM (Gau‐

thier et al., 2010; Thom et al., 2012), and it is a mystery how this gas is prevented from

contributing to ongoing star formation.

1.2.3 What drives the kinematic alignment between low, intermediate, and high ions?

Most absorption spectra of the low‐redshift CGM contain at least one case of kinematic

alignment of multiphase ions — absorption features different temperatures, all moving

with similar line‐of‐sight velocities (Werk et al., 2016). While it is difficult to interpret

three‐dimensional physical structures fromone‐dimensional absorption spectra, the preva‐

lence of kinematically aligned ions hints at a physical relationship between different tem‐

perature CGM gas.

Comprehensive theoretical models must be capable of explaining both, the origin of

the CGM’s complex structure, and its relationship with its host galaxy.

1.3 Simulating Galaxy Evolution

Simulations are a powerful tool for running experiments on galactic scales. Simulations

capable of reproducing observed galactic features can constrain the physical processes

governing galaxy evolution and offer predictions for future observations. In the following

section, I will describe the basic methods used to simulate galaxies and highlight why

even the most advanced galaxy simulations struggle to reproduce CGM structure.
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1.3.1 Description of simulation methods

Modern hydrodynamics simulations of galaxies start with the assumption that on large

scales, gas behaves like a fluid. In my thesis work, I use both grid‐based and particle‐

based approaches to simulating fluid dynamics.

In the grid‐based approach, the simulation volume is discretized into individual cells,

each of which keeps track of certain fluid properties, for example, the density, velocity,

and energy. Most grid‐based simulation codes employ a formof adaptivemesh refinement

(AMR) that can selectively increase the resolution in a region of interest (typically selected

by gas density) in order to prioritize computational power. The evolution of these fluid

properties over time is described by a set of conservation equations that require that the

change of a quantity over some time (∂/∂t) is equal to the flux of that quantity through

the cell walls (∇ · ()), in addition to any source or loss terms.

∂ρ

∂t
+∇ · (ρv) = 0 (1.3)

∂(ρv)
∂t

+∇ ·
(
ρvvT

)
+∇Pg = −ρg (1.4)

∂εg
∂t

+∇ · (vεg) = −Pg∇ · v− S (1.5)

In the equations above, ρ is the gas density, v is the gas velocity vector, g is the gravita‐

tional acceleration, and t is the time variable. S encompasses all source and sink terms to

the gas energy, for example, injection of heat due to supernova feedback or loss of energy

due to radiative cooling. εg is the gas energy density (energy per volume). Pg = (γ − 1)εg

describes the relationship between the gas pressure and energy density via the adiabatic

index, γ = 5/3.

In the smoothed‐particle hydrodynamics (SPH) approach, the total mass of the fluid

is discretized into a finite number of particles of fixed mass. The conservation equations



7

governing gas behavior are similar to those in the grid based approach, but are presented

in the reference frame of the moving particles.

Dρ

Dt
= −ρ∇ · v (1.6)

ρDv
Dt

+∇(Pg) = g (1.7)

ρDεg
Dt

+ Pg∇ · v = S, (1.8)

whereD/Dt = ∂/∂t+ v · ∇ denotes the convective derivative.

In addition to modeling gas motion, a key component of galaxy simulations is how

they model star formation and stellar feedback. Since the typical resolution in the ISM

is much too coarse to resolve individual stars, simulations use “star particles” to repre‐

sent the cumulative behavior of a collection of stars (∼ 105M⊙) over time. Star particles

form when the gas in the ISM of a galaxy simulation meets a set of criteria, set by the gas

temperature, density, velocity flow, and a tuned efficiency parameter. To model stellar

feedback, these star particles inject thermal energy2 into the surrounding cells. Stellar

feedback is arguably the most important aspect of galaxy evolution, as it drives galactic

winds and regulates star formation by heating the ISM.

To create a galaxy simulation, one starts with a set of initial conditions — a configu‐

ration of gas particles or cells that describes a physically realistic starting point. Those

initial conditions are evolved by the simulation code, typically on a supercomputer, fol‐

lowing the conservation equations and additional physics modules. The program peri‐

odically generates “outputs” — files containing a complete description of the state of the

gas and stars at a given cosmological time. Astronomers then use post‐processing tools to

generate images and inspect gas properties.

2In some prescriptions, stellar feedback can also inject kinetic, magnetic, and/or cosmic‐ray energy in
addition to thermal energy
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1.3.2 Successes and limitations of existing simulations

When the first observations fromHST‐COS became available, state‐of‐the‐art galaxy simu‐

lations struggled to reproduce the observedmultiphase ion structure in their CGM (Hum‐

mels et al., 2013; Marasco et al., 2015; Fielding et al., 2017; Gutcke et al., 2017). Until then,

supernova feedbackmodels had been calibrated by their ability to reproduce galactic disk

properties such as the morphology, Tully‐Fisher relation, and star formation rate density

(Schaye et al., 2010; Davé et al., 2011; Puchwein and Springel, 2013; Stinson et al., 2013;

Christensen et al., 2014). However, purely thermal supernova feedback models fell short

when it came to driving far‐reaching multiphase galactic outflows.

This inspired the galaxy simulation community to investigate a wide variety of wind‐

launchingmechanisms, including radiation pressure frommassive stars (Kim et al., 2011;

Murray et al., 2011; Hopkins et al., 2012; Sharma and Nath, 2012a; Wise et al., 2012), ther‐

mal supernova feedback (Abadi et al., 2003; Joung et al., 2009; Hummels and Bryan, 2012;

Creasey et al., 2013), kinetic supernova feedback (Hopkins et al., 2012; Springel and Hern‐

quist, 2003; Agertz et al., 2013), supernova superbubble models, (Keller et al., 2015, 2016),

and subgrid models tuned to generate strong outflows (e.g. Springel and Hernquist, 2003;

Stinson et al., 2006; Oppenheimer and Davé, 2006; Governato et al., 2012). In more mas‐

sive galaxies, feedback from active galactic nuclei (AGN) was invoked to regulate flow of

gas into and out of the galactic disk (e.g. Suresh et al., 2015; Tremmel et al., 2017; Oppen‐

heimer et al., 2017).

Using a combination of these methods, many galaxy simulations can now reproduce

the observed abundance ofwarmgas, typically judgedby comparing simulatedOVıcolumn

densities against observations (e.g., Oppenheimer et al., 2018; Nelson et al., 2018; Sanchez

et al., 2019). However, most galaxy simulations still under‐predict the observed abun‐

dance of cool gas. Those that do produce high column densities of H ıor low ionization

metal lines (Schaye et al., 2015; Hummels et al., 2019; Suresh et al., 2019; Peeples et al.,

2019b; van de Voort et al., 2019; Nelson et al., 2020) do not show convergence with reso‐
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lution or reproduce the inferred low densities of cool low‐redshift CGM gas (Werk et al.,

2014).

Throughout this dissertation, I will argue that the missing key is likely a nonthermal

component: cosmic rays.

1.3.3 The case for cosmic rays

Cosmic rays are charged particles (mostly GeV protons) that have been accelerated to rela‐

tivistic velocities in extreme shocks like supernovae (Ackermann et al., 2013). Due to their

charge, cosmic rays cannot freely stream out of the galaxy, as their motion is confined to

helical paths around tangled magnetic field lines. Cosmic rays are therefore trapped in

the galactic disk for tens of millions of years (likely much longer in the CGM), where they

interact with the thermal gas. In the galactic disk, cosmic‐ray energy is comparable in

strength to thermal and magnetic energies (Boulares and Cox, 1990). However, the con‐

tribution of cosmic‐ray energy is unconstrained in the CGM of L∗ galaxies.

Despite being an important source of energy in the ISM, cosmic rays are often ne‐

glected in galaxy simulations. Due to past computational constraints, cosmic rays have

only recently been included in three‐dimensional galaxy‐scale simulations. When in‐

cluded, even modest amounts of cosmic‐ray pressure can drive galactic outflows that are

qualitatively different from thermally‐driven outflows (e.g., Uhlig et al., 2012; Booth et al.,

2013; Simpson et al., 2016; Girichidis et al., 2016). Furthermore, cosmic rays are a source

of nonthermal pressure that may support the observed low‐density CGM gas.

For these reasons, cosmic rays offer a promising explanation of low‐redshift CGM

structure. In the following section, I describe how cosmic rays are modeled as a fluid

in galaxy‐scale simulations, how that fluid interacts with the ‘regular’ gas fluid, and the

implications for CGM structure.
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1.4 Simulating the CGM with Cosmic Rays

1.4.1 Simulating cosmic rays as a fluid

On scales much larger than the cosmic‐ray gyroradius (∼ 1 AU for GeV proton around a

microGauss magnetic field line), cosmic rays behave like a fluid. Similar to the gas fluid

introduced in the previous section, the cosmic‐ray fluid conserves its energy density ac‐

cording to the following conservation equations,

∂εc
∂t

+∇ · Fc = −Pc∇ · v+ Sc (1.9)

where εc is Pc is the cosmic‐ray energy density, and Pc = (γc − 1)εc is the cosmic‐ray

pressure. The cosmic‐ray adiabatic index is γc = 4/3. Sc is a shorthand for all cosmic‐

ray source and sink terms, including injection of cosmic‐ray energy during supernova

feedback and, in some cases, the transfer of cosmic‐ray energy to heat the thermal gas.

Fc describes the flux of cosmic‐ray energy density due to thermal gas motions (advec‐

tion) or to cosmic ray transport around magnetic field lines (streaming or diffusion),

Fc = vεc
advection

+ vs(εc + Pc)

streaming

−κcb(b · ∇εc)
diffusion

(1.10)

where vs is the cosmic‐ray streaming velocity, κc is the constant cosmic‐ray diffusion co‐

efficient, and b is the magnetic field direction, b = B/|B|. While cosmic‐ray advection is

entirely dictated by the motions of the thermal gas, streaming and diffusion describe the

motion of the cosmic‐ray fluid relative to the thermal gas. Streaming and diffusion are both

approximations of how cosmic‐ray particles are scattered due perturbations in the mag‐

netic field lines. The difference lies in the origin of the magnetic field line perturbations.

In the case of diffusion, the perturbations are caused by twisting of the magnetic field

lines due to extrinsic turbulence, in the streaming approximation, cosmic‐ray streaming

itself drives an instability that causes the perturbations to grow. In the fluid approach,
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both streaming and diffusion act to redistribute cosmic‐ray pressure out of regions where

it is concentrated. Throughout this thesis, I will make the assumption that cosmic‐ray

transport happens either as streaming or diffusion to gain insight into the behavior of

the cosmic‐ray fluid in these limits. I will often refer to either cosmic‐ray streaming or

diffusion with the agnostic “cosmic‐ray transport”.

1.4.2 Cosmic Rays and the simulated CGM

Although we know cosmic rays make up a large fraction of the energy budget in the ISM,

we have no such constraints for the CGM around L∗ galaxies.3 However, we do have con‐

straints on the injection rate of cosmic‐ray energy from supernovae. Using gamma‐ray

observations from the galactic disk, we also have some constraints on the overall cosmic‐

ray transport rate (i.e. the diffusion coefficient; Chan et al., 2019). It is therefore very

likely that cosmic rays play an important role in the CGM, especially around L∗ galaxies,

which have the perfect combination of supernova activity and relatively low gravitational

potential wells that allow cosmic rays to have a strong effect.

There are several ways in which cosmic rays can alter the structure of the CGM:

1. Cosmic rays drive galactic outflows. As ongoing supernova feedback injects cosmic rays

into the surrounding gas, cosmic‐ray pressure builds up in the galactic disk. Cosmic‐

ray transport gradually allows cosmic rays to escape the galactic disk, generating a

cosmic‐ray pressure gradient that contributes to maintaining hydrostatic equilibrium

with the galactic potential well. This nonthermal pressure gradient lifts gas out of the

ISM, creating galactic outflows that are cooler, smoother, and more mass‐loaded than

their thermally‐driven counterparts (Girichidis et al., 2016). Since these gentle cosmic‐

ray‐driven outflows are less likely to destroy cool gas, they may explain the abundance

of multiphase gas in the CGM. Additionally, because cosmic rays do not lose energy to

3Radio observations indicate that cosmic rays make up roughly 1% of the energy in the intracluster
medium, but there are no such direct constraints around lower mass galaxies. Simulations predict that
cosmic rays have a much more important dynamical role in L∗ galaxies than in massive clusters.
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adiabatic expansion as readily as regular gas, cosmic‐ray pressure can continue accel‐

erating outflows hundreds of kiloparsecs above the galactic disk (Hopkins et al., 2021a).

2. Cosmic rays offer nonthermal pressure support to cool gas. In the presence of nonthermal

pressure support, gas does not need tomaintain thermal pressure equilibrium. Instead,

the system must achieve total pressure equilibrium, Ptot = Pg + Pc. This nonthermal

pressure support allows cool gas to exist at low densities, consistent with observations

of low‐redshift galaxies. Additionally, low‐density cool gas is more buoyant and there‐

fore less likely to “sink” in its gravitational well. This buoyancy has implications for the

kinematic structure of the CGM and may explain why some quenched galaxies have

massive reservoirs of cool gas in their CGM.

3. Cosmic rays can heat the gas. In the streaming approximation of cosmic‐ray transport,

cosmic rays heat the gas at a rate that is proportional to the Alfvén velocity and the

cosmic‐ray pressure gradient. Although the total energy injected due to this cosmic‐

ray heating is small relative to the total energy lost by radiative cooling in the CGM,

this perturbative heating is important at the boundary of cool clouds andmay produce

a unique ionization signature.

In chapters 2, 3, and 4, I use a variety of simulation types (idealized plasma, isolated

galaxy, cosmological zoom‐in) to study the role of cosmic rays in addressing the three

science drivers presented in section 1.2.

1.5 Synthetic Spectroscopy: Comparing Apples to Apples

In addition to cosmic rays, another major theme of this dissertation is developing more

direct methods for comparing simulated CGMproperties against observations. Tradition‐

ally, the success of galaxy simulations is judged by comparing known simulated quanti‐

ties against inferred properties from observations. For example, although properties like
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the density or metallicity are exact quantities in a simulation, they cannot be directly ob‐

served. Instead, gas properties are derived from real observables— the strength and ratios

of multiphase ion absorbers.

In what follows, I describe the information we directly derive from absorption spec‐

troscopy and discuss how simulations can use synthetic spectroscopy to better compare

their predictions against observations.

1.5.1 Description of Observational Methods

Because the CGM is so diffuse, much of what we know about its composition comes from

absorption‐line studies, in which the sightline to a bright background source (typically

a quasar) intersects a galaxy’s CGM. The atoms in the CGM interact with the light from

the quasar, creating absorption‐line features in the spectra from which we can infer the

chemical composition and physical state of the absorbing gas.

In the CGM literature, observed ions are often categorized according to their ionization

state: “low‐ions” have an ionization potential of less than 40 eV and trace gas with tem‐

peratures between 104 − 104.5 K, “intermediate ions” have ionization potentials between

40 and 100 eV and trace gas with temperatures between 104.5 − 105.5 K, and “high‐ions”

have ionization potentials over 100 eV and trace gas with temperatures greater than 105.5

K (Tumlinson et al., 2017a).

Each absorption feature traces a distinct electron energy transition in an atom. The

shape of the absorption feature is well modelled by a Voigt profile, which is a convolu‐

tion of Gaussian and Lorentzian profiles due to thermal and nonthermal broadening pro‐

cesses. Astronomers fit absorption features with Voigt profiles to determine the following

three properties:

• Columndensity. The columndensity is the total number of atomsof a given ion, summed

up along the line of sight, divided by the area of the observation. This quantity is typi‐

cally expressed in units of cm−2 and is used to trace the overall abundance of different



14

ions. If an absorption line is saturated, then we can only derive a lower limit to the col‐

umn density. Conversely, if an absorption feature is not present, then we can derive

an upper limit to the column density we would have been able to detect as a function

of the noise in the spectrum.

• Doppler‐b parameter. The Doppler‐b parameter characterizes the width of a spectral line

and is a combination of both thermal and nonthermal broadening processes. If we

can estimate the temperature of the absorbing gas, we can then place constraints on

the contribution of nonthermal broadening due to gas motions along the line of sight.

• Velocity offset. After accounting for cosmological redshift and the redshift of the host

galaxy, the transition wavelength of an absorber may still be offset from its rest wave‐

length due to the motion of the gas relative to the galaxy restframe. This wavelength

offset can be converted into a relative line‐of‐sight velocity offset for each absorber.

In order to estimate the temperature or density of CGM gas — quantities that are triv‐

ially available in simulations — observers must do additional post‐processing and com‐

pare ratios of various line strengths against theoretical models. This approach is sensitive

to a variety of model assumptions and can have large uncertainties.

Rather thanmanipulating one‐dimensional observeddata tofit three‐dimensional sim‐

ulated data, it is much simpler to do the inverse. For example, many CGM simulation

studies generate ion column density maps that they compare against observations. Al‐

though this is a good first step, this method cannot be used to compare the column den‐

sities of individual absorbers along a line of sight or the other sightline properties, like

the Doppler‐b parameter or velocity offsets. In chapters 4 and 5 I tackle this issue by

generating synthetic absorption spectra from my simulations and analyzing them using

observational Voigt‐profile‐fitting tools.

I use the TRıDENT (Hummels et al., 2017) analysis tool to generate synthetic spectra. To

do so, TRıDENT first draws a one‐dimensional ray through the simulation volume and in‐
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terpolates the gas properties along that sightline. From those gas properties, it generates

an absorption spectrum. Tomake the synthetic spectrummore directly comparable to ob‐

servations, TRıDENT adjusts the resolution, adds noise, and mimics instrument‐specific

line‐spread functions. The end result is a spectrum that can be directly compared against

spectra taken with HST‐COS. However, because the synthetic spectra comes from simu‐

lated data, we can link back each absorption feature to the exact gas properties that pro‐

duced it. This method is powerful tool for constraining the origin and physical structure

of the multiphase CGM.

1.6 Dissertation Purpose and Outline

The goals of this dissertation are twofold. First, I explore the impact of cosmic rays on

the multiphase structure of the CGM and cool gas properties using a simulation‐focused

approach. Second, I use synthetic spectroscopy to make detailed comparisons of CGM

kinematics with and without cosmic rays. I then extend the synthetic spectroscopy ap‐

proach to demonstrate the observational signatures and dynamical role of multiphase

gas in the halos of the most massive galaxies.

In chapter 2, I implement anisotropic cosmic‐ray physics in to the ENZO hydrodynam‐

ics simulation code. Using this new implementation, I generate a suite of simulatedMilky

Way‐type galaxies and demonstrate how cosmic‐ray driven outflows can reproduce the

observed multiphase ion abundances (1.2.1). A key result in this chapter is how different

models for cosmic‐ray transport can create qualitatively different CGM properties. Using

these results, I motivate the need for detailed parameter studies to constrain models of

cosmic‐ray transport.

In chapter 3, I demonstrate howcosmic rays impact the properties of cool CGMgas that

condenses out of thermally‐unstable hot CGM gas. I find that the addition of nonthermal

cosmic‐ray pressure support results in larger cool gas clouds that have lower densities and

are less likely to accrete to the galaxy. These results simultaneously explain the inferred

low‐densities of cool CGM gas and the prevalence of cool gas around massive quenched
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galaxies (1.2.2). In this chapter I also quantify the impact of cosmic ray transport on cool

gas properties andmake analytic predictions for the densities and sizes of cool gas clouds

as a function of nonthermal pressure support from cosmic rays and magnetic fields.

In chapter 4, I introduce the synthetic spectroscopy approach to study the impact

of cosmic rays on the kinematics of multiphase CGM gas. I show that in a cosmic‐ray‐

pressure supported CGM, cool gas is buoyant, which naturally leads to kinematic align‐

ment between cool and warm gas phases (1.2.3). Furthermore, by linking synthetic ab‐

sorption features to the gas particles that created them, I demonstrate how cosmic rays

change the physical interpretations we can draw from kinematic alignment in observed

spectra.

In chapter 5, I apply synthetic spectroscopy to study multiphase properties of the intr‐

acluster medium (the ‘CGM’ of massive galaxies; ICM). Unlike the CGM, the inner regions

of the ICM are so hot and dense that they emit X‐rays. For this reason, most of our un‐

derstanding of ICM structure comes from X‐ray emission studies. In this work, I use an

extremely high resolution simulation of a galaxy cluster to demonstrate that there is a

substantial amount of cool and warm gas present throughout the ICM. I make synthetic

observation maps to demonstrate that this cool/warm gas, which can be observed using

UV absorption spectroscopy, traces a fundamentally different and complementary ICM

structure than that observedwith X‐rays. Finally, Imake observational predictions of ICM

structure for both existing and future UV telescopes.
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Chapter 2

THE ROLE OF COSMIC‐RAY TRANSPORT IN SHAPING THE
CIRCUMGALACTIC MEDIUM
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Portions of this chapter were originally published in collaboration with Thomas R. Quinn in the

November 2018 edition of The Astrophysical Journal (Butsky and Quinn, 2018, ApJ, Vol. 868,

108; 2018 ©American Astronomical Society, DOI: 10.3847/1538‐4357/aaeac2), and are repro‐

duced below with the permission of the American Astronomical Society.

Summary

The majority of galactic baryons reside outside of the galactic disk in the diffuse gas

known as the circumgalactic medium (CGM). While state‐of‐the art simulations excel at

reproducing galactic disk properties, many struggle to drive strong galactic winds or to

match the observed ionization structure of the CGM using only thermal supernova feed‐

back. To remedy this, recent studies have invoked nonthermal cosmic‐ray stellar feed‐

back prescriptions. However, numerical schemes of cosmic‐ray transport are still poorly

constrained. We explore how the choice of cosmic‐ray transport affects the multiphase

structure of the simulated CGM. We implement anisotropic cosmic‐ray physics in the

astrophysical simulation code, ENZO and simulate a suite of isolated disk galaxies with

varying prescriptions for cosmic‐ray transport: isotropic diffusion, anisotropic diffusion,

and streaming. We find that all three transport mechanisms result in strong, metal‐rich

outflows but differ in the temperature and ionization structure of their CGM. Isotropic

diffusion results in a spatially uniform, warm CGM that underpredicts the column den‐

sities of low‐ions. Anisotropic diffusion develops a reservoir of cool gas that extends fur‐

ther from the galactic center, but disperses rapidly with distance. Cosmic‐ray streaming

projects cool gas out to radii of 200 kpc, supporting a truly multiphase medium. In ad‐

dition, we find that streaming is less sensitive to changes in constant parameter values

like the cosmic‐ray injection fraction, transport velocity, and resolution than diffusion.

We conclude that cosmic‐ray streaming is a more robust implementation of cosmic‐ray

transport and motivate the need for detailed parameter studies of cosmic‐ray transport.
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2.1 Introduction

The majority of baryons in galactic halos, including the majority of metals, reside in the

circumgalactic medium (CGM) of galaxies (Werk et al., 2013, 2014). Loosely defined, the

CGM refers to the diffuse, multiphase gas that extends to the virial radius of galaxies.

The CGM is shaped by the interplay between outflows from the star‐forming disk and

inflows from the pristine intergalacticmedium (IGM) and provides constraints to theories

of galaxy formation and evolution.

Early theoretical works predicted the existence of the CGM as a by‐product of the in‐

teractions between cooling and accretion during galaxy formation (Binney, 1977; Rees

and Ostriker, 1977; Silk, 1977). Due to its low density, the CGM is extremely difficult to

observe directly in emission. Instead, recent observations, such as those taken with The

Cosmic Origins Spectrograph (COS) (Green et al., 2012) on board the Hubble Space Tele‐

scope (HST), have studied the CGM through absorption lines in quasar spectra that inter‐

sect the halos of galaxies along the line‐of‐sight. Using the quasar absorption method,

different groups have greatly advanced our knowledge of the CGM both in high‐redshift

(e.g. Steidel et al. 2010; Rudie et al. 2012; Turner et al. 2014), and low‐redshift (e.g. Chen

et al. 2010; Gauthier et al. 2010; Kacprzak et al. 2010; Bordoloi et al. 2011; Prochaska et al.

2011; Tumlinson et al. 2011; Nielsen et al. 2013; Stocke et al. 2013; Werk et al. 2013; Zhang

et al. 2016) galaxies. Today, we understand the CGM to have an intricate and complex

temperature, density, and kinematic structure that is shaped by galactic outflows.

Simulations play an integral role in understanding the physical processes that gov‐

ern galactic outflows by allowing astronomers to perform experiments testing the valid‐

ity of different feedback prescriptions. The success of a simulation has traditionally been

marked by its ability to reproduce observed galactic disk properties, such as the mor‐

phology, Tully‐Fisher relation, and star formation rate density (Schaye et al., 2010; Davé

et al., 2011; Puchwein and Springel, 2013; Stinson et al., 2013; Christensen et al., 2014). Re‐

quiring that simulations also match the observed structure of the CGM will place strong
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additional constraints to stellar feedback models.

One such constraint is that stellar feedback must drive galactic outflows that carry a

substantial amount ofmetals alongwith the gas they expel. Althoughmetals are produced

within galactic disks, galaxies retain only ∼ 20 − 25% of these metals in their stars and

ISM (Peeples et al., 2014). Data from the Sloan Digital Sky Survey suggest that metals have

been lost to outflows (Tremonti et al., 2004). Since galaxies have very low metallicities at

early cosmic times (z > 3), the metals ejected by supernovae serve as excellent tracers of

outflowing material and can be used to make predictions for future observations.

These outflows must not only enrich the CGM but also reproduce its multiphase ion‐

ization structure. For example, the CGM of galaxies at low redshift contains a substantial

amount of metal‐enriched, cool gas at 104 − 105K (Werk et al., 2013, 2014). However, cool‐

ing times of ≃ 105K gas are very short compared to galactic timescales, and it is unclear

how this material survives in such abundance. The data seem to imply an additional un‐

known source of nonthermal pressure that supports the warm gas against condensation.

Recent studies have investigated various types of thermalwind‐launchingmechanisms,

including radiation pressure frommassive stars (Kim et al., 2011;Murray et al., 2011; Hop‐

kins et al., 2012; Sharma and Nath, 2012a; Wise et al., 2012), thermal supernova feedback

(Abadi et al., 2003; Joung et al., 2009; Hummels and Bryan, 2012; Creasey et al., 2013),

kinetic supernova feedback (Hopkins et al., 2012; Springel and Hernquist, 2003; Agertz

et al., 2013), supernova superbubblemodels, (Keller et al., 2015, 2016), and subgridmodels

tuned to generate strong outflows (e.g. Springel and Hernquist, 2003; Stinson et al., 2006;

Oppenheimer and Davé, 2006; Governato et al., 2012)). However, many of these feed‐

back prescriptions still struggle to produce sufficiently strong galactic outflows. Those

that do succeed in expelling gas from the galactic disk underpredict the observed column

densities of H ı, O Vı, and low ions in the CGM. (Hummels et al., 2013; Marasco et al.,

2015; Fielding et al., 2017; Gutcke et al., 2017). This discrepancy is amplified in massive

galaxies for which thermal supernova feedback also struggles to quench star formation

(Pontzen et al., 2013a). In such galaxies, feedback from active galactic nuclei (AGN) is of‐
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ten invoked to regulate the baryon cycling process (e.g. Suresh et al., 2015; Tremmel et al.,

2017; Oppenheimer et al., 2017). Although AGN help recreate some observable properties

for massive galaxies, they cannot account for discrepancies in galaxies (such as the Milky

Way) that host a small supermassive black hole (SMBH) at their core. It is likely that the

missing key is a nonthermal component.

Cosmic rays are charged particles that have been accelerated to relativistic speeds in

shocks (e.g. SNe Ackermann et al. 2013, structure formation shocks Pfrommer et al. 2008

radio‐loud AGN McNamara and Nulsen 2007) and are observed to be roughly in equilib‐

rium with the thermal and magnetic pressures in our galaxy (Boulares and Cox, 1990).

Due to past computational constraints, cosmic rays have only recently been included in

3‐D hydrodynamical simulations of galactic structure. These simulations have shown that

cosmic‐ray feedback drives strong, mass‐loaded outflows and suppresses star formation

(e.g.Miniati et al., 2001; Enßlin et al., 2007; Jubelgas et al., 2008; Socrates et al., 2008; Uhlig

et al., 2012; Vazza et al., 2012; Booth et al., 2013; Salem and Bryan, 2014; Girichidis et al.,

2016; Simpson et al., 2016; Samui et al., 2018). Furthermore, cosmic rays provide pressure

support to the thermal gas, which may explain the presence of the observed structures in

the CGM that appear to be out of thermal equilibrium.

Salem et al. (2016) were the first to show that stellar feedback models that included

cosmic‐ray energy were better at matching COS‐Halos data for low‐ion column densi‐

ties than those with purely thermal feedback. However, these results depended on the

choice of a constant diffusion coefficient, which is only loosely constrained by observa‐

tions. Furthermore, their simulations neglected magnetic fields, which are crucial for

accurate modeling of cosmic‐ray transport. Traditionally, implementations of cosmic‐

ray transport have been separated into two approximations: diffusion and streaming. Al‐

though both approaches have been successful at driving galactic outflows, the strength

and mass‐loading factor of cosmic‐ray driven winds depends on the invoked transport

mechanism (Ruszkowski et al., 2017; Wiener et al., 2017).

In this chapter, we investigate the role of different cosmic‐ray transport prescriptions
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in shaping the multiphase structure of the CGM. This chapter is structured as follows. In

§2.2, we describe the implementation of cosmic‐ray physics in ENZO. In §2.3, we describe

the simulation suite and the relevant initial conditions and physical modules used in our

isolated disk setup. We present our results in §2.4, focusing on the generated outflows,

temperature structure, and column densities of the different galaxy models. We outline

the qualitative differences between cosmic‐ray diffusion and streaming and discuss future

prospects in §2.5. Finally, we provide a summary of our work in §2.6.

2.2 Cosmic rays in ENZO

In the following section, we describe our implementation of the cosmic‐ray fluid into

the different Riemann solvers in the adaptive mesh refinement (AMR) magnetohydrody‐

namics (MHD) simulation code ENZO. Our implementation builds on the work of Salem

and Bryan (2014), which described the integration of a cosmic‐ray fluid in the ZEUſ finite‐

difference solver (Stone and Norman, 1992). Because the current implementation of the

ZEUſ solver in the public version of ENZO does not support MHD, the primary advan‐

tage of our work is the ability to model the interaction of cosmic rays with magnetic field

lines. In §2.2.1, we describe the new set of conservation equations. In §2.2.2 and §2.2.3,

we describe the algorithm for anisotropic cosmic‐ray streaming and diffusion. In §2.2.4

we discuss our approach for avoiding unphysical values of cosmic‐ray energy.

2.2.1 Cosmic‐ray Fluid

As an Eulerian code, ENZO models gas as a fluid moving through grid cells that are fixed

in space. At every timestep, ENZO advances the state of the fluid in the simulation by nu‐

merically approximating a solution to the equations below. These equations encompass

the conservation of mass (Equation 2.1), conservation of momentum (Equation 2.2), the

induction equation (Equation 2.3), and the energy equation (Equation 2.4). In simplified

terms, these equations assert that the change over time in the value of a given conserved
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quantity in one cell (the ∂
∂t
term ) is equal to the flux of that conserved quantity through the

boundaries of that cell (the∇·() term). Source terms, which encompass both energy gains

and losses (for example, an injection of cosmic‐ray energy after a supernova explosion)

appear on the right‐hand‐side of the equality. Traditionally, the evolution of thermal gas

is encompassed in Equations 2.1 ‐ 2.4 (setting the cosmic‐ray pressure term, Pc to zero).

Wemodel the evolution of cosmic rays as an additional ultra‐relativistic proton fluid with

adiabatic index γc = 4/3 (Jun et al., 1994; Drury and Falle, 1986) in Equation 2.5.

∂ρ

∂t
+∇ · (ρv) = 0 (2.1)

∂(ρv)
∂t

+∇ · (ρvvT + Pg + Pc) = −ρ∇Φ (2.2)

∂B
∂t

+∇ · (BvT − vBT) = 0 (2.3)

∂εg
∂t

+∇ · (vεg) = −Pg∇ · v+Hc + Γg + Λg (2.4)

∂εc
∂t

+∇ · Fc = −Pc∇ · v−Hc + Γc + Λc. (2.5)

Fc = vεc + vs(εc + Pc)− κεb(b · ∇εc) (2.6)

Here, we define Φ to be the gravitational potential (where ∇2Φ = 4πGρtot), ρtot to be

the total density, and ρ, v to be the gas density and velocity. B is the magnetic field

strength, and b = B/|B| is the magnetic field direction. The superscript T denotes the

vector transpose. The internal gas pressure, Pg is related to the internal thermal energy

density εg = (γg − 1)Pg, where γg = 5/3. Similarly, the cosmic‐ray pressure is related to

the cosmic‐ray energy density, εc = (γc − 1)Pc, with γc = 4/3. From here on out, we use

the subscript ‘g’ to refer to properties of the thermal gas, and the subscript ‘c’ to refer to
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properties of the cosmic‐ray fluid. We model the diffusion coefficient, κε as a constant,

which is observationally constrained to be on the order of κε ≃ 1028 cm2 s−1 (Ptuskin

et al., 2006; Strong and Moskalenko, 1998; Tabatabaei et al., 2013). Although we neglect

cosmic‐ray transport perpendicular to themagnetic field, it could have observable effects

(Kumar and Eichler, 2014). Γ and Λ are energy source and sink terms respectively. In our

simulations, the source of cosmic‐ray energy is supernova events. We do not implement

hadronic cosmic‐ray energy losses.

Equation 2.6 encompasses the three modes of cosmic‐ray transport that we have im‐

plemented. The first term on the left represents advection, in which the cosmic‐ray fluid

moves with the bulk velocity of the thermal gas. This term is solved explicitly in the Rie‐

mann solvers of ENZO. The next two terms describe cosmic‐ray streaming and diffusion

respectively. These are approximations to cosmic‐ray motion relative to the gas and are

therefore solved separately from the advection equation. The implementation of these

transport methods is described in detail in sections 2.2.2 and 2.2.3.

In the streaming approximation, cosmic rays move relative to the gas with a velocity

given by

vs = −sgn(b · ∇εc).fsvA (2.7)

Here, fs is the constant streaming factor described in Ruszkowski et al. (2017). The Alfvén

velocity, vA = B/
√
4πρ represents the transverse waves propagating along the magnetic

field lines in a plasma. The function sgn returns the sign of the enclosed expression. In

this limit, cosmic rays also transfer momentum to the thermal gas through the heating

term,Hc, where

Hc = |vA · ∇Pc|. (2.8)

Although this term appears only in the streaming approximation, we follow the example

of Wiener et al. (2017) and include it in some simulations with cosmic‐ray diffusion to

isolate the underlying differences in the different transport mechanisms (see Table 2.1).
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2.2.2 Cosmic‐ray Streaming

Both cosmic‐ray streaming and diffusion are approximations to cosmic rays scattering off

of Alfvén waves. The difference lies in the source that is generating these waves. In the

streaming approximation, cosmic rays are assumed to drive the growth of Alfvén waves

through the streaming instability Kulsrud and Pearce (1969). This is often referred to as

the “self‐confinement” case (Zweibel, 2017).

We isolate the streaming behavior from the general cosmic‐ray transport equation

(Eqn. 2.6) using
∂εc
∂t

−∇ · [vs(εc + Pc)] = 0. (2.9)

At each simulation timestep, we calculate cosmic‐ray streaming by updating the value of

the cosmic‐ray energy density in each cell. The evolution of the cosmic‐ray energy density

in cell i is given by

εn+1
c,i = εnc,i −∆t

∑
j

−sgn(bij · ∇εnc,ij)vA,ij · nij(∆xij)
−1, (2.10)

where εnc,i is the value of the cosmic‐ray energy density in cell i before streaming is applied.

∆t is the timestep, and the terms bij and∇εc,ij are the direction of the magnetic field and

the gradient of cosmic‐ray energy density computed at cell face j. nij describes the plane

parallel to face j, and∆xij is the length of the cell’s axis that is perpendicular to face j. If

the cells in the simulation are constructed as cubes, then∆x can be treated as a constant

and moved out of the summation term.

The streaming time step is set by the bulk motion of the gas and the Alfvén velocity,

so that tstream < ∆x
vg+fsva . We avoid instabilities near local extrema of cosmic‐ray energy

density by employing the regularization described in Sharma et al. (2009) and Ruszkowski

et al. (2017) where

Fc = −(ec + pc)uAtanh(hcv̂ · ∇ec/ec). (2.11)
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We follow the recommendation of Ruszkowski et al. (2017) and set the free regularization

parameter, hc, to 10 kpc.

2.2.3 Cosmic‐ray Diffusion

In the “extrinsic turbulence” case, Alfvén waves are excited by turbulent motions in the

thermal gas. Since the gyroradius of cosmic rays around magnetic field lines is signifi‐

cantly smaller than the best‐resolved cells in our simulation, cosmic‐ray transport in this

regime is modeled as diffusion parallel to the direction of magnetic field lines. At each

timestep, in addition to solving the conservation equations, ENZO computes cosmic‐ray

diffusion according to
∂εc
∂t

−∇ · [κεb(b · ∇εc)] = 0. (2.12)

With diffusion, the updated cosmic‐ray energy density in a grid cell, i follows the pre‐

scription

εn+1
c,i = εnc,i +∆t

∑
j

κε(bij · ∇εnc,ij)bij · nij(∆xij)
−1, (2.13)

where∆t is the diffusion timestep.

In the case of isotropic diffusion, Equation 2.13 becomes

εn+1
c,i = εnc,i +∆t

∑
j

κε∇εnc,ij · nij(∆xij)
−1. (2.14)

We employ an explicit diffusion scheme because we find that our simulation time step

is not limited by the diffusion time step constraint of tdiff < 1
2N

∆x2

κε
, where N is the di‐

mensionality of our simulation. For a detailed discussion on numerically modeling semi‐

implicit anisotropic cosmic‐ray diffusion, see Pakmor et al. (2016a).
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2.2.4 Limiting the Gradient

For some geometrical configurations, using a simple estimate of the cosmic‐ray energy

gradient when calculating anisotropic diffusion violates the second law of thermodynam‐

ics and leads to an unphysical flow of cosmic‐ray energy from cells with lower energy den‐

sity to cells with higher energy density. In more extreme cases, this leads to some cells

developing unphysical (negative) values of cosmic‐ray energy. To combat this issue, we

employ a limited gradient as described in van Leer (1977).

The simple gradient only considers the flux through a given cell face, so that

∇εc =
εc,i+1 − εc,i

∆xi
(2.15)

where i and i+ 1 are the indices of neighboring cells.

Where the simple gradient produces anunphysical flux,we estimate the limited cosmic‐

ray energy density gradient on the interface (Sharma and Hammett, 2007; Pakmor et al.,

2016a) to be

∇εc =
4∑

n(∇εncr)−1
. (2.16)

This approximation takes into account the component of the gradient that is parallel

to the cell face, n.

2.3 Numerical Methods

Weconduct ourwork using ENZO, an open sourcemulti‐physicsMHDastrophysical simu‐

lation code that employs AMR to resolve areas of interest (Collins et al., 2010; Bryan et al.,

2014). At each time step, ENZO solves the Riemann conservation equations. We employ

the local Lax‐Friedrichs Riemann solver (LLF; Kurganov and Tadmor 2000) to compute

the flux at cell interfaces and spatial reconstruction is performed with the piecewise lin‐

ear method (PLM; van Leer 1977). Time stepping is carried out with the total variation

diminishing (TVD) 2nd order Runge‐Kutta (RK) scheme (Shu and Osher, 1988). To avoid
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creating unphysical magnetic monopoles, we employ a hyperbolic divergence cleaning

approach first described by Dedner et al. (2002). Interested readers should seeWang et al.

(2008); Wang and Abel (2009) for detailed discussions and extensive testing of the MHD

formulation in ENZO.

2.3.1 Stellar Feedback

Star formation in our simulations follows the prescription described in Cen and Ostriker

(1992) with minor modifications. Stars particles are only formed in grids at the maxi‐

mum level of refinement that meet predetermined density, mass, and minimum dynam‐

ical time thresholds: ρcell > ρthres, Mcell > Mthres, tcool,cell < tdyn,min. The exact values for

ρthres,Mthres, tdyn,min depend on the resolution of the simulation, because a very resolved

cell may not be capable of holding sufficient mass to satisfy the formation criteria. In our

simulations, we choose ρthres = 3.0 × 10−26 g cm−3, Mthres = 3.0 × 105M⊙, tdyn,min = 10

Myr. Additionally, the gas in the parent cell must be collapsing (determined by measur‐

ing negative velocity divergence) and Jeans unstable. If all conditions are met, the parent

cell produces a star cluster particle with 10% mass efficiency so that the initial mass is

given byM init
SC = 0.1ρg∆x

3.

Over the course of 120 Myr, 25% of that mass is ejected into the cell in which the star

cluster particle resides, modeling the effects of Type II supernovae. We inject 1051 ergs of

energy for every 42M⊙, so that a star cluster particle ofM = 3.0× 105M⊙ expels a total of

Etot = 5.4 × 1054 ergs of energy. In our model, this total energy is comprised of thermal,

magnetic, and cosmic‐ray energy so that Eth = fthEtot, EB = fBEtot, and Ecr = fcrEtot,

where fth + fB + fcr = 1. We adopt a conservative estimate of fB = 0.01, fcr = 0.1 (Wefel,

1987; Ellison et al., 2010) and assume 2% of the ejecta to be metals.
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2.3.2 Chemistry and Cooling

In our simulations, we explicitly track all ion species of hydrogen. All other species are

tracked together in ametallicity variable. We calculate cooling using the GRACKLE chem‐

istry library (Bryan et al., 2014; Smith et al., 2017) that is integrated with ENZO. It uses pre‐

computed tables of metal cooling rates as functions of the gas density and temperature

generated by CLOUDY (Ferland et al., 2013). In addition, we consider uniform photoelec‐

tric heating of 8.5×10−26 ergs s−1 cm−3 without selfshielding (Tasker and Bryan, 2008). In

our idealized isolated disk setup, we do not consider the ultraviolet background radiation

from distant quasars and galaxies.

2.3.3 Synthetic Observations

We use TRıDENT (Hummels et al., 2017), a python based tool integrated with yt (Turk

et al., 2012) to construct ion densities and generate synthetic spectra from our simulated

datasets. For ions that are not explicitly tracked by the simulation, we can determine their

number densities, nX , in post processing with

nX = nHZ

(
nX

nH

)
⊙
, (2.17)

where nH is the total hydrogen number density, Z is the metallicity (a value that is kept

track of throughout the simulation), and (nX/nH) is the solar number abundance for any

element that is not explicitly tracked.

TRıDENT computes relative ion abundances in a simulation cell by considering both

photoionization from an extragalactic UV background (Haardt andMadau, 2012), and col‐

lisional ionization within the gas. The collisional ionization rate is determined by the

cell’s temperature, density, and metallicity, using an extensive set of lookup tables pre‐

calculated by CLOUDY, which assume ionization abundances as predicted by collisional

ionization equilibrium (CIE). CIE holds even when cosmic‐ray pressure dominates over
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thermal pressure because the underlying assumption of our model is that the cosmic‐ray

fluid is collisionless. Any deviations from CIE (which is more likely in the dense regions

of the galactic disk than in the CGM) would likely increase of the ionization rate in low

temperature gas (Oppenheimer and Schaye, 2013).

We use this functionality in TRıDENT to plot column densities of different ions as a

function of impact parameter in Figure 2.9. We calculate the columndensities by defining

sight‐lines through the simulation box. The ion number density is then calculated in each

length element, dl, along this projected ray. The column density along the line‐of‐sight is

then given by the summation ncol =
∑
dl · n.

2.3.4 Initial Conditions

We simulate a suite of idealized isolated disk galaxies with initial conditions described by

the AGORA collaboration (Kim et al., 2014). The fixed dark matter halo of mass M200 =

1.074× 1012M⊙ follows the Navarro‐Frenk‐White (NFW; Navarro et al. 1997) profile and is

situated in a hot (106 K), stationary, uniformdensity box of (1.31Mpc)3. The concentration

and spin parameters are respectively defined to be c = 10, λ = 0.04. The gaseous disk has

a total mass ofMd = 4.297× 1010M⊙ and follows the analytic exponential profile

ρ(r, z) = ρ0e
−r/rde−|z|/zd

where rd = 3.432 kpc, zd = 343.2 pc, and ρ0 = Mdfgas/4πr
2
dzd. We define fgas = 0.2 to be

the gasmass fraction of the disk. The rest of the diskmass (80%) is contained in 105 stellar

particles. The stellar bulge has a stellar mass of 4.297× 109M⊙ and follows the Hernquist

density profile (Hernquist, 1990).

We include an initial toroidal magnetic field of strength B0 = 1µG in the disk and a

toroidal field of B0 = 10−15 G in the halo. The strong initial field in the disk follows the

example of Ruszkowski et al. (2017) to achieve sufficiently fast cosmic‐ray streaming ve‐

locities at early simulation times. The strength of the initial halo field lies in the accepted

theoretical range of primordial magnetic fields, 10−20 − 10−9 G (Cheng et al., 1994; Durrer
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and Neronov, 2013). To avoid numerical interpolation errors, galaxy models that include

cosmic‐ray physics are initializedwith an isotropic background cosmic‐ray energy density

of 0.1 erg/cm3. This background cosmic‐ray pressure is 15 orders of magnitude weaker

than the initial conditions of the gas pressure and does not alter the thermal gas in any

significant way. Because we are interested in tracing the cycling process of metals, we set

the initial metallicities of the disk and halo to be 0.3Z⊙ and 10−3Z⊙ respectively.

2.3.5 Description of Simulation Suite

Our simulation suite is designed to isolate the effect of different implementations of cosmic‐

ray transport. All of the galaxy models share the initial conditions described above. The

fiducial models differ from each other only in their cosmic‐ray transport prescription and

are described below:

• Model NCR does not include cosmic‐ray physics and serves as our control model.

• Model ADV only simulates cosmic‐ray advection with the bulk motion of the gas.

• Model ıſOD assumes isotropic cosmic‐ray diffusion using the algorithm described

in Salem and Bryan (2014) with a constant diffusion coefficient of κε = 3× 1028 cm2

s−1.

• Model ANıſD assumes anisotropic cosmic‐ray diffusion along magnetic field lines

with a constant diffusion coefficient of κε = 3× 1028 cm2 s−1.

• Model ANıſDH builds on model ANıſD with an added cosmic‐ray heating term,Hc.

• Model ſTREAM assumes cosmic‐ray streaming with a streaming factor of fs = 4

(Ruszkowski et al., 2017).
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a

Run ID Min. grid size (pc) Cosmic‐ray Parameters
fc Transport Mode κε [×1028 cm2/s] fs Hc

NCR 160 ‐ no CRs ‐ ‐ no
320 ‐ no CRs ‐ ‐ no

ADV 160 0.1 advection only 0 ‐ no
320 0.01 advection only 0 ‐ no
320 0.1 advection only 0 ‐ no
320 0.3 advection only 0 ‐ no

ıſOD 160 0.1 isotropic diffusion 3 ‐ no
320 0.01 isotropic diffusion 3 ‐ no
320 0.1 isotropic diffusion 3 ‐ no
320 0.3 isotropic diffusion 3 ‐ no
320 0.1 isotropic diffusion 1 ‐ no

ANıſD 160 0.1 anisotropic diffusion 3 ‐ no
320 0.01 anisotropic diffusion 3 ‐ no
320 0.1 anisotropic diffusion 3 ‐ no
320 0.1 anisotropic diffusion 10 ‐ no
320 0.3 anisotropic diffusion 3 ‐ no
320 0.1 anisotropic diffusion 1 ‐ no

ANıſDH 160 0.1 anisotropic diffusion 3 ‐ yes
320 0.1 anisotropic diffusion 3 ‐ yes

ſTREAM 160 0.1 streaming ‐ 4 yes
160 0.1 streaming ‐ 1 yes
320 0.01 streaming ‐ 4 yes
320 0.1 streaming ‐ 1 yes
320 0.1 streaming ‐ 2 yes
320 0.1 streaming ‐ 4 yes
320 0.3 streaming ‐ 4 yes

aA summary of the simulation initial conditions. The run ID and the corresponding boldface entries describe
the fiducial runs discussed in depth throughout this chapter. The fiducial runs differ from each other only by
the invoked cosmic‐ray transport mechanism. We deviate from the fiducial runs by changing the resolution, the
fraction of supernova energy injected as cosmic rays (fc), the diffusion coefficient (κε), the streaming factor (fs), and
including the cosmic‐ray heating term (Hc). Figure 2.11 compares the effect of these variables on the cosmic‐ray
pressure distribution in the CGM.

Table 2.1 Simulation Parameters
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All of our fiducial models that include cosmic‐ray physics (in bold font in Table 2.1) in‐

ject 10% of their supernova ejecta in the form of cosmic‐ray energy. See Table 2.1 for a

summary of the different models.

2.4 Results

2.4.1 Outflows

The CGM in the isolated galaxy models is enriched solely by the outflows that expel gas

from the disk. For this reason, we first turn our attention to analyzing the cosmic‐ray‐

driven winds and their dependence on the cosmic‐ray transport mechanism.

In broad strokes, a cosmic‐ray‐driven wind begins when cosmic rays move down their

gradient, out of the midplane of the galaxy. Cosmic‐ray pressure support then lifts low‐

entropy gas out of the galactic potential well, triggering outflows. Figure 2.1 displays the

relationship between gas entropy (top row), the vertical component of the velocity of the

galacticwinds (middle row), and the ratio of cosmic‐ray to thermal pressures (bottom row)

after 2 Gyr of evolution. From left to right, the columns show models with: No cosmic‐

ray physics (NCR), cosmic‐ray advection (ADV) only, isotropic cosmic‐ray diffusion (ıſOD),

anisotropic cosmic‐ray diffusion (ANıſD, and cosmic‐ray streaming (ſTREAM)).

Although models NCR and ADV experienced a brief period of weak gas expulsion, by t

= 2 Gyr these galaxies have lost all signs of outflows and show no signs of strong inflows.

This is reinforced by the gas entropy profiles, which resemble the initial conditions. The

main difference between models NCR and ADV at this time is near the midplane of the

galaxy, where the cosmic‐ray pressure of model ADV has created a thicker vertical disk

profile. Confined to move solely through advection, the cosmic rays in model ADV have

no efficient mechanism for escaping the disk.

Models with cosmic‐ray transport relative to the gas (ıſOD, ANıſD, and ſTREAM) all

drive strong outflows with velocities reaching 102 km/s, consistent with previous works

(e.g. Salem et al., 2016; Pakmor et al., 2016b; Wiener et al., 2017).
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Figure 2.1 A comparison of the outflows between different galaxymodels. Each row shows
the edge‐on, density‐weighted projection of the gas entropy (top), z‐component of the ve‐
locity (middle) and ratio of cosmic‐ray and thermal pressures (bottom). Each column
holds a simulated galaxy with different cosmic‐ray treatment. From left to right, the
columns show simulations with: no cosmic rays, cosmic‐ray advection only, isotropic
diffusion, anisotropic diffusion, and streaming. The snapshots were taken at t = 2 Gyr.
Only models with cosmic‐ray transport relative to the gas drive strong outflows by provid‐
ing a nonthermal source of pressure to lift low‐entropy gas out of the disk. The strength
and morphology of the outflows is sensitive to the choice of cosmic‐ray transport.
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Figure 2.2 The time‐evolution of the vertical velocity profile as a function of the height
above the galactic disk for galaxy models NCR, ıſOD, ANıſD, and ſTREAM. Model NCR
shows no signs of strong outflows. Model ıſOD has the fastest outflow velocities but loses
its galacticwindby t = 4Gyr. Models ANıſDdriveweaker yet steadier galacticwinds. Model
ſTREAM is the only model to develop inflows near the galactic disk while simultaneously
hosting outflows at larger radii.

Model ıſOD drives relatively thin and uniform conical outflows. The gas entropy pro‐

file is relatively unaltered, reaching values near 5 × 102 cm2 keV near the midplane of

the disk. Cosmic‐ray pressure dominates over thermal pressure, tracing the shape of the

outflows out to a cylindrical radius of 10 kpc. Outside of the active outflow region, the

cosmic‐ray pressure is below one tenth of the gas pressure.

The outflows generated with anisotropic cosmic‐ray diffusion in model ANıſD have a

thinner radial profile and reach higher velocities compared to those driven by isotropic

diffusion. For z > 20 kpc outside of the midplane, there are signs of infalling gas sur‐

rounding the outflow. The cosmic‐ray pressure dominates over thermal pressure for nearly

all radii in the 100× 100 kpc projection. The gas entropy reaches values of 50 cm2 keV just

outside the disk, roughly an order of magnitude lower than that in model ıſOD.

Compared to both of the diffusionmodels, the outflows generatedby cosmic‐ray stream‐

ing start higher above the midplane of the disk and have a wider horizontal extent, reach‐

ing radii of nearly 40 kpc at a vertical height of 50 kpc. Near the galactic center, there are
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Figure 2.3 The time‐evolution of the integrated mass loading factor (the total ejected gas
mass / total mass in stars), measured at 150 kpc from the galactic center. At late times,
models with anisotropic cosmic‐ray transport continue driving gas out of the galaxy, even
when star formation is declining.
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several filaments of inflowing gas. Compared to model ANıſD, model ſTREAM has lower

gas entropy immediately outside the disk and at larger radii, maintaining values around

5× 102 cm2 keV at radii 50 kpc. Unlike either of the diffusion models, the distribution of

the cosmic‐ray pressure ratio in model ſTREAM is patchy, ranging from 0.2 ‐ 50 times that

of the thermal pressure.

Figure 2.2 follows the time evolution of the density‐weighted outflowvelocity as a func‐

tion of the height above the galactic disk, for models with different cosmic‐ray transport

prescriptions. At early times, gas in our controlmodel, NCR, is inflowing at all radii within

200 kpc of the galactic center. After 2 Gyr, weak (vz = 10 km/s) outflows develop at heights

above 30 kpc. As we shall see in Figure 2.6, these weak outflows fail to enrich the CGM

with metals. Instead, we turn our attention to models ıſOD, ANıſD, and ſTREAM, for

which 10% of supernova feedback was injected as cosmic‐ray energy.

Model ıſOD has the strongest outflows at t = 1 Gyr, with radially‐averaged velocities

surpassing 100 km/s. By t = 4 Gyr, these outflows weaken significantly, with average ve‐

locities hovering around 10 km/s. After 8 Gyr, notable inflows develop at radii above 30

kpc and persist for the rest of the simulation time.

This galactic wind is consistent with expectations of isotropic cosmic‐ray diffusion.

The initial burst of supernova feedback in model ıſOD creates a steep gradient of cosmic‐

ray energy density. With isotropic diffusion, cosmic rays drag gas out of the galaxy as they

travel down their own gradient, uninhibited by the presence of magnetic fields. This pro‐

cess continues until the cosmic‐ray gradient flattens, slowing down the diffusion process.

At later times, the star formation has decreased enough that the newly‐injected cosmic

rays can no longer create a gradient steep enough to drive a strong wind. As the cosmic

rays in the CGM continue to stream away from the galaxy, they cannot provide enough

pressure support to the gas they expelled and it begins to collapse back down on to the

galaxy.

Model ANıſD retains consistent outflow velocities within 50 kpc of the disk throughout

its evolution. Beyond 50 kpc, the winds are sensitive to the star formation history. For
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example, the double‐valley feature at t = 8 Gyr traces the suppressed star formation at t =

7 Gyr (see Figure 2.5).

The steady nature of the galactic outflows in model ANıſD is fueled by anisotropic

cosmic‐ray diffusion. In this approximation, the velocity with which cosmic rays can es‐

cape the disk is regulated by the complex geometry of magnetic field lines. Therefore,

the galaxy releases its built‐up cosmic‐ray energy slowly over time. Although the galaxy

is quenched after t = 10 Gyr, weak outflows in model ANıſD persist out to t = 13 Gyr.

Like in model ANıſD, the key to sustained outflows in model ſTREAM is its anisotropic

cosmic‐ray transport. Unlike any other fiducial run, model ſTREAM shows signs of inflow

near the disk while simultaneously hosting outflows at larger radii.

The integratedmass loading factor (IMLF), defined as the ratio of the total injected gas

mass over the total stellar mass, quantifies the expelled gas content. Figure 2.3 shows the

evolution of the IMLF in models ıſOD, ANıſD, ANıſDH, and ſTREAM. We exclude models

NOCR and ADV, which did not drive outflows, from this analysis.

For the first 1.5 Gyr, the IMLF is nearly indistinguishable betweenmodels ıſOD, ANıſD

and ANıſDH. The low IMLF at early times in model ſTREAM is most likely due to the later

onset of the galactic wind as well as the wind’s location above the galactic midplane.

At later times, the IMLF decreases inmodel ıſOD, yet increases in the other threemod‐

els. Model ANıſD reaches the highest IMLF due to the accumulated reservoir of cosmic‐

ray energy near the galactic disk that continues to drive outflows even after star formation

has ceased. Models ANıſDH and ſTREAM have weaker IMLFs than model ANſıD due to

higher star formation rates and losses in cosmic‐ray energy through the heating term.

2.4.2 Star Formation and Morphology

The relationship between cosmic‐ray transport and a galaxy’s star formation rate (SFR)

can dramatically influence a galaxy’s morphology. The outflows generated by different

cosmic‐ray transport prescriptions remove gas from the disk which would have otherwise
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Figure 2.4 The face‐on (top) and edge‐on (bottom) density projections of the gas in our
fiducial models after 13 Gyr of evolution. Although all galaxy models started from the
same initial conditions, their morphologies depend on the cosmic‐ray transport mecha‐
nism. The control model, NCR, is a MW‐type spiral galaxy. Models ADV and ſTREAM have
extended gas profiles and thick disks. Model ANıſD has lost much of its gas to outflows.
The top and bottom rows show physical scales of 52 x 52 kpc and 20 x 52 kpc respectively.

been available for star formation. In addition, the presence of strong cosmic‐ray pressure

in the disk can prevent star formation by stabilizing the thermal gas against collapse. In

this section, we contrast the morphologies of our fiducial galaxy models after evolving

the simulations for 13 Gyr. Because a galaxy’s morphology is so intricately tied to its star

formation history, we describe Figures 2.4 and 2.5 simultaneously.

Figure 2.4 displays the density‐weighted face‐on and edge‐on projections of the gas

density in our fiducial galaxy models after 13 Gyr of evolution. In the left panel, model

NCR serves as the benchmark example of a MW‐type disk galaxy. This galaxy has a clear

spiral structure, with the disk extending to a radius of roughly 25 kpc and a vertical height

of roughly 3 kpc. The star formation rate of model NCR begins with one solar mass per

year and slowly decreases over time, hovering around a few tenths of a solar mass at later

times. With a modest star formation history and no galactic winds, model NCR retains

much of its gas in its disk, with average density values around 3× 10−25 g/cm3.

Although model ADV has had a similar outflow history as NCR, its star formation his‐

tory has dramatically altered its morphology. Model ADV quenched only 200 Myr after
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Figure 2.5 The star formation rate as a function of time for galaxy models with different
cosmic‐ray transport prescriptions. Model ADV quenches after the first episode of star for‐
mation. The star formation in model ıſOD consistently lies just below that of the control
model NCR with no cosmic rays. Model ANıſD briefly matches the star formation in the
control around t = 2.5 Gyr, but is quenched soon after at around t = 10 Gyr. Model ſTREAM
has a variable star formation history with a period of roughly 2 Gyr.
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its initial burst of star formation (see Figure 2.5). Confined to advection‐only transport,

the cosmic rays in this galaxy are trapped inside the galactic disk. After the first episode

of star formation induces cosmic‐ray feedback, cosmic‐ray pressure dominates over gas

pressure (see the bottom‐left panel of Figure 2.1 and the discussion in §2.4.1). This addi‐

tional pressure stabilizes the gas against against collapse, halting future star formation.

Without galactic outflows to carry cosmic rays out of the disk andwithout any new stars to

create supernovae that could potentially drive outflows, this galaxywill remain quenched.

Although model ADV has a substantial reservoir of gas in its disk, cosmic‐ray pressure ex‐

pands its vertical profile keeping the gas at lower average densities.

The star formation history of model ıſOD most closely follows that of model NCR.

Episodes of star formation that expel cosmic rays into the disk keep the SFR ofmodel ıſOD

consistently below that of the control. However, because isotropic diffusion is efficient at

removing cosmic rays from the galactic disk, star formation is only weakly suppressed in

this galaxy. The morphology of model ıſOD is qualitatively similar to that of model NCR

out to a cylindrical radius of 15 kpc. Having expelled much of its ISM through outflows,

model ıſOD has a shorter radial and vertical extent to its gas.

Anisotropic cosmic‐ray transport in model ANıſD retains cosmic‐ray pressure in the

disk, which suppresses star formation at early times. As galactic outflows develop, the

cosmic‐ray pressure is lifted out of the disk, allowing for star formation to resume. After

roughly 2 Gyr of evolution the star formation in model ANıſD briefly matches that of the

control model. The injected cosmic‐ray pressure following this star formation episode

decreases future star formation, ultimately quenching the galaxy after 10 Gyr. Cosmic‐ray

heating inmodel ANıſDH relieves some of the cosmic‐ray pressure in the disk, leading to a

higher star formation rate than that inmodel ANıſD. Although at the time of the snapshot

in Figure 2.4 model ANıſD has been quenched for 3 Gyr, this galaxy model retains some

spiral structure and high gas densities within a 15 kpc radius of its center. The lingering

cosmic‐ray pressure from past star formation creates an extended low‐density gas profile

around the disk.
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Both models ANıſD and ſTREAM have extended, thick gaseous profiles that are most

apparent in the edge‐on view. Model ANıſD has a bimodal distribution of gas, with a

core around 2× 1025 g/cm3 extending to 15 kpc, surrounded by a less dense gaseous halo

extending to 25 kpc. Although some spiral structure is present, it is significantly less pro‐

nounced than in model ıſOD. Model ſTREAM has relatively low gas density in the disk

with a spiral arm structure that is thinner than that of models NCR or ıſOD.

Because of the toroidal geometry of the initialmagnetic field, the cosmic rays inmodel

ſTREAM suppress star formation for the first 500 Myr. Once the magnetic field develops a

sufficiently strong vertical component, the cosmic rays escape the disk, dragging thermal

gas along with them. The outflows relieve the ISM of the cosmic‐ray pressure, allowing

star formation to resume. Filaments of inflowing gas near the midplane of the disk (see

Figure 2.1) supply the additional gas necessary for extended episodes of star formation.

Compared to the other galaxymodels, model ſTREAM has the lowest gas densities and the

most extended vertical and radial disk profile.

2.4.3 The Simulated Circumgalactic Medium

We now turn our attention to the different ionization structures within the CGM of the

simulated galaxymodels. Our control model, NCR, has limited amounts of metals outside

of the galactic disk. This is an unrealistic result and we will not dwell on its implications

here. Our goal is to isolate the effects of cosmic‐ray transport on the CGM’s temperature

and ionization structure, and so the following figures and discussions will focus on mod‐

els ıſOD, ANıſD, and ſTREAM. Where relevant, we discussmodel ANıſDH, which includes

the heating term Hc, that is present in the cosmic‐ray streaming prescription. Although

the heating term is an unphysical addition to cosmic‐ray diffusion, its presence helps iso‐

late which aspect of the cosmic‐ray streaming or diffusion mechanism is responsible for

observed differences in temperature and ionization states (Wiener et al., 2017).

Figure 2.6 shows the density‐weighted projections of gas metallicity and temperature
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Figure 2.6 A comparison of the state of the CGM between the fiducial galaxy models after
13 Gyr of evolution. The top two rows show the density‐weighted metallicity and tem‐
perature and the bottom two rows show the unweighted column densities of H ı and
O Vı. Our control model NCR drove weak outflows, so the state of its CGM is relatively
unaltered from the initial conditions. Model ıſOD has a spatially uniform distribution of
warm, metal‐rich, gas in its CGM. The galaxy model ANıſD is surrounded by a reservoir
of cool gas, traced by H ı. The temperature and ionization structure of model ANıſDH fol‐
lows the morphology of that in model ANıſD although the effect of cosmic‐ray pressure is
weakened through losses due to cosmic‐ray heating. Galaxy model ſTREAM has a patchy,
multiphase distribution of different temperature gas, traced by its H ı and O Vı column
densities. The projection is generated from a 300 kpc cube.
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Figure 2.7 The 2D histograms of temperature as a function of density for the six different
galaxy models after 13 Gyr of evolution. The color in the plot shows the mass of O Vı in
each bin. Model ıſOD has more diffuse gas at larger radii. Model ſTREAM creates a more
dramatic multiphase medium, with a larger range of possible densities for each tempera‐
ture. Model ſTREAM supports an abundance of O Vı at both warm and cool temperatures.
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and the unweighted projections of H ı and O Vı column densities after 13 Gyr of evolution.

Each column holds a different mode of cosmic‐ray transport. Starting from the left, the

columns show results for galaxy models NCR, ıſOD , ANıſD, ANıſDH, and ſTREAM.

The outflows in models with cosmic‐ray diffusion or streaming have populated their

CGM with metals from the disk out to radii surpassing 200 kpc. Model ıſOD has a rel‐

atively uniform distribution of metallicity in its CGM, with a density‐weighted average

value around 0.2 Z⊙. Similarly, its temperature, H ı andOVı columndensities are also spa‐

tially uniform. cosmic‐ray pressure support creates a cooler temperature profile (roughly

3 × 105 K) compared to the control. The cooler temperatures result in stronger column

densities of H ı and O Vı compared to model NCR.

Anisotropic diffusion in model ANıſD produces a steep temperature and H ı column

density gradient. The temperature of the gas is coolest near the disk, where cosmic‐ray

pressure is strongest, and decreases radially outwards. TheH ı columndensity follows the

shape of the temperature profile, extending out to where the density‐weighted tempera‐

ture is 106 K. The O Vı column density is sensitive to metallicity, so the column density

profile traces the radial extent of the outflows. Compared to the other fiducial runs,model

ANıſD has the strongest column densities of H ı and O Vı. We point out that although this

model has been quenched for 3 Gyr, the gradual release of cosmic‐ray pressure results in

the accumulation of cold gas just outside the disk.

The metallicity distribution of model ANıſDH is qualitatively similar to that of model

ANıſD. However, the added heating term dramatically decreases the impact of cosmic‐ray

pressure, resulting in warmer temperatures and weaker column densities of H ı and O Vı

than those in model ANıſD.

The outflows in model ſTREAM reach larger radii than those in model ANıſD. The

temperature profile is dominated by clumps of cool and warm gas extending out to radii

of 150 kpc. Model ſTREAMhas a patchy distribution of bothH ı andOVı columndensities,

with both coexisting in relative abundance at radii above 100 kpc from the galactic center.
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Figure 2.8 The black line follows total enclosed mass as a function of spherical radius for
six different galaxy models. The colors of the bars denote the fractional distribution of
the gas temperature at different radial shells. We consider three temperature bins of gas:
cold gas (T < 105K) in dark purple, warm gas (105K < T < 106K) in medium purple,
and hot gas (T > 106K) in light purple. Only models with cosmic‐ray transport relative to
the gas have a substantial amount of warm or cold gas in their CGM. Model ANıſD has an
abundance of cool gas near the galactic center that persists at large radii. Model ſTREAM
has a truly multiphase medium with an abundance of cold and warm at radii of 200 kpc.
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2.4.4 Temperature Distribution

To better understand the CGM structure, we analyze the abundance of O Vı as a function

of temperature and density in Figure 2.7. Since we are primarily interested with the gas

in the CGM, we exclude data points contained within a cylindrical radius of 25 kpc and a

vertical height of 3 kpc of the galactic center.

The CGM of models NCR and ADV has low masses of O Vı and scarce amounts of low‐

density gas compared to the othermodels. Since low density values trace large radii in the

CGM, the artificially high density floors are due to the lack of outflows. Suppressed star

formation in model ADV is responsible for the low metallicities in its disk that ultimately

result in low masses of O Vı.

Modelswith additional cosmic‐ray transport drive strong outflows that enrich theCGM

with metals (see Figure 2.6). This enrichment creates higher column densities of O Vı at

large radii. However, the different prescriptions for cosmic‐ray transport result in varied

phase structures within the CGM.

One such difference is the shape of the temperature‐density phase diagram. Models

with weak cosmic‐ray pressure support (models ıſOD and ANıſDH) have less cool gas at

low densities thanmodels ANıſD and ſTREAM. The strong cosmic‐ray pressure support in

models ANıſD and ſTREAM supports a wide range of temperatures at each density. This

feature is most pronounced at low densities in model ſTREAM.

cosmic‐ray transport also affects the abundance of O Vı and the temperature of the gas

that produces it. Both models ſTREAM and ANıſD predict an a reservoir of O Vı ionized

with the help of cosmic‐ray pressure support in low‐density gas. However, only model

ſTREAMpredicts an abundance of O Vı photoionizedwith gas temperatures around 3×105

K, consistent with predictions in McQuinn and Werk (2017).

Figure 2.8 shows the total enclosed mass as a function of spherical radius for six dif‐

ferent galaxy models. The colors of the bars denote the fractional distribution of the gas

temperature at different radial shells. We consider three temperature bins of gas: cold
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gas (T < 105K) in dark purple, warm gas (105K < T < 106K) in medium purple, and hot

gas (T > 106K) in light purple. The colored gas fraction is not cumulative since the cold

mass contribution from the disk would dominate the distribution in some cases.

Having driven weak outflows, model NCR has trace amounts of cold or warm gas out‐

side of the disk. In contrast, although model ADV had similarly weak winds, the presence

of cosmic‐ray pressure keeps the gas immediately around the disk below 106 K. The influ‐

ence of cosmic‐ray pressure drops abruptly after a radius of 50 kpc. Because the cosmic‐

ray pressure in the disk for this model stopped star formation almost immediately, model

ADV has more gas available both inside and outside the disk of this model.

Models in which cosmic rays can move relative to the gas (via diffusion or streaming)

have an altered temperature structure in their CGM. Model ıſOD is dominated by warm

gas out to large radii. Since isotropic diffusion depends solely on the direction and mag‐

nitude of the cosmic‐ray energy density gradient, the cosmic‐ray pressure distribution

is nearly uniform throughout the halo. Over time, with more stellar feedback releasing

cosmic rays into the disk, the cosmic‐ray pressure accumulates in the halo, providing

pressure support to the thermal gas.

Models with anisotropic cosmic‐ray transport exhibit a multiphase temperature struc‐

ture. Models ANıſD and ANıſDH are both dominated by cold gas near the disk. In both

models, the cold gas extends out to radii of 125 kpc and the warm gas extends to radii of

200 kpc.

Comparing this result with Figure 2.6, we see the cool gas, traced by H ı column den‐

sities, decrease radially away from the center. The added heating term in model ANıſDH

converts some cosmic‐ray pressure, which is responsible for supporting the warm and

cold gas, into heating the gas, consistent with results in Wiener et al. (2017). Even with

the heating term, the distribution of warm gas in model ANıſDH is still similar to that of

ANıſD.

Model ſTREAM shows signs of a true multiphase medium. This model has the lowest

cumulative gas mass in its disk, likely due to its low gas densities and recent episodes of
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star formation (see Figure 2.5). Although warm gas dominates its CGM out to radii of 150

kpc, cold gas survives in abundance 200 kpc away from the galactic center. Using Figure

2.6, we see that the temperature structure inmodel ſTREAMdoes indeed result in a patchy,

multiphase medium.

2.4.5 Ionization Structure

Figure 2.9 holds the column densities of H ı, Si ıV, C ııı, and O Vı as a function of the

spherical radius from the center of the galaxy. Each scatter point in the plot represents

one column density measurement at that radius. In each panel, we include points from

both the fiducial model and its low‐resolution counterpart. The solid black lines show

the average column densities for the fiducial run while the dashed black lines show the

average column densities for the lower resolution run with the same physics. For details

on how the column densities were constructed, see §2.3.3.

To sufficiently sample our simulation space, we calculate the columndensities at randomly‐

oriented sightlines passing through the CGM. To generate a sightline, we first select a ran‐

dom point on the sphere of radius r ∈ [10, 200] kpc from the galaxy center. We then chose

a sightline by selecting a random angle in the plane tangent to the sphere at that point.

The control model, NCR, underpredicts the column densities of all four ions. This is

both due to the lack of metals in its CGM and a deficit of cool gas.

Of the remaining models, model ıſOD has the weakest column densities with a flat

distribution across impact parameter. This picture is consistent with weak and spatially

uniform cosmic‐ray pressure in the CGM. Model ANıſD has stronger column densities

with a wider spread at large radii. This is likely due to the uneven distribution of metallic‐

ity (see Figure 2.6). Model ſTREAM predicts column densities that are similar in strength

to model ANıſD. However, the column density measurements in model ſTREAM are more

tightly clustered around the average value, which is qualitatively similar to observations.

For all models, lower resolution predicts stronger column densities, possibly due to
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Figure 2.9 Column densities of H ı, Si ıV, C ııı, and O Vı as a function of impact parameter
after 13 Gyr of evolution. Each point on the graph shows a column density measurement
using TRıDENT from either the fiducial run described by the title, or its low‐resolution
counterpart. The overplotted black lines show the average column densities for the fidu‐
cial run (solid) and the low‐resolution run containing the same physics (dashed). (Con‐
tinued on next page.)
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Figure 2.9 (Continued) The black squares and arrows represent observed columndensities
and upper and lower limits fromWerk et al. (2013). The control model underpredicts the
observed column densities of all ions in this plot. Model ıſOD has a flat column density
profile with respect to impact parameter. The column densities in models ANıſD and
ANıſDH decrease with radius. Model ſTREAM predicts the strongest column densities and
is least sensitive to changes in resolution.

Figure 2.10 The unweighted ratio of cosmic‐ray pressure to gas pressure as a function of
spherical radius, measured from the galactic center after 13 Gyr of evolution. The color
of the bins shows the density of the gas. The disk has been removed from the dataset
in order to focus on the CGM structure. Model ıſOD has a relatively flat and unvarying
profile of cosmic‐ray pressure in its CGM averaging around Pc/Pg ≃ 1. Models ANıſD and
ANıſDH have a wide range of cosmic‐ray pressure in the CGM, with the highest values
peaking near the disk center, at high gas densities. The cosmic‐ray pressure ratio inmodel
ſTREAM peaks at larger radii, and at lower gas densities.

under‐resolving the complicated structure of magnetic field lines. The column densities

in model ſTREAM are the least sensitive to changes in resolution.

The column densities presented here are a qualitative example of the differences in

ionization structure between different models of cosmic‐ray transport. In reality, the ex‐

act values of ion column densities would be influenced by the metallicity and inflows

from the IGM. Therefore, in order to better match observations, we would need to simu‐

late galaxies in a cosmological context.
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Figure 2.11 The density‐weighted ratio of cosmic‐ray pressure to gas pressure as a function
of spherical radius after 3 Gyr of evolution. The black solid line represents the values
for the fiducial run of that cosmic‐ray transport method. Lines of different color and
line style show variations from the fiducial run as described in the legend. The blue and
green lines represent galaxy models with cosmic‐ray injection fractions of 0.3 and 0.01
respectively. Thepurple line represents a diffusion coefficient ofκε = 1027cm2/s for galaxy
models ıſOD and ANıſD and a streaming factor of fs = 1.0 formodel ſTREAM. The red line
represents a diffusion coefficient of κε = 1029cm2/s for model ANıſD. For a description of
the simulation parameters see Table 2.1. With this figure, we find that model ıſOD is the
most sensitive to parameter changes while model ſTREAM is the most robust.
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2.4.6 The Distribution of Cosmic rays in the CGM

Cosmic‐ray pressure in the CGM impacts the temperature and ionization structure of the

gas. For this reason, we investigate the role of cosmic‐ray transport mechanisms in alter‐

ing this cosmic‐ray pressure distribution.

In Figure 2.10we explore the distribution of cosmic‐ray pressure as a function of spher‐

ical radius for models ıſOD, ANıſD, ANıſDH and ſTREAM. The pixels in the phase plot are

colored by the density of the gas. Like in Figure 2.7, we cut out the disk from our data

sample.

Model ıſODhas a flat and narrowprofile of cosmic‐ray pressure as a function of radius,

with the ratio Pc/Pg ranging between 0.5 and 5. At larger radii, the cosmic‐ray pressure

ratio widens considerably, revealing regions where cosmic‐ray pressure is sparse.

Model ANıſD has a much wider range of cosmic‐ray pressure ratios across all radii.

Compared to isotropic diffusion, anisotropic diffusion creates cosmic‐ray pressure ratios

that are nearly an order of magnitude higher across all radii. In this model, the cosmic‐

ray pressure dominates over thermal pressure near the galactic disk and at high gas densi‐

ties. The heating term in model ANıſDH lowers the cosmic‐ray pressure ratio at all radii.

However, this model still retains the same qualitative shape of the cosmic‐ray pressure

distribution that is present in model ANıſD.

Although model ſTREAM also has a wide spread of cosmic‐ray to thermal gas pressure

ratios, the distribution of that spread is qualitatively different from that in model ANıſD.

In this model, cosmic‐ray pressure in and near the disk is roughly 1.5 dex lower, spanning

nearly 2 dex in strength. Unlike in model ANıſD, the cosmic‐ray pressure is low near the

galactic disk and dominates over thermal pressure at large radii (and low gas densities).



54

2.4.7 Tuning the Knobs: The Impact of Choosing Parameters

Figure 2.11 shows the density‐averaged ratio of cosmic‐ray to thermal pressure as a func‐

tion of impact parameter, measured after 3 Gyr of evolution. The solid black line rep‐

resents the low‐resolution runs of our fiducial models. All other lines differ from this

run only in the parameter specified in the label. Blue and green lines represent galaxy

models in which supernova feedback injected 1% and 30% of its energy as cosmic rays,

respectively. Purple lines represent slower cosmic‐ray transport velocities with either a

diffusion coefficient of κε = 1027cm2/s in models ıſOD and ANıſD or a streaming factor of

fs = 1.0 in model ſTREAM. To better compare models with anisotropic diffusion to those

with isotropic diffusion, we explore faster cosmic‐ray transport (κε = 1029cm2/s) in the

middle panel, depicted by the red line. Finally, the black dotted line is the high‐resolution

fiducial run. For a summary of the parameters described above, see Table 1.

Varying the injected cosmic‐ray fraction does not correspond with a linear change in

the ratio of cosmic‐ray to thermal pressure in the CGM. For example, increasing fCR to

0.3 only marginally increases cosmic‐ray pressure in model ıſOD. Counter‐intuitively, in‐

creasing fCR in models ANıſD and ſTREAM actually decreases the cosmic‐ray pressure ra‐

tio in the CGMby suppressing star formation in the disk and thus preventing the injection

of additional cosmic rays. On the flip side, decreasing the injected cosmic‐ray fraction by

a factor of 10 from the fiducial value does decrease the cosmic‐ray pressure inmodel ıſOD

by roughly an order of magnitude at radii above 100 kpc. However, this decrease in fCR

does not significantly alter the cosmic‐ray pressure ratio for models ANıſD and ſTREAM.

The cosmic‐ray pressure distribution in all three models depends strongly on their

transport velocities. Decreasing the diffusion coefficient by a factor of 10 limits the reach

of outflows to 100 kpc in model ıſOD and 60 kpc in model ANıſD. Similarly, decreasing

the streaming factor by four limits the reach of cosmic‐ray pressure to 40 kpc in 3 Gyr.

In addition to limiting the radial extent of cosmic‐ray pressure, the decrease in transport

velocity in model ıſOD increases the cosmic‐ray pressure ratio by a factor of 10 at small
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radii. Increasing the transport velocity inmodel ANıſD decreases the cosmic‐ray pressure

within 75 kpc of the galactic center, but has no discernible effects at larger radii.

Doubling the resolution decreases the cosmic‐ray pressure ratio by roughly an order of

magnitude for models ıſOD and ANıſD. In model ſTREAM, the cosmic‐ray pressure ratio

of the higher resolution run only deviates from the fiducial run above 150 kpc.

Model ıſOD is the most sensitive to changing parameters. In this approximation of

cosmic‐ray transport, cosmic rays can only move relative to the gas by diffusing down

their own gradient. This motion is very sensitive to the injection fraction of cosmic rays,

which defines the strength of the cosmic‐ray gradient. Anisotropic diffusion is moder‐

ated by transport along magnetic field lines. The complicated geometry of the magnetic

field lines slows anisotropic diffusion near the disk, making model ANıſD less sensitive to

the cosmic‐ray injection fraction and star formation history than model ıſOD. The most

robust model is ſTREAM, in which the cosmic‐ray transport depends on the cosmic‐ray

gradient, magnetic field strength, and alfven wave velocity. The cosmic‐ray pressure ratio

in all three models decreases with slower cosmic‐ray transport and increased resolution.

Breaking this degeneracy will require additional parameter studies.

2.5 Discussion

With our suite of isolated disk galaxy simulations, we have shown that the density, tem‐

perature, and ionization structures of the simulated CGMdepend on the choice of cosmic‐

ray transport mechanism. This discrepancy stems from the nature of the cosmic‐ray

transport approximation and cannot be trivially remedied by altering constant parame‐

ters. In the following section, wewill summarize the qualitative nature of each cosmic‐ray

transport prescription and discuss potential improvements for future simulations.

Themere presence of cosmic rays alongside thermal gas is not enough to drive galactic

outflows. This point is demonstrated with model ADV, in which cosmic rays are confined

to propagate only through advection with the bulk motion of the thermal gas. These cos‐

mic rays provide pressure support to the gas within the disk but have no efficient mecha‐
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nism throughwhich to escape into the CGM. This added pressure stabilizes the gas against

collapsing to form stars and thus quenches the galaxy almost immediately after the first

episode of star formation. Although some cosmic rays ultimately do escape the disk, there

is no significant cosmic‐ray influence in the CGM after 13 Gyr of evolution.

Cosmic‐ray transport relative to the thermal gas is necessary to drive galactic winds

or to reproduce the observed column densities of ions in the CGM. As cosmic rays move

out of the disk, they provide pressure support which lifts low‐entropy gas out of the grav‐

itational potential well (see Figure 2.1). This additional cosmic‐ray pressure lowers the

temperature and increases the ionization state of low ions, such as C ııı and Si ıV, at large

radii. However, the CGM structure depends on the distribution of cosmic‐ray pressure,

which varies substantially between different cosmic‐ray transport models.

In the isotropic diffusion approximation, cosmic raysmovedown their energy gradient

with a velocity that is determined by both the strength of the gradient and the constant

diffusion coefficient, κε. The resulting galactic outflows and CGM are therefore sensitive

to recent star formation, which injects cosmic‐ray energy into the ISM. The newly‐ejected

cosmic rays propagate away from the galactic disk until the cosmic‐ray energy gradient

is sufficiently flattened. Therefore, at late times, additional cosmic‐ray pressure injected

by ongoing star formation can no longer drive strong outflows. Ultimately, the cosmic‐ray

pressure in the CGM is unable to support the gas that it expelled at earlier times, triggering

inflows. Varying the value of the constant diffusion coefficient alters the time scales on

which the cosmic‐ray energy gradient flattens and the radial extent of cosmic‐ray energy,

but not the qualitative shape of the cosmic‐ray distribution.

Although isotropic diffusion is a crude approximation to the true interactions between

cosmic rays and magnetic fields, it is a computationally frugal choice as it circumvents

the need for fully MHD galaxy models. Simulations with isotropic cosmic‐ray diffusion

have been successful at driving strong outflows and increasing the column densities of

low ions in the CGM (Salem and Bryan, 2014; Wiener et al., 2017). However, in our sim‐

ulations, model ıſOD was the least effective at producing a multiphase medium and the
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most sensitive to the choice of constant parameter values.

Anisotropic diffusion improves upon isotropic diffusion by approximating cosmic‐ray

transport as a randomwalk down the cosmic‐ray energy density gradient, along the mag‐

netic field. This transport around magnetic field lines modulates the velocity of cosmic‐

ray transport. Near the disk, where the magnetic field lines are the most tangled, some

cosmic rays become trapped in their motion around magnetic field loops and make slow

radial progress away from the disk. Simultaneously, cosmic rays nearmagnetic field lines

pointing out of the disk escape to larger radii. Therefore, anisotropic diffusion is capable

of driving large‐scale outflows while keeping a substantial presence of cosmic‐ray pres‐

sure near the disk. In this model, cosmic‐ray pressures are strongest near the galactic

center and decrease rapidly at large radii. This cosmic‐ray pressure suppresses star for‐

mation in the disk and supports an abundance of cool gas in the the halo. The strength

and radial extent of the cosmic‐ray pressure depends on the constant diffusion coefficient,

magnetic field topology, and the star formation history.

Increasing the diffusion coefficient in models with anisotropic diffusion counteracts

the effect of tangled magnetic field lines near the galactic center. However, the resulting

models are still not directly comparable to models with isotropic diffusion with a lower

diffusion coefficient. The difference lies in the variable timing of the cosmic‐ray propaga‐

tion. In anisotropic diffusion models, the cosmic‐ray pressure distributes itself preferen‐

tially along magnetic field lines, so the nominally constant diffusion coefficient becomes

a function of the magnetic field geometry. There is no single ratio of diffusion coeffi‐

cients that results in the same distribution of cosmic‐ray energy in both anisotropic and

isotropic diffusion models.

Cosmic‐ray streaming is thefirst‐order approximation to cosmic‐ray transport. Stream‐

ing cosmic raysmove alongmagnetic field lines with a velocity that depends on the shape,

direction, and strength of the magnetic field. This mode of transport creates a cosmic‐ray

distribution in the CGM that supports a truly multiphase medium, with cold gas clumps

surviving alongside a warm and hotmedium. We find that compared to diffusion, stream‐
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ing is less sensitive to changes in star formation history or the choice of constant param‐

eter values.

A key component of the streaming approximation is the additional heating term, through

which cosmic rays give up their momentum to heat thermal gas. This transfer prevents

simulations from overestimating cosmic‐ray pressure in the disk and halo. To discern

the effect of the heating term from the streaming behavior, we simulated a galaxy with

both anisotropic cosmic‐ray diffusion and cosmic‐ray heating (Wiener et al., 2017). Al‐

though the additional heating term increased temperatures and lowered the column den‐

sities of H ı and O Vı, the cosmic‐ray distribution in the CGM remained qualitatively the

same. Therefore, we conclude that the key differences between the streaming and diffu‐

sion models lie in the transport approximations.

2.5.1 Limitations and Future Work

In this chapter, we explored the qualitative impact of the choice of cosmic‐ray transport

on the simulated CGM. However, before simulations with cosmic‐ray physics can hold

predictive power, several improvements must be made to constrain the details of this

transport. We discuss these factors in greater detail below.

Magnetic Fields

Magnetic fields are the media along which cosmic rays propagate and are therefore cru‐

cially important for robust implementations of cosmic‐ray physics. The shape of themag‐

netic field dictates cosmic‐ray transport in the anisotropic diffusion and streaming ap‐

proximations while the magnetic field strength sets the streaming velocity and the rate of

heat transfer from cosmic rays to the thermal gas. In addition, magnetic pressure is in‐

versely proportional to the length scale of thermal instabilities in the CGM (Ji et al., 2017).

Therefore, simulating cosmic‐ray transport and recreating the multiphase CGM requires

a realistic treatment of magnetic fields.
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Simulating the co‐evolution of cosmic rays andmagnetic fields is complicated at early

simulation times. The cosmic rays streaming velocity depends on the magnetic field

strength, yet primordial fields are believed to be no stronger than 10−9 G (Cheng et al.,

1994; Durrer and Neronov, 2013). If newly‐injected cosmic rays cannot escape the galac‐

tic disk before the next round of star formation, the galaxy risks becoming immediately

quenched.

One way to remedy this is to include magnetic supernova feedback, which can fuel

the exponential magnetic field growth to observed values (Butsky et al., 2017). How‐

ever, in our attempts to simulate such a field, the small supernova injection sites were

not sufficiently resolved to accurately capture cosmic‐ray transport. The overabundance

of cosmic‐ray energy in the disk suppressed star formation, which in turn suppressed

additional magnetic field injection. In these test simulations, the magnetic fields never

reached observable strengths, and the streaming cosmic rays never escaped the disk.

To circumvent this problem, we set the initial disk magnetic field to B0,d = 1µG, sim‐

ilar to that in Ruszkowski et al. (2017). This initial field is strong enough for cosmic‐ray

streaming models to drive outflows that are comparable in their reach to outflows gener‐

ated by the diffusion models with κε = 1028cm2/s. The initial magnetic field in the CGM,

which is the focus of this chapter, was set to B0,h = 10−15 G. Therefore, the evolution of

the of the magnetic field in the halo was driven by magnetized galactic winds and the

turbulence they produced.

Improved implementation of the co‐evolution of magnetic fields with streaming cos‐

mic rays will require detailed resolution and parameter studies which are outside of the

scope of this work.

Improved Cosmic‐ray Physics

Our work makes several assumptions that are commonplace in current implementations

of cosmic‐ray transport. One such approximation is that of a constant diffusion coeffi‐
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cient, κε, which avoids calculating the momentum‐weighted integral of the local cosmic‐

ray energy density. The velocity of cosmic‐ray transport in the diffusion limit is therefore

very sensitive to the choice of κε (see Figure 2.11). Because the value of κε is poorly con‐

strained, simulations with the same model for cosmic‐ray transport can produce signifi‐

cantly varied results.

However, it is possible to improve upon the constant diffusionmodel without the com‐

putational expense of explicitly solving for the momentum‐weighted value at every grid

cell. For example, Farber et al. (2017) recently demonstrated that using a temperature‐

dependent, bimodal value for κε alters galactic wind properties and spatial distribution

of cosmic rays.

The underlying assumption of our cosmic‐ray transport models is that cosmic rays

must propagate either in the diffusion limit or the streaming limit. Realistically, both

modes of transport must be taking place. In a recent advancement, Jiang and Oh (2017)

describe a new numerical scheme for cosmic‐ray transport that self‐consistently handles

both streaming and diffusion processes. This prescription is a promising new direction

thatmay resolve the discrepancies between current implementations of cosmic‐ray trans‐

port presented in this chapter.

Cosmological Context

The idealized experimental setup of isolated disk galaxies offers great control in isolating

the effects of cosmic‐ray‐driven galactic outflows on the structure of the CGM. However,

this isolation comes at the expense of simulating a realistic CGM.

For example, the CGM in our simulations is populated almost entirely by cosmic‐ray‐

driven outflows. Neglecting inflows from the IGM leads to an unrealistically empty CGM,

which is particularly apparent in our control model. The isolated disk galaxy model is an

oversimplification of galactic evolution sincemost galaxies, including our ownMilkyWay,

evolve in a group or cluster environment. Interactions with nearby galaxies and satellites
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can have a significant effect on the host galaxy’s gas supply, which in turn affects its ability

to form stars and drive outflows. These interactions can also strip gas directly from the

CGM.

We focus solely on the CGM of MilkyWay‐type galaxies, in which purely thermal feed‐

back is successful at reproducing galactic disk properties. However, the differences be‐

tween cosmic‐ray transport mechanisms presented above are may change with galaxy

mass. For example, Jacob and Pfrommer (2017b) recently showed that the strength and

mass‐loading factor galactic outflows driven by isotropic cosmic‐ray diffusion depends on

the host galaxy’s mass. This mass‐dependency is likely to be present for anisotropic diffu‐

sion and streaming transport prescriptions. However, the nature of that relationship may

change for different transport mechanisms.

Future parameter studies using cosmological simulations will be necessary to develop

a robust prescription of cosmic‐ray transport. We judge our cosmic‐ray transport models

by the temperature and ionization structure of the simulated CGM. However, cosmic‐ray

collisions in theCGMare expected to account for up to 10%of the diffuse, isotropic gamma

ray background (Feldmann et al., 2013). Therefore, observations of the diffuse gamma

ray emissions, such as those taken with the Fermi‐LAT telescope can be used to constrain

cosmic‐ray transport models (Ackermann et al., 2012).

2.6 Summary

Simulations including cosmic‐ray feedback are more effective at driving galactic outflows

and reproducing the observed ionization structure in the CGM than models with purely

thermal feedback. However, models for simulating cosmic‐ray feedback and transport

are poorly constrained.

In this chapter, we demonstrate that galactic outflows and CGM structure are sensitive

to the invoked cosmic‐ray transport mechanism. We achieve this by simulating a suite of

isolated MW‐type disk galaxies with three commonly‐used prescriptions for cosmic‐ray

transport relative to thermal gas: isotropic diffusion, anisotropic diffusion, and stream‐
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ing. For completeness, we also include advection‐only models, in which cosmic rays are

constrained to move with the bulk motion of the gas, and control models without any

cosmic‐ray physics. The results are summarized below.

• Modelswith cosmic‐ray transport relative to the thermal gas (streaming or diffusion)

drive strong outflows. These outflows are generated by cosmic‐ray pressure support,

which lifts thermal gas higher out of the gravitational potential well. Models with

no cosmic‐ray feedback and those with cosmic‐ray advection do not launch strong

galactic winds.

• Modelswith isotropic diffusion launch the fastest winds that last around 5Gyr. Mod‐

els with anisotropic cosmic‐ray diffusion and streaming drive steady winds that per‐

sist after 13 Gyr of evolution. Models with anisotropic diffusion continue to drive

outflows even after the galaxy is quenched. Models with cosmic‐ray streaming sup‐

port simultaneous inflows near the disk and outflows at larger radii.

• All models with cosmic‐ray feedback suppress star formation by supporting ther‐

mal gas against collapse. The degree to which star formation is suppressed depends

on the cosmic‐ray pressure within the disk. Models with pure cosmic‐ray advection

quenched after the first episode of star formation. The star formation in models

with isotropic diffusion closely followed that of the control. Models with anisotropic

diffusion suppressed star formation more efficiently, ultimately quenching after 10

Gyr. Models with cosmic‐ray streaming had a cyclical star formation history, sup‐

ported by inflows from the CGM.

• cosmic‐ray pressure in the CGM supports gas with cooler temperatures. However,

that temperature structure is sensitive to the cosmic‐ray transport model. The CGM

ofmodelswith isotropic diffusion is primarily composed ofwarmgas that is spatially

uniform. Models with anisotropic diffusion produce large quantities of cool (T <
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105K) gas out to radii of 100 kpc that remain even after star formation is quenched.

This is an interesting example of a quenched galaxy with a reservoir of cool gas

in its CGM (e.g., Gauthier et al. (2010); Thom et al. (2012)). Models with cosmic‐

ray streaming produce a patchy, multiphase gas distribution with cool gas existing

alongside warm and hot gas at large radii.

• Cosmic‐ray pressure creates a multiphase medium, allowing gas of a given temper‐

ature to span several orders of magnitude in density. At late times, models with

isotropic diffusion showa relatively uniformCGM temperature, whereas anisotropic

diffusion and streaming models retain varied temperature profiles. In anisotropic

diffusion models, the influence of cosmic rays is strongest near the galactic center

and decreases with spherical radius. In cosmic‐ray streaming models, the multi‐

phase temperature structure is patchy, with clumps of cool gas existing 200 kpc from

the galactic center.

• Models with anisotropic diffusion and streaming generate higher column densities

of H ı, Si ıV, C ııı, and O Vı thanmodels with isotropic diffusion. The column densi‐

ties generated bymodels with cosmic‐ray streaming have less variation in predicted

columndensities as a function of impact parameter and are less sensitive to changes

in resolution.

• The differences between our galaxy models stem from the varied distribution of

cosmic rays in the CGM. Compared to isotropic diffusion, anisotropic diffusion and

cosmic‐ray streaming are more effective at retaining cosmic‐ray pressure near the

galactic disk. Since the transport in isotropic diffusion depends only on the gradient

of cosmic‐ray energy density, its cosmic‐ray pressure support in the CGM decreases

at late simulation times.

• The distribution of cosmic‐ray pressure in the CGM is sensitive to runtime param‐
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eters such as the amount of cosmic rays injected in supernova feedback, the veloc‐

ity of cosmic‐ray transport, and the resolution. We find that models with isotropic

cosmic‐ray diffusion are the most sensitive to changes in these parameters. This is

because the velocity of cosmic‐ray transport in this approximation depend only on

the cosmic‐ray energy gradient and the choice of constant diffusion coefficient. The

cosmic‐ray pressure distribution inmodels with anisotropic diffusion are less sensi‐

tive in comparison. We conclude that models with streaming, in which cosmic‐ray

transport depends on the shape, direction, and strength of the magnetic field lines,

are the most robust.

Wehave demonstrated that cosmic‐ray feedback can drive strong galactic outflows and

provide the necessary pressure support to reproduce themultiphase temperature and ion‐

ization structure of the CGM. However, because the state of the simulated CGM depends

strongly on the invoked cosmic‐ray transport method, it is necessary to first develop a ro‐

bust numerical cosmic‐ray transport model before simulations with cosmic‐ray feedback

can hold predictive power.

2.7 Chapter Appendix: Cosmic‐ray Physics in Enzo

In §2.2, we described the implementation of cosmic‐ray physics into the Riemann solvers

in Enzo. Here, we demonstrate the performance of our implemented cosmic‐ray advec‐

tion, anisotropic diffusion, and streaming. For tests of the isotropic diffusion module,

refer to Salem and Bryan (2014).

2.7.1 Modified Sod Shock‐tube

The Sod shock‐tube, first described in Sod (1978) is used to test the behavior of gas in the

presence of a strong shocks in numerical simulations. Because the original Sod shock‐

tube does not include cosmic rays, we use a modified version first described in Pfrommer

et al. (2006). The initial conditions are described in Table 2.2 below.
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Figure 2.12 The density, velocity, and pressure (thermal, cosmic‐ray, and total pressures)
as a function of position in a 1D simulation of the modified Sod shock‐tube. Cosmic‐ray
pressure compliments thermal pressure while the total pressure remained unchanged in
the rarefaction wave.

In Figure 2.12 we test our implementation of the non‐diffusive (κε = 0.0) two‐fluid

cosmic‐raymodel and compare it to the existing implementation in the ZEUſhydro scheme

in ENZO (Salem and Bryan, 2014). From left to right, the panels show the density, veloc‐

ity, and pressures of this shock‐tube after t = 0.31 code units of evolution. Where ap‐

plicable, the analytic solution is depicted as a black dashed line. Compared to Salem and

Bryan (2014), our implementation has a sharper velocity profile at x ≃ 250 cm, but slightly

under‐predicts the density value around x = 400 cm. Overall, the two implementations

of cosmic‐ray advection agree well with each other and with the analytic solution.

ρ Pg εc v
Left 1.0 2/3× 105 4.0× 105 0.0
Right 0.2 267.2 801.6 0.0

a

Table 2.2 Initial conditions for the modified Sod Shock‐tube

aThe initial density, thermal pressure, cosmic‐ray energy density, and velocity for the modified Sod
shocktube. The left and right regions of the shocktube are defined as (0 < x < 250 cm) and (250 <
x < 500 cm) respectively.
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ρ Pg εc vx vy Bx By

Left 1.0 0.6 1.2 0.0 0.0 1.0 1.0
Right 0.125 0.06 0.12 0.0 0.0 1.0 ‐1.0

a

Table 2.3 Modified Brio‐Wu Shock‐tube

aThe initial density, thermal pressure, cosmic‐ray energy density, velocity and magnetic field strengths
for the modified Brio‐Wu shocktube. The left and right regions of the shocktube are defined by (−0.5 <
x < 0) and (0 < x < 0.5) respectively.

2.7.2 Brio Wu Shock‐tube

The Brio‐Wu shock‐tube Brio and Wu (1988) tests the advection properties of gas interac‐

tions with magnetic fields in the presence of an extreme shock. In the modified Brio‐Wu

shock‐tube, we include cosmic‐ray pressure and evolve the system for 0.2 code units. The

initial conditions of the gas are described in Table 2.3.

2.7.3 Anisotropic Diffusion

In the anisotropic diffusion approximation, cosmic rays propagate down their gradient,

alongmagnetic field lines. In Figure 2.14, we test our implementationwith the anisotropic

ring problem initially described by Parrish and Stone (2005); Sharma and Hammett (2007)

and explored in detail in Pakmor et al. (2016a). The experiment uses a uniformdensity box

in with no gas (or a gas that is fixed in space such that there is no cosmic‐ray advection)

on a domain of [−1, 1]2.

Following the setup in Pakmor et al. (2016a), we set initial conditions for the cosmic‐

ray energy density to be

ϵc(x, y) =

 12 if 0.5 < r < 0.7 and |ϕ| < π
12

10 else,
(2.18)

where the radial coordinate r =
√
x2 + y2, ϕ = atan2(y, x), and the diffusion coefficient
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is set as κc = 0.01.

In Figure 2.14, we compare the performance of our anisotropic diffusion implemen‐

tation against the analytic solution given by

ϵc(x, y) =

{
10 + erfc

[(
ϕ+ π

12

)
r
D

]
− erfc

[(
ϕ− π

12

)
r
D

] (2.19)

whereD =
√
4κϵt. ϵc(x, y) = 10 everywhere else.

After evolving this simulation for 10 code time units, we see the initial wedge of uni‐

form cosmic‐ray energy density moving down its gradient around the magnetic fields

lines. The lower resolution runs have lower peak values of cosmic‐ray energy density and

show signs of cosmic‐ray transport perpendicular to the magnetic field direction. Both of

these properties improve with increased resolution. The best‐resolved simulation (800 x

800, fixed grid) matches the analytic solution well.

At a later time (t = 100 code units), the cosmic‐ray energy density has reached the

opposite side of the circle traced by the toroidal magnetic field lines. The energy den‐

sity approaches a steady state and is nearly evenly distributed around the annulus. In

low‐resolution runs, the average final cosmic‐ray energy is lower, due to conservation of

cosmic‐ray energy in the thicker rings.

2.7.4 Streaming

We test the behavior of our cosmic‐ray streaming implementation with a 1D simulation

of an initial Gaussian profile of cosmic‐ray energy density (see Figure 2.15). The initial

cosmic‐ray energy density profile is set by

ε = ε0e
−x2/2D, (2.20)

where x is the spatial coordinate. In our example, we chose constants ε0 = 100 and D =

0.05. We include a magnetic field in the x̂ direction of a strength of 0.25 in code units.
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We isolate the effects of cosmic‐ray streaming and diffusion by fixing the gas so that no

advection is taking place.

For cosmic‐ray diffusion, the analytic solution for the evolution of the cosmic‐ray en‐

ergy density over time is given by

ε = ε0

√
D

D + 2κεt
exp

(
−x2

2(D + 2κεt)

)
. (2.21)

The cosmic‐ray diffusion implementation follows the analytic solution well. Although

there is no analytic solution for the cosmic‐ray streaming case, our results are qualitatively

comparable to previous studies (e.g., Uhlig et al. (2012); Wiener et al. (2017)).
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Figure 2.13 Various parameters of the modified Brio‐Wu MHD shock‐tube as a function
of one dimensional position. (Top row) density, cosmic‐ray, thermal, and total pressure,
and thermal gas entropy. (Middle row) x‐component of the velocity, y‐component of the
velocity and magnetic field, ratio of cosmic‐ray density to thermal density. (Bottom row)
the density‐weighted x and y components of the velocity, and the total energy. Thermal
gas is influenced by the pressure of both cosmic rays and magnetic field lines.
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Figure 2.14 A 2D test of anisotropic diffusion of cosmic‐ray energy density along circular
magnetic field lines at an early time (t = 10; top row) and a late time (t = 100; bottom
row). The columns are ordered from left to right by increasing resolution, ending with
the analytic solution. With anisotropic diffusion, cosmic rays are confined to propagate
solely alongmagnetic field lines. Increasing resolution decreases the amount of diffusion
perpendicular to the magnetic field.
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Figure 2.15 A comparison of the time evolution of a 1D Gaussian profile with cosmic‐ray
streaming (green) and diffusion (blue). A magnetic field of strength 0.25 code units lies in
the x direction. The analytic solution for the cosmic‐ray diffusion profile is overplotted
as a black dotted line. Although no analytic solution exists for the cosmic‐ray streaming
case, our results qualitatively match previous studies.
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Chapter 3

THE IMPACT OF COSMIC RAYS ON THERMAL INSTABILITY IN THE
CIRCUMGALACTIC MEDIUM
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Portions of this chapter were originally published in collaboration with Drummond Fielding,

Christopher Hayward, Cameron Hummels, Thomas R. Quinn, and Jessica Werk in the November

2020 edition of The Astrophysical Journal (Butsky et al., 2020, ApJ, Vol. 903, 2; 2020 ©Ameri‐

can Astronomical Society, DOI: 10.3847/1538‐4357/abbad2), and are reproduced below with the

permission of the American Astronomical Society.

Summary

Large reservoirs of cold (∼ 104 K) gas exist out to and beyond the virial radius in the cir‐

cumgalactic medium (CGM) of all types of galaxies. Photoionization modeling suggests

that cold CGM gas has significantly lower densities than expected by theoretical predic‐

tions based on thermal pressure equilibriumwith hot CGM gas. In this chapter, we inves‐

tigate the impact of cosmic‐ray physics on the formation of cold gas via thermal instabil‐

ity. We use idealized three‐dimensional magnetohydrodynamic simulations to follow the

evolution of thermally unstable gas in a gravitationally stratified medium. We find that

cosmic‐ray pressure lowers the density and increases the size of cold gas clouds formed

through thermal instability. We develop a simple model for how the cold cloud sizes and

the relative densities of cold and hot gas depend on cosmic‐ray pressure. Cosmic‐ray pres‐

sure can help counteract gravity to keep cold gas in the CGM for longer, thereby increasing

the predicted cold mass fraction and decreasing the predicted cold gas inflow rates. Effi‐

cient cosmic‐ray transport, by streaming or diffusion, redistributes cosmic‐ray pressure

from the cold gas to the background medium, resulting in cold gas properties that are in

between those predicted by simulations with inefficient transport and simulations with‐

out cosmic rays. We show that cosmic rays can significantly reduce galactic accretion

rates and resolve the tension between theoretical models and observational constraints

on the properties of cold CGM gas.
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3.1 Introduction

Observations of H I Lyman series and low‐ion metal transitions in quasar absorption‐line

spectroscopy studies indicate that cold (∼104 K) gas exists around galaxies of all types out

to∼300 kpc (Chen et al., 2010; Prochaska et al., 2011; Tumlinson et al., 2013; Keeney et al.,

2018). Cold circumgalactic medium (CGM) gas makes up a substantial fraction (30−50%)

of galactic baryons (Werk et al., 2014) and may accrete onto galaxies to fuel star forma‐

tion. It is then particularly intriguing that the CGM of some quenched galaxies are ob‐

served to have massive reservoirs of cold gas (Thom et al., 2012; Berg et al., 2019). How

these galaxies remain quenched despite these large cold gas reservoirs is uncertain. It is

possible that they are about to resume star formation, that this gas is incapable of cooling

to the right temperatures in the interstellar medium (ISM), or perhaps that there is some

mechanism preventing this gas from accreting onto its host galaxy. Furthermore, careful

ionization modeling based on the COS‐Halos observations suggests that the densities of

cold CGM gas are at least an order of magnitude too low for the cold gas to be in ther‐

mal pressure equilibrium with the theoretically predicted pressure of hot CGM gas (Werk

et al., 2014). Although the density of the hot CGM gas phase is itself poorly constrained,

these observations are consistent with the presence of nonthermal pressure support in

the CGM. Understanding the origin and physical properties of cold CGM gas is integral to

a self‐consistent theory of galaxy evolution.

There are two families of explanations for the origins of cold CGM gas: the gas formed

elsewhere and was transported to the CGM, or the gas was formed in situ (Hafen et al.,

2019). Both of these mechanisms play a role to different degrees in different galaxies. Tra‐

ditionally, transporting cold gas from the ISM to the CGM has been challenging, as the

survival times of cold gas embedded in a hot medium are short (McKee and Cowie, 1975;

Zhang et al., 2017). However, there is a wealth of multiwavelength observations support‐

ing the existence of multiphase outflows (Heckman et al., 2000; Chen et al., 2010; Ashley

et al., 2020; Burchett et al., 2020; Fluetsch et al., 2020) and theoreticalworks demonstrating
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prolonged survival and growth of cold gas in a hot wind (McCourt et al., 2015; Thompson

et al., 2016;Wiener et al., 2017; Schneider et al., 2018; Gronke and Oh, 2018; Fielding et al.,

2020a; Li et al., 2020). It remains unclear if the amount of cold gas entrained in outflows

is enough to explain the observed abundance of cold CGM gas.

Alternatively, cold gas can form directly out of a hot (∼ 106 K) medium through ther‐

mal instability (Field, 1965). When the cooling time of gravitationally stratified hot gas

in thermal hydrostatic equilibrium is ≲ 10 times the gravitational freefall time, small

isobaric perturbations can drive runaway cooling, resulting in cold gas condensation and

precipitation (McCourt et al., 2012; Sharma et al., 2012; Voit et al., 2015). Although thermal

instability in gravitationally stratified gas was originally invoked to explain observations

of galaxy clusters (Gaspari et al., 2012; Sharma and Nath, 2012b), thermal instability is be‐

lieved to also play an integral role in producing cold CGM gas and regulating the baryon

cycle (Fielding et al., 2017; Voit et al., 2017, 2019; Esmerian et al., 2020). Both cosmological

and idealized simulations have explored the impact of a broad range of processes on ther‐

mal instability including thermal conduction (Sharma et al., 2010;Wagh et al., 2014), mag‐

netic fields (Ji et al., 2018), turbulence (Voit, 2018), the shape of the gravitational potential

(Meece et al., 2015; Choudhury and Sharma, 2016), and perturbation amplitude (Pizzolato

and Soker, 2005; Singh and Sharma, 2015; Choudhury et al., 2019). While the impact of

cosmic rays has largely been ignored in simulations of thermal instability, Sharma et al.

(2010) used two‐dimensional simulations to show that the presence of adiabatic cosmic

rays decreases the density of cold gas that forms through thermal instability.

Cosmic rays are likely an important source of energy in the CGM. In the Milky Way

ISM, cosmic‐ray energy is roughly in equipartition with thermal and magnetic energies

(Ginzburg and Ptuskin, 1985; Boulares and Cox, 1990), and many recent simulations have

shown that cosmic rays launch far‐reaching galactic outflows (Uhlig et al., 2012; Booth

et al., 2013; Girichidis et al., 2016; Simpson et al., 2016; Ruszkowski et al., 2017; Bustard

et al., 2020; Jana et al., 2020), altering the phase structure of the CGM (Salem et al., 2016;

Butsky and Quinn, 2018; Buck et al., 2020; Ji et al., 2020a). Galaxy‐scale simulations that
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include cosmic rays find that cosmic‐ray pressure may even be the dominant source of

pressure in the CGM (Girichidis et al., 2018; Ji et al., 2020a).

There are several ways in which cosmic rays could alter the thermal instability in CGM

gas. nonthermal cosmic‐ray pressure supports cold gas, enabling it to cool isochorically

(Sharma et al., 2010; Kempski and Quataert, 2020) andmay explain the inferred low densi‐

ties of cold CGM gas. Cosmic‐ray pressure also counteracts gravity and may prevent cold

halo gas from accreting onto the galaxy (Hopkins et al., 2020). In some transport approxi‐

mations, streaming cosmic rays transfer energy to the thermal gas and provide a source of

heating. In some regimes, this additional heating term can balance radiative cooling and

has been shown to prevent gas from overcooling in simulations of galaxy clusters (Guo

and Oh, 2008; Sharma et al., 2010; Jacob and Pfrommer, 2017a; Jacob et al., 2017). Linear

thermal stability analysis predicts that CGM gas (105K < T < 107K) is likely thermally

unstable in the presence of streaming cosmic rays, but the predicted thermal instabil‐

ity growth rate depends on the invoked cosmic‐ray transport mechanism (Kempski and

Quataert, 2020). However, linear analysis breaks down once thermal instability saturates,

and there is a strong need for simulations to further understand the cold gas properties

and subsequent evolution.

In this chapter, we run the first three‐dimensional simulations of thermal instabil‐

ity in a gravitationally stratified medium that include cosmic‐ray pressure with diffusion

and streaming. We focus our analysis on the properties of the cold gas that forms through

thermal instability and its implications for observations of cold CGM gas. The chapter is

organized as follows. In Section 3.2, we describe the initial conditions, model assump‐

tions, and the scope of the parameter study. In Section 3.3, we provide physical expecta‐

tions of the impact of cosmic‐ray pressure, transport, and heating on thermal instability.

In Section 3.4, we present the results of our simulations with a focus on the gas density,

cold mass fraction, and cold mass flux. In Section 3.5, we discuss the implications of

these results on cold cloud sizes, galaxy accretion rates, and the CGM pressure problem.

We summarize our findings in Section 3.6. In the Appendix, we demonstrate the impact
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of resolution (Appendix 3.7.1), cold gas temperature (Appendix 3.7.2), and halo profile

(Appendix 3.7.3).

3.2 Methods

We perform our simulations with the astrophysical simulation code, ENZO (Bryan et al.,

2014; Brummel‐Smith et al., 2019), using the magnetohydrodynamics (MHD) local Lax‐

Friedrichs (LLF; Kurganov and Tadmor, 2000) Riemann solver. This MHD solver uses the

piecewise linear reconstruction method (PLM; van Leer, 1977) and performs divergence

cleaning of themagnetic field as described in Dedner et al. (2002) and tested inWang et al.

(2008). We perform all simulations on a 3‐dimensional grid with uniform resolution.

In addition to the standard Euler equations, which define the conservation of mass,

momentum, and energy in hydrodynamics simulations, our simulations also conserve

the magnetic flux and cosmic‐ray energy. The following equations describe the evolution

of the gas, magnetic field, and cosmic‐ray fluids.

∂ρ

∂t
+∇ · (ρv) = 0 (3.1)

∂(ρv)
∂t

+∇ ·
(
ρvvT − B · ∇B

4π

)
+∇Ptot = −ρg (3.2)

∂B
∂t

+∇ · (BvT − vBT) = 0 (3.3)

∂εg
∂t

+∇ · (vεg) = −Pg∇ · v− L+H +Hc (3.4)

∂εc
∂t

+∇ · Fc = −Pc∇ · v−Hc (3.5)
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Fc = vεc
advection

+ vs(εc + Pc)

streaming

−κcb(b · ∇εc)
diffusion

(3.6)

In the equations above, ρ is the gas density, v is the gas velocity vector, g is the grav‐

itational acceleration, and t is the time variable. B is the magnetic field vector and b is

the magnetic field direction, b = B/|B|. L and H are the gas cooling and heating terms

defined in section 3.2.2. εg and εc are the gas and cosmic‐ray energy densities (energy

per volume). Pg = (γ − 1)εg, PB = B2/8π, Pc = (γc − 1)εc are the gas, magnetic, and

cosmic‐ray pressures. Together, they comprise the total pressure, Ptot = Pg + PB + Pc.

The adiabatic indices are γ = 5/3, and γc = 4/3 respectively.

Fc describes the cosmic‐ray flux, which encompasses advection, streaming, and diffu‐

sion. In the streaming approximation, cosmic rays move along magnetic field lines at the

streaming velocity,

vs = −sgn(b · ∇εc)vA, (3.7)

and heat the gas at a rate proportional to the Alfvén velocity,

Hc = |vA · ∇Pc|. (3.8)

In the equations above, sgn returns the sign of the enclosed expression, and the Alfvén

velocity is defined as vA = B/
√
4πρ. We note that the streaming term is always positive, so

that energy is only ever transferred from the cosmic rays to heat the gas. When streaming

is turned off, Hc = 0. In the diffusion approximation, we assume a constant cosmic‐ray

diffusion coefficient, κc. Whenmodeling cosmic‐ray transport, we either invoke diffusion

or streaming. Cosmic‐ray advection is always turned on. For an in‐depth description of

the implementation and tests of the anisotropic cosmic‐ray physics in ENZO, see chapter

2.
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3.2.1 Initial Conditions

The initial conditions model the behavior of a column of gas extending off the disk of

a galaxy into the CGM. The physical domain is comprised of a gravitationally stratified

medium in hydrostatic equilibrium, similar to the simulations described inMcCourt et al.

(2012) and Ji et al. (2018). The gravitational acceleration is given by the following expres‐

sion:

g = g0
z/a

[1 + (z/a)2]1/2
ẑ. (3.9)

Here, z is the vertical distance from themidplane, g0 is a constant acceleration factor, and

a is the gravitational smoothing length scale. This definition ensures that the gravitational

acceleration goes smoothly to zero at the midplane but is nearly constant for |z| > a. The

corresponding gas freefall time from a position, z, above the disk midplane is:

tff =

√
2z

g0
. (3.10)

Using the criterion for hydrostatic equilibrium, dPtot/dz = −ρ(z)g(z), we derive the

total pressure profile, Ptot(z), from the gravitational acceleration profile. We initialize

magnetic and cosmic‐ray pressures to be constant fractions of the gas pressure through‐

out, β = Pg/PB and η = Pc/Pg. Therefore, the the total pressure can be expressed as a

multiple of the thermal pressure: Ptot = (1 + β−1 + η)Pg.

Given the derived vertical pressure profile, we can choose a variety of gas density and

temperature profiles (ρ(z), T (z)) – so long as they obey the ideal gas law: P = nkBT .

We consider two such halo profiles: isothermal (constant temperature) and “iso‐cooling”

(constant cooling time).

In the isothermal halo, the density and temperature profiles are described by

ρ(z) = ρ0exp
[
− a

H

(
1 + β−1 + η

)([
1 + (z/a)2

]1/2)] (3.11)

T (z) = T0. (3.12)
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We define the scale height,H = g0/c
2
s, and choose a gravitational smoothing length scale,

a = 0.1H. In the purely hydrostatic case (β = ∞, η = 0), the temperature and density pro‐

files described above are identical to those described in McCourt et al. (2012) and Ji et al.

(2018). In simulations with β < ∞, the magnetic field is initialized to have a constant β

everywhere so that magnetic pressure contributes to hydrostatic equilibrium. This is dif‐

ferent from the initial conditions described in Ji et al. (2018), in which the magnetic fields

do not contribute to hydrostatic equilibrium and are initialized with a constant magnetic

field strength throughout.1

When the cosmic‐ray and magnetic pressures contribute to hydrostatic equilibrium,

the thermal gas contributes less to balancing gravity. Therefore, in the isothermal halo

profile, nonthermal pressure changes the steepness of the vertical gas density profile

(Eq. 3.11). Since gas cooling times are proportional to the square of the density, simu‐

lations with an isothermal halo profile initialized with different amounts of nonthermal

pressure will have different cooling time profiles, tcool(z). The differences in cooling times

as a function of heightmakes it difficult to discern the impact of nonthermal pressure sup‐

port from the impact of different cooling times on the onset of thermal instability. For

this reason, we consider a new hydrostatic gas profile, in which the density and tempera‐

ture of the gas are calibrated such that cooling time is constant everywhere (“iso‐cooling”;

Meece et al., 2015). Using this new constraint, the temperature and density profiles in the

“iso‐cooling” setup are given by

T (z) = T0

[
1− 1

2− α

a

H

(
1 + β−1 + η

)([
1 + (z/a)2

]1/2 − 1

)]
, (3.13)

ρ(z) = ρ0

(
T

T0

)1−α

, (3.14)

where α is the power‐law index of the cooling function (see Section 3.2.2).

Both the isothermal and “iso‐cooling” profiles describe gas distributions that are ho‐

1The choice of initial magnetic field configuration does not qualitatively impact the results.
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mogeneous at a every height, z. However, thermal instability needs local inhomogeneity

in order to grow. We seed the instability by introducing small isobaric perturbations with

wavenumbers, k, such that 4 ≤ (kL/2π) ≤ 32, and a root‐mean‐square perturbation am‐

plitude of 0.02.

We choose the constants g0 = 5 × 10−10 cm s−2 (so that the gravitational freefall time

at the scale height is 7.37 × 108 yr), ρ0 = 10−27 g cm−3, and T0 = 106K. In physical units,

the scale height,H, is 43.85 kpc. Although these constants are chosen to represent typical

gas properties in the CGM of an L∗ galaxy, the simulations are scale‐free and insensitive

to the choice of physical parameter values.

Our fiducial simulations are performed in tall, skinny boxes with resolution of 64 x

64 x 256. The vertical axis spans 4 H in the “iso‐cooling” profile and 6 H in the isother‐

mal profile. The horizontal axes span 1 H in both profiles. We have confirmed that the

choice of geometry does not affect the properties of the resulting thermal instability. The

x̂ and ŷ boundaries have periodic boundary conditions, and the ẑ boundary has “hydro‐

static” boundary conditions. At the hydrostatic boundary, fluid values are interpolated

quadratically from the horizontally averaged values in the preceding cells, with a couple

of notable exceptions: (1) the vertical velocity is set to zero and (2) the magnetic field is

set to its value in the nearest vertical layer.

3.2.2 Cooling and Heating

Both cooling and heating are crucial to developing local thermal instability in a globally

stable atmosphere. Without a heating mechanism, simulations suffer from a cooling

catastrophe. We assume that the gas is optically thin and cools radiatively following a

simple power‐law function described below.

L = n2Λ(T ), (3.15)

Λ(T ) = Λ0T
α erg cm3 s−1, (3.16)



82

for Tmin < T < Tmax. For our fiducial runs, we use α = −2/3, which is a reasonable

approximation of the real cooling curve in the CGM. The truncated cooling term, Tmin,

regulates the minimum temperature in our simulation which is ∼ T0/20. We use a tanh

function to let the cooling rate go smoothly to zero near T = Tmin and T = Tmax. Trun‐

cating the cooling curve at Tmin allows us to control the characteristic temperature of the

cold gas. Since the size of cold gas clouds is proportional to the cooling time, the choice

of Tmin also prevents the simulation from prohibitively short time steps or severely un‐

derresolved cold gas clouds. The truncation at Tmax does not impact the simulation, as

the cooling times in the hot phase are much longer than the duration of the simulation.

The constant Λ0 is a free parameter that is used to change the ratio of the cooling time to

freefall time in the simulations. The cooling time of gas is given by:

tcool =
kBT

(γ − 1)nΛ(T )
, (3.17)

where kB is the Boltzmann constant.

Observations of high columndensities imply that theCGM is likely long‐lived and glob‐

ally stable (Tumlinson et al., 2011; Stocke et al., 2013; Werk et al., 2014). We model this

global stability by balancing the total cooling with a mass‐weighted heating in each verti‐

cal layer, so that the heating in a given cell is

Hi = ρi
⟨L⟩
⟨ρ⟩

, (3.18)

where the angled brackets represent the volume average of the enclosed quantity in a

vertical layer. Since ENZO explicitly tracks the specific energy (e = εg/ρ), we modify the

above equations so that the cooling and heating in each cell becomes

∆ei,cool = ∆t
Li

ρi
(3.19)
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∆ei,heat = ∆t
⟨Li⟩
⟨ρi⟩

. (3.20)

In the equations above, Hi and Li are the volumetric heating and cooling in a given

cell, i, and ∆t is the current simulation time step. Ultimately, we model global thermal

equilibrium by ensuring that the total cooling in each vertical layer is exactly balanced by

the total heating. The fiducial simulations with cosmic‐ray streaming have an additional

perturbative heating term,Hc, that is not accounted for inH above.

We turn off all cooling and heating within 0.1H of the midplane to prevent unphysical

runaway cooling. Similarly, we turn off all cooling and heating within 0.05H of the ver‐

tical domain boundaries to prevent any unphysical precipitation seeded by the boundary

conditions.

3.2.3 Parameter Survey Description

We systematically vary the parameters described below.

Cooling time: We keep the gravitational freefall time fixed and varyΛ0 to achieve the fol‐

lowing ratios of cooling time to freefall time (measured at z = H): tcool/tff ∈ [0.1, 0.3, 1, 3, 10].

All simulations are evolved for t = 10tcool.

Magnetic field strength: For every cooling time above, we run simulations with β ∈

[∞, 100, 10, 3]. Our fiducial runs have β = 100.

Cosmic‐ray pressure: For every combination of initial cooling time and magnetic field

strength, we vary the initial ratio of cosmic‐ray pressure to gas pressure, η = Pc/Pg ∈

[0, 0.01, 0.1, 1, 10]. Additionally, we run a small subset of the parameter space with an

initial Pc/Pg = 3.0.

Cosmic‐ray transport:
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Advection: The simulationswith cosmic‐ray pressure described above all include cosmic‐

ray advection. Simulations with additional cosmic‐ray transport are run for tcool/tff =

0.1− 3.

Diffusion: For every simulation with β = 100, we run simulations with three different

diffusion coefficients, κc ∈ [7.9 × 1028, 2.6 × 1029, 7.9 × 1029] cm2 s−1, corresponding to

diffusion time scale ratios of tdiff/tff ∈ [10, 3, 1]. We define the diffusion time scale as

tdiff = H2/κc. In the diffusion transport prescription, the transport velocity only de‐

pends on the direction of the magnetic field and not its strength. Therefore, our choice

of β = 100 allows us to better isolate the effects of cosmic‐ray transport from those of

magnetic fields. Simulations with cosmic‐ray diffusion have no cosmic‐ray streaming

and no cosmic‐ray heating.

Streaming: For every initial cosmic‐ray pressure, we turn on cosmic‐ray streaming in

runs with β ∈ [100, 10, 3]. Since the cosmic‐ray streaming velocity depends on the mag‐

netic field strength (Eq. 3.7), this effectively models cosmic‐ray streaming at three dif‐

ferent transport rates, tstream/tff ∈ [6, 1.8, 1], where tstream = H/vA.

The fiducial simulations with cosmic‐ray streaming have an additional heating term,

Hc, that is not present in cosmic‐ray diffusion. To separate out the impact of cosmic‐

ray heating, we run each streaming simulation with and without the additional heating

term. Runs with streaming but without cosmic‐ray heating are marked with the label

“no heating” for clarity. Simulations with cosmic‐ray streaming have no cosmic‐ray dif‐

fusion (κc = 0).

Miscellaneous: The parameters listed above summarize the fiducial simulation suite.

However, there are a few additional parameters that we vary for a subset of the above

simulations. Most of the simulations described below are discussed in Section 3.4.6 and

in the Appendix.

Resolution: The fiducial resolution of our simulations is 64 × 64 × 256 cells across a
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simulation domain of 1 × 1 × 4H. We also run a subset of the above simulations with

half and double the resolution elements.

Halo profile: Our fiducial simulations have an “iso‐cooling” profile. We also run a subset

of simulations with an isothermal gas profile.

Cold gas temperature: The fiducial simulation suite has a Tmin = 5× 104K. We also run a

handful of simulations with Tmin = 1× 104K.

3.3 Physical Expectations

3.3.1 Classical Thermal Instability

Classical thermal instability describes how the interplay of local cooling and heating in a

globally stable gas leads to condensation and the formation of a two‐phasemedium. Con‐

sider an initially uniform patch of hot gas that undergoes a small density perturbation.

Since heating rates are proportional to density while cooling rates are proportional to den‐

sity squared, the perturbed overdense gas will cool faster than it can be heated. As the

gas cools and condenses, its cooling rate continues to increase, until the cold gas reaches

a new equilibrium temperature. The initially uniform single‐phasemedium is now trans‐

formed into a two‐phasemediumwith cold gas cloudlets in pressure equilibriumwith the

volume‐filling hot gas.

The growth rate of thermally unstable gas can be derived analytically, measured by

the density fluctuation:
δρ

ρ
=
ρ− ⟨ρ⟩
⟨ρ⟩

. (3.21)

By perturbing Eqs. 3.1 ‐ 3.4, we can determine the dispersion relation and solve for the

characteristic growth time scale of the thermal instability under different conditions. For

gaswith a simple power‐law cooling function andmass‐weighted heating, the exponential

growth rate of the thermal instability is characterized by tTI (McCourt et al., 2012; Sharma
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et al., 2012):

tTI =
γtcool

(1− dlnΛ/dlnT )
. (3.22)

In the expression above, dlnΛ/dlnT = α is the logarithmic slope of the cooling function.

In the presence of gravity, buoyancy forces (characterized by the freefall time) become

important. Assuming gas is initially in hydrostatic equilibrium, an overdense parcel of

gas will begin to sink in the direction of the gravitational acceleration. As the cold gas

sinks, its surroundings become progressively more dense, and the cold gas experiences

compressive heating. If the cooling time is sufficiently fast, the overdense gas will form

into cold cloudlets (“condensation”) and fall down the potential well towards the galaxy

(“precipitation”). Alternatively, if the cooling time is slow the overdense parcel of gas will

be compressively heated faster than it can cool, preventing condensation.

The balance between radiative cooling and compressive heating is often expressed as

the ratio of the gas cooling time and freefall time, tcool/tff. If tcool/tff is less than 1, cooling

is considered efficient and cold gas is expected to form. If tcool/tff is greater than one but

is less than ∼ 10 − 20, cold gas may still form with the help of magnetic fields or large

density perturbations (Meece et al., 2015; Voit et al., 2017; Ji et al., 2018; Prasad et al.,

2018; Choudhury et al., 2019). The median ratio of tcool/tff in the CGM is expected to be

between 5 and 20 (Esmerian et al., 2020).

Magnetic fields enhance thermal instability in gas with tcool/tff ≥ 1 in two ways. Mag‐

netic tension can directly counteract compressive heating by supporting overdense gas

against gravity so that it cools in‐situ. Magnetic tension can also indirectly counteract

compressive heating by confining pressurized hot gas (Ji et al., 2018).

3.3.2 Thermal Instability with Cosmic rays

The behavior of cosmic rays in galaxy‐scale simulations is well modeled as that of a rela‐

tivistic fluid. This cosmic‐ray fluid interacts with the gas by providing nonthermal pres‐

sure support (Pc in Eqs. 3.2 and 3.4), and, in some cases, by heating the thermal gas (Hc in
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Eqs. 3.4 and 3.5). The cosmic‐ray fluid moves both with the gas (advection) and relative to

the gas, along magnetic field lines. The latter motion is typically approximated by either

diffusion or streaming.

The impact of cosmic rays on thermal instability depends on how cosmic‐ray pressure

scales with gas density, Pc ∝ ργc,eff. In the limit of inefficient cosmic‐ray transport (i.e.,

advection only), cosmic rays are fully coupled with the gas, and γc,eff = γc = 4/3. Cosmic‐

ray transport redistributes cosmic‐ray pressure from high‐density to low‐density regions,

effectively lowering γc,eff. In the limit of very efficient cosmic‐ray transport, cosmic‐ray

pressure decouples from the gas and γc,eff → 0. The exact value of γc,eff depends on the

balance of the efficiency of cosmic‐ray transport, the ratio of cosmic‐ray pressure to gas

pressure, the gas cooling time, and the Alfvén velocity.

In the discussion below, we provide a brief overview of the relevant cosmic‐ray physics

and provide some intuition for how different aspects of the cosmic‐ray fluid can affect

thermal instability. We first focus on the impact of cosmic‐ray pressure in the limit of

no cosmic‐ray transport and make predictions for the gas density contrast and cold cloud

sizes. We then discuss the expected qualitative impact of cosmic‐ray transport.

Thermal Instability with Cosmic‐ray Pressure

Cosmic‐ray pressure can convert thermal instability from an isobaric to an isochoric pro‐

cess. Unlike regular gas, cosmic rays do not lose energy through radiative cooling. In a

purely thermal gas, a cooling cloud condenses to balance its change in temperature in

order to remain in pressure equilibrium with the hot medium. In the presence of cosmic

rays, as a cooling cloud contracts, its nonthermal cosmic‐ray pressure grows. The added

pressure support lets gas cool without contracting asmuch, since the cooling cloud needs

to be in total pressure equilibrium, Ptot = Pg + PB + Pc. With sufficiently high cosmic‐ray

pressures, gas cools at constant density (isochorically; Sharma et al., 2010; Kempski and

Quataert, 2020).
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This nonthermal pressure support increases the size of cold gas clouds, ℓcloudlet, and

lowers the density contrast, δ, between the cold and hot gas phases,

δ =
⟨ρcold⟩
⟨ρhot⟩

. (3.23)

We introduce a simple model for how these quantities depend on cosmic‐ray pressure

below.

Assuming that the total pressure stays constant, (Pg+PB+Pc)cold = (Pg+PB+Pc)hot, and

that the magnetic and cosmic‐ray pressures scale with gas density, we expect the density

contrast to follow

PB,hot = β−1
coldPg,cold

(
ρhot
ρcold

)γB

,

Pc,hot = ηcoldPg,cold

(
ρhot
ρcold

)γc,eff

,

(3.24)

we expect the density contrast to follow:

(
1 + β−1

cold + ηcold
)
=

Θ

δ
+
β−1
cold
δγB

+
ηcold
δγc,eff

, (3.25)

where ηcold, βcold are evaluated in the cold gas, and Θ = Thot/Tcold is the temperature con‐

trast between the hot and cold gas phases. The temperature contrast is set by the details

of the atomic physics that determines the cooling curve and is independent of magnetic

fields and cosmic rays. The constant γB = 4/3 describes how magnetic pressure scales

with gas density, PB ∝ ργB, in the flux‐freezing limit of ideal MHD. This is similar to the

advection‐only limit of cosmic‐ray transport. We explore the application of the predicted

density contrast in Section 3.4.6 and in Appendix 3.7.2.

The characteristic scale of cold gas clouds is predicted to be set by the minimum of

the product of the gas sound speed and cooling time2, ℓcloudlet ∼ min(cstcool) (McCourt

2The minimum value of cstcool is expected to happen around T ≈ 104.2K for a variety of gas pressures
(Liang and Remming, 2020).
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et al., 2018). Both the effective sound speed and the gas cooling time may be altered by

nonthermal pressure support.

In the presence of magnetic fields and cosmic rays, the maximumwave speed is given

by, c2max = c2s+v2A+c2s,c, where cs =
√

(γPg/ρ) is the thermal gas sound speed, vA =
√

2PB/ρ

is the Alfvén velocity, and cs,c =
√
γc,effPc/ρ is the cosmic‐ray sound speed. We can rewrite

themaximumwave speed as a function of the ratios ofmagnetic and cosmic‐ray pressures

to the gas pressure, β and η:

cmax = cs

(
1 +

2

γ
β−1 +

γc,eff
γ

η

)1/2

. (3.26)

Assuming that gas cooling follows a power law (Eq. 3.16), the gas cooling time scales

as:

tcool =
3
2
ρkBT(

ρ2

µmp

)
Λ0Tα

∝ ρ−1T 1−α, (3.27)

where µ is the mean molecular weight andmp is the proton mass. Since the temperature

of cold gas is set by the cooling curve and isn’t affected by nonthermal pressure, we expect

nonthermal pressure to only alter the density in the cooling time scaling relation. Com‐

bining the expected expression for the cold cloud size with Eqs. 3.26 and 3.27, we predict

the nonthermal pressure‐supported cold gas cloud size, ℓ∗cloudlet, to scale as:

ℓ∗cloudlet
ℓcloudlet

=

(
ρcold
ρ∗cold

)(
1 +

2

γ
β−1
cold +

γc,eff
γ

ηcold

)1/2

, (3.28)

where ρ∗cold is the density of nonthermal pressure‐supported cold gas. In the limit of high

cosmic‐ray pressure (Eq. 3.25), the cold gas density is the same as the hot gas density,

ρ∗cold = ρhot, so the ratio ρcold/ρ∗cold ≈ Θ can be expressed in terms of the temperature

contrast between cold and hot phases. For a cosmic‐ray‐pressure‐supportedmediumwith
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inefficient transport (γc,effηcold ≫ 1), we expect:

ℓ∗cloudlet,η≫1

ℓcloudlet
≈ Θ

(
γc,eff
γ

ηcold

)1/2

. (3.29)

Following Eq. 3.29, we expect simulations with Θ = 20, Pg,0 = 490Kcm−3, ηcold = 100

to have cold cloud sizes, ℓ∗cloudlet ≈ 200 ℓcloudlet ≈ 40 kpc, which is in good agreement with

the results discussed below (see Section 3.4.2). In the real CGM, the temperature con‐

trast between hot and cold phases is closer to Θ = 100 and the range of gas pressures

Pg/kB ∼ 1− 103 Kcm−3 gives predicted cold cloudlet sizes of ℓcloudlet ∼ 1− 1000 pc. There‐

fore, in the limit of no cosmic‐ray transport in a cosmic‐ray‐pressure dominated halo, we

expect cold cloud sizes to be to∼ 1000 times larger than predicted for cold gas in thermal

pressure equilibrium. This prediction is an upper limit for cold cloud sizes in a cosmic‐

ray‐pressure‐supported halo as realistic cosmic‐ray transport will reduce γc,eff, thereby

reducing the predicted cold cloud increase.

In addition to altering cold gas density and cloud size, cosmic‐ray pressure also con‐

tributes to hydrostatic equilibrium and changes the effective entropy profiles of the gas.

This could prevent cold gas clumps from precipitating after they condense out of the hot

background medium. Additionally, if the cosmic‐ray scale height is sufficiently large rel‐

ative to the gas scale height, Hc/Hg ≥ 5/2, gas becomes convectively unstable (Kempski

and Quataert, 2020). Our simulations are initialized with constant η, so Hc/Hg is always

close to 1.

Thermal Instability with Cosmic‐ray Transport

In addition to advection, the cosmic‐ray fluid moves relative to the gas via some transport

mechanism. Although there is no consensus as to which transport mechanism produces

the most realistic results in galaxy simulations (Butsky and Quinn, 2018; Farber et al.,

2018; Buck et al., 2020; Hopkins et al., 2021b), cosmic‐ray transport has been historically

modeled as either streaming or diffusion. Physically, both streaming and diffusionmodel
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how perturbations in the magnetic field lines scatter the pitch‐angle of the cosmic‐ray

orbit. The main difference lies in the assumption about what is driving the perturbations

in the magnetic field, either the streaming instability (streaming) or extrinsic turbulence

(diffusion).

In the fluid approximation, both cosmic‐ray streaming and cosmic‐ray diffusionmodel

how cosmic raysmove alongmagnetic field lines, down the cosmic‐ray pressure gradient.

In the diffusion approximation, the transport rate is set by the constant diffusion coeffi‐

cient, κc, and in the streaming approximation, the transport rate is set by the local Alfvén

velocity. Since cosmic‐ray transport reduces the nonthermal pressure support in cold gas,

we expect simulations with cosmic‐ray transport to have smaller cold cloud sizes, higher

gas densities, and higher cold mass flux rates than simulations with only cosmic‐ray ad‐

vection. However, the quantitative impact on thermal instability will be sensitive to the

details of the cosmic‐ray transport model parameters.

In the streaming approximation of cosmic‐ray transport, cosmic rays heat the gas at a

rate proportional to the Alfvén velocity and cosmic‐ray pressure gradient (Hc in Eqs. 3.4

and 3.5). We expect cosmic‐ray heating to be significant in gas with low β and high η

(Kempski and Quataert, 2020). This heating process is also more efficient in simulations

with larger tcool/tff, which are evolved long enough for cosmic‐ray transport processes to

become important.

Cosmic‐ray transport also alters the growth rate of the thermal instability. In the limit

of no cosmic‐ray pressure, the growth rate is that predicted by classical thermal instability.

In the limit of high cosmic‐ray pressure, the growth rate depends on the invoked cosmic‐

ray transport mechanisms (see Kempski and Quataert (2020) for detailed derivations).

While the discussion above provides some intuition of the isolated impacts of cosmic‐

ray pressure, transport, and heating, simulations are necessary to study the interplay of

these effects in the nonlinear regime.
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Figure 3.1 Projections of the gas density for different initial values of tcool/tff. The di‐
mensions of each slice are 1H x 2H in the x̂ and ẑ directions respectively and the projec‐
tion depth in ŷ is 1H (43.85 kpc). The simulations showcased above were initialized with
β = 100 and no cosmic rays. Since the simulations are symmetric about the midplane,
we only show the top half of the domain. The snapshots are taken at t = 4tcool, which cor‐
responds to longer physical times for simulations with higher tcool/tff. As expected, there
is a direct relationship between the value of tcool/tff and the condensation of dense, cold
gas. Simulations evolved for longer physical times show signs of cold gas precipitating to‐
wards the midplane. However, in simulations with tcool/tff ≥ 3, insufficient condensation
occurs to form appreciable amounts of cold gas.
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3.4 Results

In the following sections, we quantify the evolution of thermal instability by measuring

three quantities: the density fluctuation, the cold mass fraction, and the cold mass flux.

We focus our analysis around the scale height, 0.8H ≤ |z| ≤ 1.2H. This region is both

sufficiently thick to capture the relevant effects and sufficiently removed from the sim‐

ulation center and boundaries (see Figure 3.1). We first show the growth and saturation

of thermal instability without cosmic rays for a wide range of initial tcool/tff values. We

then show the impact of cosmic‐ray pressure in advection‐only simulations, followed by

the impact of various cosmic‐ray transport models.

The density fluctuation, δρ/ρ (Eq. 3.21), measures the variance in density values be‐

tween the cold and hot phases. In the early stages of thermal instability, the density

fluctuation grows following a power law that depends on the slope of the cooling func‐

tion (Eq. 3.22). At late times, the density fluctuation saturates. At very late times, the

measured density fluctuation may decrease as cold gas clumps precipitate from the scale

height down to the simulation midplane.

The coldmass fractionmeasures the total mass of cold gas as a fraction of the total gas

mass (Mcold/Mtotal). The average temperature of cold gas in the simulation is set by Tmin,

which is 5×104K in our fiducial simulations. However, since the temperature distribution

is highly bimodal (see Section 3.5), we define cold gas to be T ≤ 3× 105K in our analysis.

Like the density fluctuation, the cold mass fraction near the scale height can decrease at

late times as cold gas clumps precipitate and fall towards the midplane.

The cold mass flux,
Ṁcold

Ṁff
= ρcoldvin

tff
ρ0H

, (3.30)

measures the rate at which cold gas precipitates towards themidplane, normalized by the

freefall mass flux.3 The quantity vin = −vz · ẑ measures the infalling velocity of cold gas

3Our initial conditions satisfy hydrostatic equilibrium and there is no initial mass flux.
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clouds. Since the simulations are run for a constant number of cooling times, simula‐

tions with larger tcool/tff have time to accelerate to larger vin velocities. Larger inflowing

velocities result in an increase in the coldmass flux (assuming the simulation formed cold

gas). Later, we will demonstrate how cosmic‐ray pressure can suppress cold mass flux by

limiting vin.

3.4.1 Thermal Instability Without Cosmic rays

We first demonstrate the onset of thermal instability without cosmic‐ray physics. Fig‐

ure 3.1 shows density projections of simulations with β = 100, and varying initial values

of tcool/tff. These snapshots are pictured after the simulations have evolved for 4 cool‐

ing times,4 which is roughly when the density fluctuation saturates (see Figure 3.2). In

simulations with short cooling times, cold gas condenses out of the background medium

much faster than the gravitational free fall time. Therefore, after several cooling cycles,

there is still plenty of cold gas high in the “atmosphere”. For larger values of tcool/tff, the

gravitational acceleration becomesmore important, and condensed gas clumps start pre‐

cipitating down towards the midplane. The size of the cold condensed gas clumps is also

visibly larger in simulations with larger tcool/tff, because cloud sizes are proportional to

the cooling time, and because cold gas cloudlets have hadmore time to coagulate (Gronke

and Oh, 2020). There is no sign of thermal instability in the simulation with tcool/tff = 10.

The left panel of Figure 3.2 quantifies the time evolution of the average density fluc‐

tuation, ⟨δρ/ρ⟩, measured at z = 0.8‐1.2H, for the five simulations pictured in Figure 3.1.

At early times, the density fluctuation for simulations with tcool/tff ≤ 1 grows at the rate

predicted by linear theory (see Eq. 3.22). The thermal instability saturates after about

roughly 4 cooling times. The saturated density fluctuation value is higher for simulations

with lower tcool/tff and are generally consistent with those presented in McCourt et al.

(2012) and Ji et al. (2018). For tcool/tff ≥ 0.3, the density fluctuation decreases at late times

4Since the projections were generated after the same number of cooling cycles, this means that simula‐
tions with longer cooling times were run for longer physical times.



95

Figure 3.2 The time evolution of the density fluctuation (⟨δρ/ρ⟩; left), cold mass fraction
(Mcold/Mtotal; middle), and infalling cold mass flux (Ṁcold/Ṁff; right). The different lines
show different initial values of the ratio of cooling time to freefall time at the scale height.
The black dashed line in the left panel shows the linear theory prediction for the density
fluctuation growthwithmass‐weighted heating and a logarithmic cooling slope, α = −2/3
(Eq. 3.16). All values are measured between 0.8 and 1.2 times the scale height. The fidu‐
cial simulations presented are initialized with β = 100. The x‐axis values are scaled by
the cooling time of the simulation, so that simulations with higher values of tcool/tff are
evolved over longer physical times. This figure demonstrates thermal instability without
cosmic rays: simulations with lower tcool/tff show higher density fluctuations and cold
mass fractions. Although the cold mass fraction is significantly higher in simulations
with tcool/tff = 0.1−0.3 than in simulations with tcool/tff = 1, their cold mass flux rates are
comparable shortly after the saturation of the thermal instability. This is because simula‐
tions with longer tcool/tff have been evolved for longer physical time, and have developed
a higher inflow velocity, vin = −v · ẑ.

as cold gas precipitates from the scale height towards the midplane.

Themiddle panel of Figure 3.2 shows the time evolutionof themass fraction,Mcold/Mtotal,

of cold gas. The cold mass fraction is nearly identical for runs with tcool/tff = 0.1 and

tcool/tff = 0.3 for the majority of the simulation. At late times (t ≳ 2 tff), the cold mass

fraction decreases as cold gas clouds begin to precipitate. There is no sign of precipita‐

tion in the simulation with tcool/tff = 0.1, since it was only evolved for t = 10 tcool = 1 tff.

The simulation with tcool/tff = 1 only reaches a cold gas mass fraction of about 0.1 be‐

fore the cold gas clumps precipitate out of the halo. Unsurprisingly, simulations with

tcool/tff ≥ 3 do not form substantial amounts of cold gas.
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Figure 3.3 The average density fluctuation (⟨δρ/ρ⟩; left), cold mass fraction (Mcold/Mtotal;
middle), and cold mass flux (Ṁcold/Ṁff; right) as a function of the initial tcool/tff for simu‐
lations with varying initial magnetic field strengths, in the absence of cosmic rays. The
measurements are taken between 0.8 and 1.2H and averaged over all outputs between 4
and 6 tcool, which corresponds to the saturated phase of the thermal instability (see Fig‐
ure 3.2). Magnetic fields suppress buoyancy oscillations, which simultaneously enhances
the formation of cold gas through thermal instability for simulations with higher tcool/tff
and decreases the inflowing cold mass flux in simulations with lower tcool/tff.

The right panel of Figure 3.2 shows the time evolution of the cold mass flux towards

the midplane, Ṁcold/Ṁff. Although the simulation with tcool/tff = 1 has a lower cold mass

fraction near the scale height than simulations with tcool/tff = 0.1, 0.3, it has comparable

cold mass flux values due to larger values of the inflow velocity, vin. Since simulations are

evolved for a fixed number of cooling cycles, simulations with larger tcool/tff are evolved

for longer physical time and develop larger infall velocities. Without thermal instability,

there is no cold mass flux.

Next, we demonstrate the effects of magnetic fields on thermal instability in the ab‐

sence of cosmic rays. Figure 3.3 shows the time‐averaged density fluctuation, cold mass

fraction, and cold mass flux as a function of the initial tcool/tff. Each point represents the

mean measurement for all simulation outputs between 4 and 6 tcool, and the error bars

show one standard deviation. The colors show different initial magnetic field strengths

ranging from no magnetic fields (β = ∞), to strong magnetic fields (β = 3). These initial

magnetic field strengths span the range of magnetic fields considered in our cosmic‐ray
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simulations and serve as a useful reference to disentangle the effects of cosmic rays from

the effects of magnetic fields.

When cooling times are short (tcool/tff ≤ 1), thermal instability is efficient in all simu‐

lations, independent of magnetic field strength. The density fluctuation is lower in runs

with strong magnetic fields and tcool/tff = 0.1 due to the additional nonthermal pressure

support lowering cold gas densities. Although the cold mass fraction is constant between

all runs with short cooling times, the cold mass flux decreases with increasing magnetic

field strength due to increased nonthermal pressure support.

When cooling times are long (tcool/tff ≥ 1), magnetic fields enhance thermal instability

by suppressing buoyancy oscillations (Ji et al., 2018). The density fluctuation, cold mass

fraction, and cold mass flux increase with decreased β. Our density fluctuation values

are consistent with those reported in Ji et al. (2018). Small differences are likely due to

measurements being taken at different simulation times.

These MHD‐only simulations highlight the previously demonstrated dependence of

thermal instability on the gas cooling time and magnetic field strength. Simulations with

short tcool/tff produce higher density fluctuations and cold mass fractions in less physical

time. Magnetic fields enhance thermal instability when cooling times are long.

3.4.2 Thermal Instability with Cosmic‐ray Pressure

In the limit that cosmic‐ray transport is very slow relative to the time scale of thermal

instability, cosmic‐ray advection with the thermal gas becomes important. We isolate this

phenomenon with a suite of simulations, varying the initial cosmic‐ray pressure fraction,

Pc/Pg, for which both cosmic‐ray diffusion and cosmic‐ray streaming are turned off.

Figure 3.4 shows the impact of cosmic‐ray pressure on the density and temperature

slices of thermally unstable gas. All simulations are initialized with tcool/tff = 1.0, β = 100

and have been run for 4 cooling times. The columns differ from each other by their initial
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Figure 3.4 2D slices of the 3D density (top) and temperature (bottom) for simulations
with varying initial ratios of cosmic‐ray pressure to gas pressure, Pc/Pg. Similarly to Fig‐
ure 3.1, the dimensions of each panel are 1H × 1.8H. All simulations are initialized with
tcool/tff = 1.0, and the slices are taken at t = 6 tcool. Simulations with cosmic rays were run
with advection as the only form of cosmic‐ray transport. Increased cosmic‐ray pressure
support creates larger cold gas clouds with lower densities. The temperature of the cold
gas does not change with increased cosmic‐ray pressure since the temperature is set by
the cooling function and our choice of Tmin. With sufficiently high cosmic‐ray pressure,
cold gas remains in the atmosphere and does not precipitate.
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Figure 3.5 The time evolution of the density fluctuation (⟨δρ/ρ⟩; left), cold mass frac‐
tion (Mcold/Mtotal; middle), and cold mass flux (Ṁcold/Ṁff; right) near the scale height
(0.8H < z < 1.2H). All of the depicted simulations have tcool/tff = 0.3 and β = 100
but have different initial values of Pc/Pg. Increased cosmic‐ray pressure decreases den‐
sity fluctuation but has amodest effect on the coldmass fraction. Nonthermal cosmic‐ray
pressure support counteracts gravity and lowers the coldmass flux towards themidplane.
Simulations with Pc ≥ Pg have more cold gas near the scale height at late times.

Figure 3.6 The average density fluctuation (⟨δρ/ρ⟩; left), cold mass fraction (Mcold/Mtotal;
middle), and cold mass flux (Ṁcold/Ṁff; right) as a function of the initial tcool/tff for simu‐
lations with β = 100 and varying initial ratios of Pc/Pg. The measurements are taken be‐
tween 0.8 and 1.2H and averaged over all outputs between 4 and 6 tcool, which corresponds
to the saturated phase of the thermal instability (see Figure 3.5). Increased cosmic‐ray
pressure decreases the gas density fluctuation. High cosmic‐ray pressures increase the
cold fraction in simulations with tcool/tff ≥ 1 by preventing cold gas from precipitating
towards the midplane. Cold gas does not form in simulations with tcool/tff = 10.
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value of Pc/Pg.

Increased cosmic‐ray pressure alters the morphology of cold gas. Radiative gas cool‐

ing does not remove cosmic‐ray energy. In the limit where the cosmic‐ray pressure is

high and dominates the total pressure, the loss of thermal pressure from radiative cooling

leads to negligible compression. As a result the gas cools isochorically. This behavior is

in contrast to traditional thermal instability, where as the gas cools, it loses thermal pres‐

sure, and collapses isobarically, with large density fluctuations (for more detail, see Sec‐

tion 3.4.4). Therefore, increased cosmic‐ray pressure results in larger cold gas clouds that

have a lower density contrast with the background medium. When cosmic‐ray pressure

dominates (right panel), cold cloud structures span tens of kiloparsecs, which is broadly

consistent with our predictions using Eq. 3.29 in Section 3.3. Additionally, cosmic‐ray

pressure contributes to hydrostatic equilibrium and keeps cold gas at high altitudes for

longer.

The temperature of the cold gas phase does not changewith increased cosmic‐ray pres‐

sure. This is because gas temperature is set by the cooling function, which is an approxi‐

mation to atomic physics and is insensitive to cosmic‐ray physics.

Figure 3.5 shows the time evolution of the density fluctuation, cold mass fraction, and

cold mass flux for the simulations pictured in Figure 3.4. The different colored lines rep‐

resent simulations with different initial values of Pc/Pg. All simulations have an initial

tcool/tff = 0.3 and β = 100.

The density fluctuation decreases monotonically with increased cosmic‐ray pressure.

Remarkably, the cold mass fraction remains relatively unchanged. Even in the extreme

case of Pc/Pg = 10, the cold mass fraction only varies from the control run by a factor of

2‐3, whereas the density fluctuation measurement varies by a factor of 50. At late times,

runs with significant cosmic‐ray pressure support havemore cold gas mass near the scale

height since the cosmic‐ray pressure prevents it from precipitating towards themidplane.

Although the cold mass fraction is relatively unchanged, the cold mass flux decreases

substantially with increased cosmic‐ray pressure. Even a modest initial value of Pc/Pg =
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0.01 is enough to decrease the cold mass flux by a factor of ∼ 2. Since cosmic rays advect

with the gas, cold gas clumps enduphaving a larger ratio ofPc/Pg. This addednonthermal

pressure supports the cold gas against gravity.

Figure 3.6 compiles the average values of the density fluctuation, cold mass fraction,

and cold mass flux measured between t = 4tcool and t = 6tcool as a function of the sim‐

ulation’s initial tcool/tff. Increasing the cosmic‐ray pressure monotonically decreases the

measured density fluctuation for all initial values of tcool/tff (left panel). As nonthermal

cosmic‐ray pressure increases, the gas is better able to cool isochorically, decreasing the

density contrast between the cold and hot phases. With increased cosmic‐ray pressure,

the average density fluctuation also becomes less sensitive to the initial tcool/tff.

When cooling times are short, (tcool/tff ≤ 1), the average cold mass fraction (middle

panel) remains relatively unchanged with increased cosmic‐ray pressure. However, when

cooling times are long (tcool/tff ≥ 1), the average cold mass fraction is higher for simula‐

tions with Pc/Pg ≥ 1. The presence of cosmic rays can, therefore, significantly increase the

amount of cold gas in the CGM, particularly in the outer halo where cooling times would other‐

wise be too long relative to free fall times. In part, this is due to cosmic‐ray pressure coun‐

teracting compressive heating, similar to the role of strong magnetic fields in Figure 3.3

(see also Ji et al., 2018). Additionally, once the cold gas is formed, cosmic‐ray pressure

support prevents it from precipitating by supporting the gas against gravity. This effect is

prevalent when cosmic‐ray pressure is at least as strong as the gas pressure and when the

cooling times are long, such that gas inflow velocities become important. This is likely a

very relevant regime for low redshift galaxies.

Finally, the third panel of Figure 3.6, shows that the cold mass flux decreases with

increased cosmic‐ray pressure in nearly all cases. Since cosmic‐ray pressure does not

decrease the cold mass fraction at the midplane (see the middle panel), the decrease in

coldmass flux is a result of decreased cold gas inflow velocity due to increased cosmic‐ray

pressure support. The increased cold mass flux at tcool/tff = 3, Pc/Pg = 1 is an exception

to this trend and is due to the relative increase in the average cold mass fraction.
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Figure 3.7 2D slices of the 3D cosmic‐ray pressure for simulations with different imple‐
mentations of cosmic‐ray transport: advection, diffusion, and streaming. Similarly to
Figures 3.1 and 3.4, the dimensions of each panel are 1H × 1.8H. All simulations are
initialized with tcool/tff = 0.3 and Pc/Pg = 1. Except for the rightmost panel, all simula‐
tions have β = 100. The slices are taken at t = 6 tcool. Cosmic‐ray transport redistributes
cosmic‐ray pressure from regions of high density to low density. When cosmic‐ray trans‐
port is more efficient (diffusion with tdiff/tff = 3 or streaming with β = 10), the cosmic‐ray
pressure approaches a more homogeneous distribution.

Increased cosmic‐ray pressure does not inhibit the formation of cold gas through ther‐

mal instability. However, cosmic‐ray pressure changes the saturation of the instability

from forming small, dense cloudlets that precipitate readily to large, diffuse clouds that

remain static.

3.4.3 Thermal Instability and Cosmic‐ray Transport

In the previous section, we built intuition for the impact of cosmic‐ray pressure on ther‐

mal instability in the limit of no cosmic‐ray transport. Next, we will focus on the impact

of cosmic‐ray transport on the formation of cold gas and its properties.

As predicted by (Kempski and Quataert, 2020), we find that the growth rate of density

fluctuations depends on the cosmic‐ray transport model, so that models with cosmic‐ray

transport have growth rates in between thosewithout cosmic rays andwithout cosmic‐ray
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Figure 3.8 Similar to Figures 3.3 and 3.6, the panels above measure the mean density
fluctuation (⟨δρ/ρ⟩; left), cold mass fraction (Mcold/Mtotal; middle), and cold mass flux
(Ṁcold/Ṁff; right) as a function of their initial tcool/tff. The data points are measured be‐
tween 0.8 and 1.2 H and averaged over all simulation outputs between 4tcool ≤ t ≤ 6tcool.
The error bars show 1 standard deviation. Starting from the top, the rows vary the initial
cosmic‐ray pressure ratio, Pc/Pg = 0.01, 0.1, 1, 10. The green lines show simulations with
cosmic‐ray advection for different initial values of β, the red lines show simulations with
cosmic‐ray diffusion for three different diffusion time scales, and the blue lines show
simulations with cosmic‐ray streaming for three different initial values of β. Cosmic‐ray
transport redistributes cosmic‐ray pressure so that the resulting density fluctuation, cold
mass fraction, and cold mass flux tend to lie between those of MHD‐only simulations and
simulations with only cosmic‐ray advection. (Continued on next page.)
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Figure 3.8 (Continued)

transport. In the limit of efficient cosmic‐ray transport or low cosmic‐ray pressures, the

growth rates approach that of the traditional thermal instability (Eq. 3.22). However, in

this chapter, we focus on the nonlinear evolution of thermal instability at late times.

As there is no consensus on the dominant cosmic‐ray transport mechanisms, we in‐

vestigate both cosmic‐ray diffusion and cosmic‐ray streaming at three different transport

rates. In the case of cosmic‐ray diffusion, we adopt diffusion coefficients, κc, such that the

diffusion time, tdiff = κc/H
2, is a constant fraction of the freefall time: tdiff/tff = [10, 3, 1].

Given the freefall time in our simulations is tff = 7.4 × 108 yr at the scale height, this

corresponds to diffusion coefficients of κc = [7.9× 1028, 2.6× 1029, 7.9× 1029] cm2s−1.

In the case of cosmic‐ray streaming, we define the streaming time, tstream = H/vA.

Since cosmic‐ray streaming is proportional to the strength of themagnetic field, we simu‐
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late cosmic‐ray streaming for three different initialmagnetic field strengths (β = 100, 10, 3)

as a proxy for varying the cosmic‐ray transport rate. This roughly corresponds to the fol‐

lowing ratios of streaming time to freefall time: tstream/tff = [6, 1.8, 1]. Simulations with

cosmic‐ray streaming also have a perturbative heating term, Hc. Although this heating

term is implemented in addition to the global heating model, H, heating due to cosmic‐

ray streaming is expected to be much smaller than the global heating model.

Figure 3.7 shows the 2D slices of the cosmic‐ray pressure in simulations with different

models of cosmic‐ray transport. All simulations have tcool/tff = 0.3, Pc/Pg = 1, and are

pictured after t = 6tcool. Cosmic‐ray transport redistributes cosmic‐ray pressure from re‐

gions of high cosmic‐ray pressure to regions of low cosmic‐ray pressure. The more more

efficient the cosmic‐ray transport (diffusion with tdiff/tff = 3 or streaming with β = 10),

themore uniform the distribution of cosmic‐ray pressure. Consequently simulationswith

more efficient cosmic‐ray transport provide less nonthermal pressure support to cold gas,

and form smaller cold gas structures. Simulations with cosmic‐ray diffusion produce rel‐

atively large cold gas clouds with long connecting filaments. Simulations with cosmic‐ray

streaming have smaller, more compact cold gas clouds.

Figure 3.8 shows the average density fluctuation, cold mass fraction, and inflowing

cold mass flux as a function of the initial tcool/tff. Consistent with previous figures, each

point represents the average quantity and its standard deviation measured between 0.8

and 1.2 H, from all outputs between t = 4 − 6tcool. The rows are organized by the initial

cosmic‐ray pressure ratio, ranging from Pc/Pg = 0.01 (top) to Pc/Pg = 10.0 (bottom). The

different lines are colored by the cosmic‐ray transport model: advection (green), diffu‐

sion (red), and streaming (blue). We remind the reader that for the majority of the lines,

the corresponding MHD‐only run has β = 100 (see Figure 3.3). However, two runs with

cosmic‐ray advection and streaming should be compared against runs with β = 10 and

β = 3.

For themost part, simulationswith cosmic‐ray transport lie between simulationswith‐

out cosmic rays and simulationswith only cosmic‐ray advection. Runswith relatively slow
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cosmic‐ray streaming and diffusion exhibit many of the same characteristics as runs with

only cosmic‐ray advection: cold gas has lower densities and less precipitation than pre‐

dicted by purely thermal pressure support. The more efficient the cosmic‐ray transport,

the more closely it resembles the MHD‐only thermal instability. This is because cosmic‐

ray transport redistributes cosmic‐ray pressure from regions of high cosmic‐ray density

to regions of low cosmic‐ray density. When cosmic‐ray transport is very efficient relative

to the cooling time scale, the cosmic‐ray pressure profile becomes uniform (see the dis‐

cussion in Section 3.4.4). As cosmic‐ray pressure decreases in the cold gas clouds, the cold

gas density and cold mass flux increase.

We note that when cooling times are long relative to the freefall time, the temporal

variation of a single model can be larger than the variance betweenmodels. This makes it

difficult to draw detailed comparisons betweenmodels with different cosmic‐ray physics.

Although the amount of cold gas formed is comparable, the biggest difference is that

with sufficiently strong nonthermal pressure support, any cold gas that forms at the scale

height remains at the scale height. For runs with cosmic‐ray streaming, the perturbative

heating term results in a decrease in the cold mass fraction and an increase in its flux to‐

wards the midplane. This perturbative heating destroys cold gas in simulations with high

cosmic‐ray pressures (Pc/Pg ≥ 1) that are evolved for longer physical times (tcool/tff ≥ 1).

3.4.4 Impact of Cosmic rays on Gas Phase

Figure 3.9 shows 2D histograms of gas density and temperature, comparing simulations

with tcool/tff = 0.3 anddifferent cosmic‐ray transport. The colors showprobability density,

which is quantified on the top and right of each panel. The dashed lines show contours

of constant thermal pressure and entropy.

Without cosmic rays (top left), the gas first cools at constant thermal pressure be‐

fore dipping to lower pressures once it reaches the most rapid cooling regime, around

T ∼ 105K. This pressure decrement is likely the result of insufficient spatial resolution to



107

Figure 3.9 The mass‐weighted 2D histograms of density and temperature for simulations
with tcool/tff = 0.3 with various cosmic‐ray transport prescriptions. The data presented
here are an accumulation from all outputs between t = 4 − 6tcool, measured between
0.8 and 1.2H to minimize the influence of stochastic processes. The top‐left panel shows
the phase histogram of a simulation without cosmic rays and β = 100. The remaining
panels all have an initial Pc/Pt = 1.0 and β = 100, but differ in their models of cosmic‐
ray transport: advection (top‐right), diffusion (bottom‐left), and streaming (bottom‐right).
The dashed lines show contours of constant thermal pressure and entropy. Without cos‐
mic rays, gas cools at constant thermal pressure. With sufficient cosmic‐ray pressure sup‐
port, gas cools isochorically. Cosmic‐ray transport widens the gas temperature‐density
phase space into low‐density, low‐temperature regimes that are not present in either sim‐
ulations without cosmic rays or simulations without efficient cosmic‐ray transport.
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Figure 3.10 The mass‐weighted probability density functions (PDFs) of the gas density,
temperature, and cosmic‐ray pressure ratio for simulations with Pc/Pg = 1 and tcool/tff =
0.3 (above) and tcool/tff = 1.0 (next page). The data in the PDFs is an aggregate from all
simulation outputs between t = 4 − 6tcool, measured between 0.8 and 1.2 scale heights.
The PDFs are normalized so that the area under each distribution integrates to 1. Different
implementations of cosmic‐ray transport change the distribution of the ratio of cosmic‐
ray pressure to gas pressure, which in turn sets the distribution of gas densities. When
cold gas has high cosmic‐ray pressures, the density contrast between the cold and hot gas
phases decreases. When cooling times are short (tcool/tff ≤ 1), cosmic‐ray physics does
not have a significant impact on the distribution of gas temperatures. However, when
cooling times are long enough for the freefall time to be important (tcool/tff ≳ 1), cosmic‐
ray pressure prevents precipitation and keeps cold gas near the scale height. This effect
is strongest for simulations with cosmic‐ray advection and modest in simulations with
efficient cosmic‐ray transport. (Continued on next page)
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Figure 3.10 (Continued)
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capture the cooling length scale cstcool (e.g., Fielding et al., 2020a,b). Although the cooling

curve cuts off at T = 5 × 104K in these simulations, we expect the general shape of the

phase diagram to be the same if a lower cutoff temperaturewere adopted. The loss of ther‐

mal energy due to cooling leads to compression, which maintains pressure equilibrium

(when the cooling length is resolved).

With added cosmic‐ray pressure (top right), the loss of thermal energy does not lead

to a significant total pressure gradient, so there is negligible compression and cooling

proceeds at nearly constant density. In the simulation highlighted here, cosmic‐ray pres‐

sure is initialized to be equal to the gas pressure, which is sufficiently strong to inhibit

compression and cause the gas to cool isochorically.

Cosmic‐ray transport (bottom row) redistributes cosmic‐ray pressure so that the re‐

sulting gas temperatures and densities bridge the gap between simulations without cos‐

mic rays and simulations without cosmic‐ray transport. However, cosmic‐ray transport

also significantly broadens the temperature‐density phase distribution of gas. Specifi‐

cally, simulations with cosmic‐ray transport have more intermediate‐temperature gas at

low densities, which ismore likely to hold photoionized (rather than collisionally ionized)

gas.

In Figure 3.10, we compare the probability distribution functions (PDFs) of the gas

density, temperature, and the ratio ofPc/Pg as a function of the initial cosmic‐ray pressure

ratio and cosmic‐ray transport mechanism. The top panels show simulations with an

initial tcool/tff = 0.3 and the bottom panels show simulations with an initial tcool/tff = 1.0.

Both sets of simulations have an initial Pc/Pg = 1. Each row shows the properties of

simulations with different cosmic‐ray transport models. The data in the PDFs represents

gas near the scale height (0.8H ≤ z ≤ 1.2H) and is accumulated from all outputs between

4 and 6 tcool.

For simulations with tcool/tff = 0.3, the distribution of gas temperatures is similar for a

variety of cosmic‐ray transport prescriptions. However, the density profiles vary substan‐

tially. Without cosmic rays, the gas forms a two‐phase mediumwhere the density profiles
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complement the temperature profiles such that gas is always close to thermal pressure

equilibrium. Cosmic‐ray pressure support enables the cold and hot gas to have a lower

density contrast. This effect ismost pronounced in simulations with advection as the only

form of cosmic‐ray transport, which have distinctly bimodal distributions of cosmic‐ray

pressure between the hot and cold gas phases. Cosmic‐ray diffusion and streaming move

cosmic‐ray pressure out of the regions where it is concentrated, thus removing the impact

of nonthermal pressure support and thereby allowing the cold clouds to compress.

For simulations with high tcool/tff = 1, the temperature distributions are affected by

the choice of cosmic‐ray physics. There are several factors at play. High cosmic‐ray pres‐

sures not only alter the gas density, but they can also keep low‐entropy gas from precip‐

itating. This effect becomes relevant if the cooling time is equal to or greater than the

dynamical time (see Figures 3.6 and 3.8). In this case, the MHD‐only run has less cold

gas at the scale height because that cold gas has precipitated out. Simulations with fast

streaming also have strong magnetic fields which alter the amount of cold gas formed.

For example, although both simulations with fast cosmic‐ray diffusion (tdiff/tff = 1) and

fast cosmic‐ray streaming (β = 3, tstream/tff = 1) have the same cosmic‐ray transport time

scale, simulationswith strongermagnetic fields have a significantly larger fraction of cold

gas.

The distribution of the cosmic‐ray pressure ratio, Pc/Pg is a function of the transport

mechanism. Simulations with only cosmic‐ray advection have a distinctly bimodal dis‐

tribution with the cold gas receiving substantially more pressure support than the hot

gas. In the presence of both streaming and diffusion, the bimodality in cosmic‐ray pres‐

sure ratios shrinks. The more efficient the cosmic‐ray transport, the more the cosmic‐ray

pressure ratio distribution converges on the initial value. In simulations evolved for a

longer physical time (tcool/tff ≥ 1), the convergence on a single value is more pronounced

since the cosmic rays have had more time to propagate. Most notably, the bimodality dis‐

tribution of cosmic‐ray pressure ratios is inversely proportional to the bimodality of gas

densities. Simulations in which cold gas builds up higher cosmic‐ray pressure than hot
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gas can cool isochorically. Conversely, simulations where the cosmic‐ray pressure ratio

is roughly constant have a larger density contrast between the cold and hot phases.

3.4.5 Impact of Cosmic‐ray Heating

The transportmodel for cosmic‐ray streaming traditionally includes aheating term through

which cosmic rays transfer energy to the thermal gas. The simulations labeled “stream‐

ing” described so far all have this perturbative heating source. However, since our sim‐

ulation setup and model for gas cooling and heating is very idealized, we also include

simulations with cosmic‐ray streaming without the additional cosmic‐ray heating term,

Hc. This models the scenario in which cosmic‐ray heating is just one of the many poten‐

tial sources that contributes to the overall heating that ultimately balances cooling in the

simulations.

We include simulations with cosmic‐ray streaming but no perturbative heating in Fig‐

ure 3.10, labeled with the appended “no heat”. Overall, we find that the inclusion of the

cosmic‐ray heating term has a modest impact on the gas phase. Since cosmic‐ray heating

is a function of both the cosmic‐ray pressure gradient and the Alfvén velocity, we expect

it to be important when the magnetic field is strong and the cosmic‐ray pressure gradient

is steep. That said, even the relatively weak magnetic fields in our fiducial simulations

(β = 100) are enough to have an observable effect due to cosmic‐ray heating.

Without the added cosmic‐ray heating term, simulations with cosmic‐ray streaming

have less of a density contrast between hot and cold gas phases and a narrower distribu‐

tion in the hot gas phase than simulations that do include cosmic‐ray heating. Further‐

more, the distribution of the cosmic‐ray pressure ratio, Pc/Pg is shifted towards higher

values when the cosmic‐ray heating term is omitted. This is expected behavior as the

cosmic‐ray heating term is expected to remove cosmic‐ray energy and use it to heat the

gas.

Although cosmic‐ray heating has modest effects on the global temperature and den‐



113

sity profiles it is likely important for setting the local cold gas properties. The effect of

cosmic‐ray heating is strongest at the cold cloud edge, where the cosmic‐ray pressure gra‐

dient is large. In this case, cosmic‐ray heating can broaden the boundary between the

cold and hot gas phases, with interesting implications for the observed ion abundances

and kinematics (Wiener et al., 2017). Like (?), we find that the effects of cosmic‐ray heat‐

ing are spatially offset from regions with the shortest cooling times: cosmic‐ray heating

predominantly affects diffuse cool gas, by shifting it to higher temperatures. This effect

is present in the lack of low temperature, low density gas in the bottom right panel of Fig‐

ure 3.9. While the effects of cosmic‐ray heating are modest in Figure 3.10, they primarily

affect the temperature of the warm gas (by directly heating it) and the density of the cold

gas (indirectly, by removing the available cosmic pressure that would have supported the

cold gas). Changing the cloud boundary may also alter the mass and momentum transfer

between the cold and hot gas phases (Fielding et al., 2020a).

3.4.6 Cold Gas Density Contrast

Ultimately, the impact of the wide range of cosmic‐ray transportmodel parameters can be

summarized by the distribution of cosmic‐ray pressure between the cold and hot phases

and its impact on the gas phase.

In Figure 3.11, we show the gas density contrast, ⟨ρcold⟩/⟨ρhot⟩, as function of the cosmic‐

ray pressure ratio (Pc/Pg) in the cold gas. This figure includes all simulationswith cosmic‐

ray physics that form cold gas, at both fiducial and high‐resolution. Both the average

density contrast and cosmic‐ray pressure are measured in a region near the midplane,

0.8H ≤ |z| ≤ 1.2H. In order to mitigate stochastic effects between outputs, the points

show data averaged over 20 outputs between t = 4tcool and t = 6tcool. The green circles

show simulations with cosmic‐ray advection for β = 100 (light green), β = 10 (medium

green), and β = 3 (light green). The red squares show simulations with cosmic‐ray dif‐

fusion with tdiff/tff = 10 (dark red), tdiff/tff = 3 (medium red), and tdiff/tff = 1 (light red).
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Figure 3.11 The average density contrast between the cold and hot gas phases
(⟨ρcold⟩/⟨ρhot⟩) as a function of the average ratio of Pc/Pg in cold gas clumps. The points
show data from all simulations described in the fiducial parameter suite (Section 3.2.3)
that form cold gas, both at fiducial and high resolution. The data weremeasured between
0.8 and 1.2 scale heights and averaged over 20 outputs between t = 4−6tcool. The different
colors indicate simulations with different prescriptions of cosmic‐ray transport: advec‐
tion (green), diffusion (red), and streaming (blue). The black lines show predictions for
the density contrast for various possible scalings of cosmic‐ray pressure with gas density,
assuming Θ = 20 and βcold = 3 (Eq. 3.25). In all cases, the density contrast between the
cold and hot gas phases decreases with increased cosmic‐ray pressure. However, the rate
of that decrease depends on the transport model, which effectively changes the degree to
which cosmic‐ray pressure scales with gas density.
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The blue triangles show simulations with cosmic‐ray streaming with β = 100 (dark blue),

β = 10 (medium blue), and β = 3 (light blue). The black lines show predictions for den‐

sity contrast profiles (Eq. 3.25) as a function of how cosmic‐ray pressure scales with gas

density, Pc ∝ ργc,eff. In these predicted profiles, we use a temperature contrast of Θ = 20,

corresponding to Tmin = 5× 104 K.

We assume a fixed βcold = 3, which is roughly the average β in cold gas for simulations

with an initial β = 100. Although themagnetic field is initializedwith β = 100 everywhere

in most simulations, the magnetic field strength is amplified in dense gas due to the flux‐

freezing assumption in ideal MHD. Furthermore, the magnetic field becomes tangled on

large scales, which effectively slows cosmic‐ray transport. Simulations with higher ini‐

tial magnetic field strengths have more magnetic pressure support in cold clouds than

accounted for in the analytic lines.

Overall, the average density contrast between the cold and hot gas phases decreases

with increasing cosmic‐ray pressure (Section 3.4.2). However, the slope of that decrease

depends on the cosmic‐ray transport prescription. In the pure advection case, we expect

γc,eff = γc = 4/3, which corresponds to the dashed black line. The simulated data follow

the expected density contrast relation. The scatter in the advection simulations at low

cosmic‐ray pressures is likely due to a combination of resolution effects, different initial

values of tcool/tff, and the relative importance of magnetic fields (which are not accounted

for in the plotted analytic model). Further investigations of the effects of resolution and

the choice of density contrast, are discussed in Appendices 3.7.1 and 3.7.2.

Since cosmic‐ray transport redistributes cosmic‐ray pressure from overdense regions,

we expect simulations with cosmic‐ray transport to have a weaker scaling of cosmic‐ray

pressure and gas density than in simulations with only cosmic‐ray advection (γc,eff < 4/3).

However, the exact value of γc,eff depends on the details of cosmic‐ray transport and as‐

sumptions about the impact of cosmic‐ray heating. For simulationswith cosmic‐ray trans‐

port (diffusion with tdiff/tff = 10 and streaming with β = 100), we empirically find that

γc,eff ≃ 1/3, which is modeled by the dashed‐dotted line in Figure 3.11. For context,
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Wiener et al. (2017) predict γc,eff = 2/3 in the case of cosmic‐ray streaming where cosmic‐

ray heating balances gas cooling. Simulations with relatively faster cosmic‐ray transport

have much weaker scalings of cosmic‐ray pressure with gas density. In the extreme case

that cosmic‐ray transport is so efficient that γc,eff → 0, we expect the predicted density

contrast to be unchanged as a function of Pc/Pg.

3.5 Discussion

3.5.1 The CGM Pressure Problem

Based upon the original work of Mo and Miralda‐Escude (1996), numerous two‐phase

models of the CGM envision cold clouds condensing out of a hotmedium as a result of hy‐

drostatic instabilities. Such models have successfully reproduced many of the observed

properties of high‐velocity clouds in the Milky Way halo (e.g Maller and Bullock, 2004;

Putman et al., 2012).

Photoionizationmodeling of observed low ionization statemetal‐ion column densities

derives cold CGM gas volume densities that are at least an order of magnitude lower than

predicted by traditional two‐phase models (e.g. Werk et al., 2014; Stern et al., 2016). There

are two possible explanations for such low densities of cold CGM gas: (1) the cold gas is

in thermal equilibrium with the hot CGM gas, which also has a much lower density than

predicted by traditional two‐phase models, or (2) the cold gas is out of thermal pressure

equilibrium with the hot gas phase.

If cold gas is out of thermal pressure equilibrium, the lack of pressure support would

imply very short lifetimes of cold clouds, in stark contrast to the ∼100 Myr lifetimes re‐

quired by simulations of the CGM that predict a cold gas origin in recycled ISM material

(in which halo gas is largely in hydrostatic equilibrium; Ford et al., 2014; Anglés‐Alcázar

et al., 2017; Tumlinson et al., 2017a). In order to bring observations in agreementwith sim‐

ulations, there either needs to be some physical process capable of continually generating

the observed abundance of cold gas or some additional source of nonthermal pressure.
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Simulations show that the averagemagnetic field in the CGM can be as high as∼ 0.1−

0.5µG (Pakmor et al., 2019; Nelson et al., 2020; van de Voort et al., 2020). These magnetic

fields both enhance thermal instability and provide pressure support to the cold gas that

forms. Due to flux freezing, the cold gas clumps are dominated by magnetic pressure

(β ≪ 1) even though the background halo has relatively low magnetic pressure (β ≥ 100)

(Nelson et al., 2020). Since there are few observational constraints of magnetic fields in

galactic halos, it is unclear if such high magnetic field values are typical. However, these

simulations fallwellwithin theupper limit ofmagnetic field strength (2µG) determinedby

(Lan and Prochaska, 2020), and provides another mechanism through which nonthermal

pressure support can alleviate the pressure problem.

Galaxy simulations that include cosmic‐ray physics also find that cosmic‐ray pressure

supports cold CGM gas at low densities (Salem et al., 2016; Butsky and Quinn, 2018; Buck

et al., 2020). In a cosmic‐ray‐pressure‐supported halo, cool, warm, and hot gas phases

can exist at the same gas density (Ji et al., 2020a). Although there are few observational

constraints of cosmic‐ray pressures in the CGM, simulations predict that a cosmic‐ray‐

pressure‐supported halo could be consistent with existing γ‐ray observations (Chan et al.,

2019; Ji et al., 2020a).

In our simulations, cosmic‐ray pressure (and in some cases, magnetic pressure) sup‐

plements thermal pressure to support low‐density cold gas. In simulations with low ini‐

tial cosmic‐ray pressures, cold cloudlets are supported by cosmic‐ray pressure while the

background medium is dominated by thermal pressure. Simulations with high initial

values of cosmic‐ray pressure allow gas to cool isochorically and form large, diffuse cold

gas clouds. Cosmic‐ray transport complicates this behavior by redistributing cosmic‐ray

pressure from the cold gas to the surrounding medium. Overall, our findings highlight that

even modest cosmic‐ray pressures can resolve the perceived pressure problem with two‐phase halo

models by providing a viable physical mechanism to maintain the cold gas while out of thermal

pressure equilibrium.
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3.5.2 Cold Cloud Sizes

The sizes of cold gas clouds remains an unresolved issue within the CGM community;

CGM cloud sizes (given as path lengths) derived from absorption‐line spectroscopy at low

andhigh redshift range from1pc− 1Mpc (e.g. Rauch et al., 2001; Prochaska andHennawi,

2009; Stocke et al., 2013; Chen et al., 2014; Werk et al., 2014; Crighton et al., 2015; Stern

et al., 2016; Zahedy et al., 2019). The challenge of thismeasurement is essentially two‐fold:

absorption‐line probes of the CGM rely heavily on model assumptions for a length‐scale

estimate (e.g. strength and nature of ionization source) andmost observations are limited

to a single sightline per galaxy.

Nonetheless, recent studies haveused additional, novel techniques to place constraints

on the physical scales of structures in the CGM. Rubin et al. (2018b) analyzed the CGM of

27 star‐forming galaxies along spatially‐resolved background‐galaxy lines of sight to deter‐

mine that the coherence scale ofMg II absorbers is> 1.9 kpc. Specifically, cold gas clouds

are either > 2 kpc in radius themselves or represent collections of much smaller clouds

with similar properties. Rudie et al. (2019) used observations of a galaxy halo probed by

a lensed background quasi‐stellar object (QSO) to show that while warm (O VI bearing)

gas has structures that are > 400 pc, lower‐ionization cold gas exhibits significant varia‐

tions on the same scales, implying that cold gas clouds have sizes < 400 pc. Werk et al.

(2019) studied multiphase absorption at the Milky Way disk‐halo interface, and showed

that warm gas clouds were larger than 1 kpc, whereas cold gas was clumpy on scales down

to 10 pc, possibly implying cold clouds are smaller than 10 pc (see also: Bish et al., 2019).

Zahedy et al. (2019) find that the cold clump thickness in luminous red galaxies (LRGs) is

between 10 pc and 1 kpc, with a median of 120 pc.

Theoretically, cold gas is predicted to have a characteristic cloudlet size ℓcloudlet ∼

min(cstcool) (McCourt et al., 2018). Using this model, a cold cloud in typical CGM condi‐

tions can have a characteristic size somewhere between ℓcloudlet ∼ 1pc− 1kpc, depending

on the gas pressure, metallicity, and UV background radiation. Additionally, depending
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on the conditions of the surrounding medium, the true size of cold gas clouds may be

significantly larger, as clouds can coagulate to form larger structures (Gronke and Oh,

2020).

Resolving subparsec scales is currently impossible in galaxy‐scale simulations and

prohibitively expensive in even idealized meso‐scale simulations. Recently, a number of

groups have demonstrated that enhancing the spatial resolution in and beyond the galac‐

tic halo results in more cold gas due to increased accuracy in the formation and retention

of cool gas structures (van de Voort et al., 2019; Hummels et al., 2019; Mandelker et al.,

2019; Peeples et al., 2019b; Suresh et al., 2019). However, the size of the best‐resolved

CGM cells in these simulations is still hundreds of times larger than the expected cold

gas cloud size. Indeed the properties of cold CGM gas in galaxy simulations have not

converged with resolution, implying that current state‐of‐the art simulations are not re‐

solving the true cold gas physics. Likewise, Nelson et al. (2020) find cold cloud sizes of 0.5

‐ 1 kpc in TNG50, but also warn that the cloud sizes do not converge, even at their highest

resolution.

In our simulations, cosmic‐ray pressure increases cloud sizes. The cloud size (and

density) is a function of the degree of cosmic‐ray pressure support in the cold cloud. By

altering gas densities, cosmic‐ray pressure alters the predicted cloud‐size ansatz, ℓcloudlet ∼

min(cstcool). If cosmic‐ray pressure support is modest, the resulting gas will still likely be

a mist comprised of numerous tiny cloudlets, albeit with larger cloudlet sizes. However,

if cosmic‐ray pressure dominates over thermal pressure in halo gas, then we can expect

that cold gas has similar gas densities to the hot gas phase. In the extreme case, if the

cold gas has the same density as the hot gas, we can expect that cold cloud sizes would

be roughly ∼ 900 times larger than those predicted assuming purely thermal pressure

balance (assuming a temperature contrast of 100 and η = 100 in Eq. 3.29).

With this generous boost in cloud size, we would expect the maximum cold cloud

size in a cosmic‐ray‐pressure‐supported CGM, with inefficient cosmic‐ray transport to be

ℓcloudlet ∼ 1−1000 kpc. If the characteristic cold cloud size is≳ 10 kpc, then existing high‐
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resolution galaxy simulations are capable of fully resolving cold CGM gas. However, even

if low‐redshift galaxies have a cosmic‐ray‐pressure‐supported CGM, this regime is an un‐

likely description of the high‐redshift universe and simulations would still need infeasibly

high resolution to model cold gas evolution at early times.

3.5.3 Cold Mass Accretion Rates

The galactic fountain, through which gas is expelled from and accreted onto the galactic

disk, is an integral component of galaxy evolution. The mass accretion of cold gas in the

Milky Way is measured to be somewhere between 0.0002 ‐ 0.006M⊙kpc−2yr−1(Fox et al.,

2019; Werk et al., 2019).

Throughout this chapter, we have measured the mass flux (at the scale height) in the

right panel of Figures 3.2, 3.3, 3.5, 3.6, and 3.8. The values are normalized by the freefall

cold mass flux, ρ0H/tff = 0.00088 M⊙kpc−2yr−1. Fiducial MHD‐only simulations with

β = 100 therefore predict mass flux rates of 0.0018 ‐ 0.0026 M⊙kpc−2yr−1after t = 4tcool.

Cosmic‐ray pressure counteracts gravity and reduces themass influx rate, so that for runs

with Pc/Pg = 1, the mass accretion rate is roughly an order of magnitude lower. This

is consistent with results from Su et al. (2020), that show that cosmic rays can suppress

cooling flows even with modest cosmic‐ray pressures.

However, our simulations show that the predicted mass accretion rate is sensitive to

both the cosmic‐ray pressure and the invoked cosmic‐ray transport. Differences in initial

cosmic‐ray pressures and cosmic‐ray transport models can vary the mass accretion rate

by an order of magnitude. Therefore, thermal instability with cosmic rays can simulta‐

neously explain both high mass accretion rates and the inferred low mass accretion rates

of quenched galaxies with large reservoirs of cold CGM gas.
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3.5.4 Limitations of Idealized Setup

Thehighly idealizednature of our simulations is helpful for isolating the impact of cosmic‐

ray pressure and transport on thermal instability. However, the simulations are missing

a physically realistic context that may impact the formation and survival of cold gas.

The cooling and heating models in our simulations crudely approximate an isolated,

globally stable, long‐lived CGM by explicitly balancing the total cooling and total heating

at each vertical layer. A more realistic simulation would explicitly model the local pro‐

cesses (e.g. gas accretion, stellar formation and feedback, mergers) that contribute to this

global equilibrium. These processes would be particularly important in simulations with

long cooling times which are evolved for at least 500 million years. On those time scales,

the assumption of an isolated CGM breaks down, as the CGM is likely to be perturbed by

either feedback from its host galaxy or accretion from the surrounding medium.

Additionally, the isolated nature of the simulations means that once cold gas has pre‐

cipitated out of the hot gas, the cooling time of the remaining gas is too long to create

any more cold gas. In a realistic galaxy halo, we expect outflows or inflows to replenish

thermally unstable gas. These processes interfere with the prediction for the long term

state of cold gas, especially for simulations with high tcool/tff in the “isolated” thermal

instability studied here.

The cosmic‐ray transport models considered in this chapter are simplified approxi‐

mations of two different regimes: pure streaming or pure diffusion. Realistically, both

streaming and diffusion should happen, to different degrees, simultaneously and there

are recent algorithms that can handle the two self‐consistently (Jiang and Oh, 2017; Chan

et al., 2019; Thomas and Pfrommer, 2019). Furthermore, unresolved microphysics alter

the local cosmic‐ray diffusion coefficient (Farber et al., 2018) and the dominant scatter‐

ing mechanisms that determine cosmic‐ray streaming parameters (see ? and references

therein for a detailed comparison). Additionally, we do not explicitly include cosmic‐ray

“cooling” due to hadronic and Coulomb losses. While this process is important for alle‐
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viating cosmic‐ray pressure in the interstellar medium (ISM), the typical densities in the

CGM (even within the condensed cold clouds) are too low for this process to be signifi‐

cant. Despite the various caveats to ourmodel described herein, the quantitative details of

our results may fluctuate to some degree, but we expect the qualitative results to be robust

(Hopkins et al., 2021d).

3.6 Conclusions

Thermal instability is an importantmechanism throughwhich cold gas forms in the CGM.

In this chapter, we used idealized simulations of thermal instability in a gravitationally

stratified medium to study the formation and evolution of cold (T ≃ 104K) gas in the

presence of cosmic‐ray pressure and transport. We systematically varied several key pa‐

rameters, including the ratio of the cooling time to the freefall time, initial magnetic field

strength, initial cosmic‐ray pressure, and cosmic‐ray transport parameters (assuming ei‐

ther cosmic‐ray diffusion or streaming). Our results are summarized below.

1. Cosmic rays change the morphology of cold gas that forms through thermal instability

by providing nonthermal pressure support. Increased cosmic‐ray pressure prevents

cold gas from compressing, allowing it to cool while maintaining lower densities (Fig‐

ures 3.5 and 3.6). When cosmic‐ray pressure dominates, thermally unstable gas cools

at constant density (isochorically). Our results demonstrate how the inclusion of cos‐

mic rays as a nonthermal pressure source can explain the apparent lack of thermal

pressure equilibrium between observed cold and hot gas phases in the CGM.Wemake

predictions for the density contrast between cold and hot gas as a function of magnetic

and cosmic‐ray pressures in the cold gas (Eq. 3.25 and Figure 3.11).

2. Simulations that include cosmic rays form larger cold gas clouds. If cosmic‐ray pres‐

sure is relatively low, cold gas can still forma “mist”, with cosmic‐ray pressure‐supported

cloudlets that are larger than the predicted subparsec cloudlets in the absence of cos‐

mic rays. However, in a cosmic‐ray‐pressure‐dominated halo in the limit of inefficient
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cosmic‐ray transport, the characteristic size of cold gas cloudlets may be up to ∼ 1000

times larger than those expected in a purely thermalmedium. Wemake predictions for

how the characteristic size of cold gas scales with magnetic and cosmic‐ray pressures

(Eqs. 3.28 and 3.29).

3. In some cases, cosmic‐ray pressure can increases the cold mass fraction in the halo

by preventing the formed cold gas from precipitating towards the galaxy (Figures 3.5

and 3.6). If cosmic‐ray pressure contributes to maintaining hydrostatic equilibrium, it

enables gas to have a shallower entropy profile as a function of height above the galactic

midplane. Consequently, halos with substantial cosmic‐ray pressure support (Pc/Pg ≳
1) have significantly reduced cold mass flux. This effect may explain observations of

quenched galaxies with an abundance of cold gas in their CGM. Cosmic‐ray pressure

does not change the average temperature of the cold gas phase (Figure 3.10).

4. Simulations that include realistic transportmechanisms for cosmic rays (e.g., diffusion

or streaming) demonstrate behavior that bridges the gap between simulations lacking

cosmic rays and simulations that only include cosmic rays as an adiabatic nonther‐

mal pressure term (e.g., advection only). Cosmic‐ray transport redistributes cosmic‐

ray pressure from regions of high cosmic‐ray pressure in cold clouds to areas of low

cosmic‐ray pressure in the hot background medium (Figure 3.10). This pressure redis‐

tribution decreases cold cloud sizes and increases the cold gas density and cold mass

flux compared to simulations with cosmic‐ray advection but without cosmic‐ray trans‐

port (Figure 3.8). Simulations with cosmic‐ray transport span a larger temperature‐

density phase space than either simulations without cosmic rays or simulations with

only cosmic‐ray advection (Figure 3.9). Cosmic‐ray transport ismost effective when the

cosmic‐ray transport is short relative to gas cooling times.

Cold CGM gas plays a uniquely important role in driving galaxy evolution: cold gas that

accretes onto the galaxy fuels star formation, which in turn shapes the CGM through feed‐
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back. In this chapter, we have demonstrated that cosmic rays have the potential to dra‐

matically alter the CGM gas morphology, gas phase, and kinematics. However, many

details about cosmic‐ray physics remain poorly constrained, including expected cosmic‐

ray pressures and magnetic field strengths in the CGM and robust models for cosmic‐ray

transport in hydrodynamic simulations. More constrainingmodels for cosmic‐ray physics

are therefore crucial for understanding galaxy evolution in its entirety.

3.7 Chapter Appendix: Numerical Effects and Thermal Instability

Figure 3.12 The average density fluctuation (⟨δρ/ρ⟩; left), cold mass fraction (Mcold/Mtotal;
middle), and cold mass flux (Ṁcold/Ṁff; right) as a function of the initial tcool/tff for simula‐
tions with varying ratios of Pc/Pg. The solid lines, repeated from Figure 3.6, show simula‐
tions with the fiducial resolution (64× 64× 256). The dashed lines show simulations with
half the fiducial resolution, and the dotted lines show simulationswith double the fiducial
resolution. The points show each quantity averaged between t = 4− 6tcool and measured
between 0.8 and 1.2 scale heights. All simulations have an initial β = 100. The properties
of thermal instability are reasonably well converged in our fiducial simulations.

3.7.1 Impact of Resolution

The fiducial simulation suite presented in this chapter resolved the simulation domain of

1 × 1 × 4H with 64 × 64 × 256 cells, which corresponds to ∆x = 685.2 pc. Additionally,

we have run a subset of the simulations with half and double the resolution. Figure 3.12
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Figure 3.13 The average density contrast (⟨ρcold⟩/⟨ρhot⟩) as a function of the ratio of cosmic‐
ray pressure to gas pressure in cold gas. The scattered points show all simulations with
cosmic‐ray physics (advection, diffusion, and streaming) run with different resolutions:
high resolution (triangles), fiducial resolution (circles) and low resolution (squares). The
lines and shaded regions show the corresponding median and one standard deviation.
When cosmic‐ray pressure dominates, cold cloud structure is sufficiently resolved, even
with our lowest resolution simulations.
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shows the density contrast, cold mass fraction, and cold mass flux as a function of the

initial tcool/tff for simulations with different initial cosmic‐ray pressures. The solid lines

show the quantities from simulations with fiducial resolutions (as seen in Figure 3.6),

the dashed lines show the same simulations with low resolution, and the dotted lines

show simulations with higher resolution. Simulations with our fiducial resolution are

reasonably well converged.

Figure 3.13 shows the density contrast as a function of the cosmic‐ray pressure ratio

Pc/Pg in the cold gas for three different resolutions. At low cosmic‐ray pressures, the

density contrast does not converge with resolution. This is expected as cold gas scales

(ℓcloudlet ∼ min(cstcool)) are below our resolution, even with a modified minimum tem‐

perature, Tmin = 5 × 104K. The differences in the median profiles between the fiducial

and high‐resolution simulations are smaller than those between the fiducial and low‐

resolution simulations and become negligible when cosmic‐ray pressure is equal to or

greater than the gas pressure. When cosmic‐ray pressure is ten times the gas pressure,

all three resolutions converge. In this case, the low density contrasts correspond to large

cloud sizeswhich are sufficiently resolved, even in our lowest resolution simulation, which

has a cell resolution of 1.3 kpc. This result suggests that current galaxy‐scale simulations

may be able to resolve cold CGM gas in a cosmic‐ray‐pressure‐supported halo.

3.7.2 Impact of Tmin

The density contrast between cold and hot gas phases depends on the details of the gas

cooling curve. Without cosmic rays or magnetic fields, the density contrast between the

cold and hot gas phases in an ideal gas will be set by the temperature contrast, Θ =

Thot/Tcold. In our fiducial simulations, we set the minimum temperature of the gas to be

Tmin = 5 × 104K which roughly corresponds to Θ = 20. Artificially setting the minimum

temperature of cold gas allowed us to keep our simulations at a modest resolution, which

is necessary for a large‐scale parameter study. However, we do expect that a different
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Figure 3.14 The average density contrast between the cold and hot gas phases
(⟨ρcold⟩/⟨ρhot⟩) as a function of the average ratio of Pc/Pg in cold gas clumps. The points
show data averaged from 20 outputs between t = 4− 6tcool, measured between 0.8 and 1.2
scale heights. The different colors indicate simulations with different minimum temper‐
atures allowed by the idealized cooling curve: Tmin = 5 × 104K (green), and Tmin = 104K
(orange), corresponding to expected temperature contrasts ofΘ = Tcold/T0 of 20 and 50 re‐
spectively. The different curves show predictions for the density contrast using Eq. 3.25,
assuming Pc ∝ ρ4/3, for different possible values of the temperature contrast, Θ. Our
simulations exactly match the predicted density contrast profiles at high cosmic‐ray pres‐
sures but underpredict the high density contrast needed for purely thermal pressure equi‐
librium.
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choice of Tmin would change predictions for the density contrast as a function of cosmic‐

ray pressure presented in Figure 3.11. We explore the impact of Tmin on the predicted

density contrast in this section.

Figure 3.14 shows the density contrast as a function of the cosmic‐ray pressure ratio,

Pc/Pg in cold gas. The green lines show the predicted density contrast for a variety of

different temperature contrasts, Θ, assuming Pc ∝ ρ4/3 (i.e., inefficient cosmic‐ray trans‐

port; see Eq. 3.25). The scattered points show simulation data for runs with cosmic‐ray

advection, averaged between 4−6tcool, measured between 0.8 and 1.2 scale heights. Green

points show simulations with our fiducial choice of Tmin = 5 × 104K and orange points

show simulations with Tmin = 104K, corresponding to Θ ≃ 100. These simulations were

run with no magnetic fields.

At high cosmic‐ray pressures, the simulation data points follow their theoretically pre‐

dicted tracks well. However, the simulation points underpredict the density contrast with

decreasing cosmic‐ray pressure, especially the orange points which require significantly

higher resolution.

In all cases, the relevant trend is that cosmic rays only have a significant effect on the

density contrast when cosmic‐ray pressure dominates over thermal pressure in the cold

gas, (Pc/Pg)cold ≳ 1. The density contrast approaches zero when Pc/Pg ≳ 100. In the

intermediate regime, the density contrast decreases following a power law with a slope

between ‐1/3 and ‐1. Higher temperature contrast between the cold and hot phases ne‐

cessitates higher cosmic‐ray pressures to achieve the same decrease in density contrast.

3.7.3 Impact of halo profile

Our fiducial suite of simulations all had an “iso‐cooling” profile: the gas density and tem‐

perature as a function of height above the midplane follow Eq. 3.13 to ensure that gas

cooling time is constant throughout. Although keeping the cooling time constant is ad‐

vantageous in the context of an idealized parameter study, we by no means expect that
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Figure 3.15 The average density fluctuation (⟨δρ/ρ⟩; left), cold mass fraction (Mcold/Mtotal;
middle), and cold mass flux (Ṁcold/Ṁff; right) as a function of the initial tcool/tff for simu‐
lations with varying ratios of Pc/Pg. The solid lines are repeated from Figure 3.6 and the
dotted lines show the same simulations run with an isothermal gas density and tempera‐
ture profile. The points show each quantity averaged between t = 4−6tcool andmeasured
between 0.8 and 1.2 scale heights. All simulations have an initial β = 100. The choice of
halo profile does not qualitatively impact our results.

all halos follow this narrow range of densities and temperatures.

To test the effect of the choice of gas profile, we run a subset of the simulations with

isothermal initial conditions and compare them against the fiducial simulations in Fig‐

ure 3.15. Overall, we find that the choice of profile has little effect on the qualitative

density fluctuation, cold mass fraction, or cold mass flux. The largest quantitative de‐

viation from the fiducial simulations is in the cold mass fractions for simulations with

tcool/tff ≥ 1. This is likely because the gas cooling times in the isothermal profile are

shortest near the midplane and cooling happens from the inside‐out. Therefore, at late

times, we can expect less gas near themidplane of simulations with an isothermal profile.
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Chapter 4

THE IMPACT OF COSMIC RAYS ON THE KINEMATICS OF THE
CIRCUMGALACTIC MEDIUM
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The work presented in this chapter was conducted in collaboration with Jessica Werk, Kirill Tch‐

ernyshyov, DrummondFielding, JosephBreneman,Daniel Piacitelli, ThomasQuinn,Nicole Sanchez,

Akaxia Cruz, Joseph Burchett, Cameron Hummels, and Michael Tremmel.

Summary

We use hydrodynamical simulations of two Milky‐Way‐mass galaxies to demonstrate the

impact of cosmic‐ray pressure on the kinematics of cool and warm circumgalactic gas.

Consistent with previous studies, we find that cosmic‐ray pressure can dominate over

thermal pressure in the inner 50 kpc of the circumgalactic medium (CGM), creating an

overall cooler CGM than that of similar galaxy simulations run without cosmic rays. We

generate synthetic sightlines of the simulated galaxies’ CGM and use Voigt profile fitting

methods to extract ion column densities, Doppler‐b parameters, and velocity centroids of

individual absorbers. We directly compare these synthetic spectral line fits with HST/COS

CGM absorption‐line data analyses, which tend to show that metallic species with a wide

range of ionization potential energies are often kinematically aligned. Compared to the

Milky‐Way simulation runwithout cosmic rays, the presence of cosmic‐ray pressure in the

inner CGM creates narrower O Vı absorption features and broader Si ııı absorption fea‐

tures, a quality which is more consistent with observational data. Additionally, because

the cool gas is buoyant due to non‐thermal cosmic‐ray pressure support, the velocity cen‐

troids of both cool and warm gas tend to align in the simulated Milky Way with feedback

from cosmic rays. Our study demonstrates that detailed, direct comparisons between

simulations and observations focused on gas kinematics have the potential to reveal the

feedback physics that shapes the CGM.

4.1 Introduction

Galaxies evolve embedded within a vast, gaseous halo that dwarfs the mass and spatial

extent of the galactic disk. This circumgalactic medium (CGM) has a rich multiphase
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structure with gas temperatures, densities, and metallicities spanning several orders of

magnitude (Tumlinson et al., 2017a). The CGM drives galaxy evolution by controlling gas

accretion, which is necessary for continued star formation, and is in turn shaped by galac‐

tic outflows, which expel the byproducts of stellar evolution. Constraints on the structure

of the CGM and the origin of its multiple phases are therefore crucial for understanding

the dominant physical mechanisms driving galaxy evolution.

Because the CGM is so diffuse, much of what we know about its composition and kine‐

matics derives from absorption line studies, in which the sightline to a bright background

source (typically a quasar) intersects a galaxy’s CGM. The atoms in the CGM interact with

the light from the quasar, creating absorption line features in the resulting spectra from

which we can measure properties like the ionic column density and line‐of‐sight velocity

of the absorbing gas. Most sightlines intersecting the CGM detect absorption from high‐

, intermediate‐, and low‐ionization species at rest‐frame Ultraviolet (UV) wavelengths,

spanning over an order of magnitude in ionization potential energies, both at low red‐

shift (e.g. z ≲ 1: Prochaska et al., 2011; Tripp et al., 2011a; Tumlinson et al., 2013; Werk

et al., 2013; Nielsen et al., 2013; Bordoloi et al., 2014; Liang and Chen, 2014; Borthakur

et al., 2015; Burchett et al., 2019) and high redshift (e.g. 2 < z < 3: Steidel et al., 2010;

Rudie et al., 2012; Turner et al., 2015; Zahedy et al., 2019). Absorption from low‐ions (e.g.,

Mg ıı, Si ııı), assumed to trace cool 104−5 K gas, is prevalent in the inner ∼ 100 kpc of

the CGM while absorption from high‐ions (e.g., O Vı), assumed to trace warm 105.5 K gas,

is detected out to, and sometimes beyond the galaxy virial radius (Johnson et al., 2015;

Keeney et al., 2018). Kinematic studies reveal that high ions and low ions often have simi‐

lar line‐of‐sight velocity centroids, suggesting a common (or related) physical distribution

of the warm and cool absorbers (Werk et al., 2016).

Ionization modeling of the measured quantities has yielded a rich set of constraints

on the gas‐phase metallicity of the CGM (e.g. Lehner et al., 2013; Prochaska et al., 2017;

Lehner et al., 2019), its total baryonic content (e.g.Werk et al., 2014; Stern et al., 2016), and

its pressure profile (Stocke et al., 2013; Werk et al., 2016; Voit et al., 2019). In particular,
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around low‐redshiftL∗ galaxies, cool CGMgas appears to have significantly lower densities

than required for it to be in thermal pressure equilibrium with the hot phase (Werk et al.,

2014; Stern et al., 2016).

One promising interpretation of the low densities of cool gas is that the CGM is sup‐

ported by non‐thermal cosmic‐ray pressure. In recent years, cosmic rays have been in‐

voked in galaxy simulations to launch winds (Ipavich, 1975; Uhlig et al., 2012; Booth et al.,

2013; Pakmor et al., 2016c; Simpson et al., 2016; Ruszkowski et al., 2017; Farber et al., 2018;

Hopkins et al., 2021a), and therby altering the ionization structure of the CGM (Salem

et al., 2016; Butsky and Quinn, 2018; Ji et al., 2020a; Buck et al., 2020). Although the quan‐

titative details of the predicted CGM structure depend on the invokedmodel of cosmic‐ray

transport (Hopkins et al., 2021b,d), which is still poorly constrained, many of these sim‐

ulations predict a cosmic‐ray pressure‐dominated CGM around low‐redshift L* galaxies.

In these models, the cosmic‐ray pressure can exceed the gas pressure by up to two or‐

ders of magnitude in the inner CGM. Significant cosmic‐ray pressure support allows low‐

density cool gas to fill the CGM, naturally producing high column densities of low‐ions.

Significant cosmic‐ray pressure can also qualitatively alter the kinematics of the CGM by

changing the morphology of outflows (e.g. Girichidis et al., 2016; Jana et al., 2020) and

preventing a virial shock Ji et al. (2020b).

In this chapter, we explore the implications of a cosmic‐ray pressure dominated halo

on the observed kinematic alignment between multiphase ions. We start with a Milky

Way mass galaxy which has successfully reproduced O Vı column densities with the help

of supermassive black hole (SMBH) feedback (Sanchez et al., 2019). We then re‐simulate

that same galaxy, adding supernova cosmic‐ray feedback. By redshift z = 0.25, this galaxy

develops a cosmic‐ray‐pressure‐supported halo, qualitatively similar to those described

in the recent literature.

To compare the simulations with observations, we generate 100 synthetic spectra that

pierce the inner‐CGM of each simulated halo. We then analyze absorption features in

these spectra with Voigt‐profile fitting tools used by observers. This approach allows us
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to make a detailed comparison of individual synthetic absorption‐line components’ prop‐

erties (e.g. Doppler‐b parameters, line‐of‐sight velocity offsets) with the same properties

derived fromobservations in such away that is inaccessible to traditional simulation anal‐

ysis techniques.

This paper is organized as follows. In section 4.2, we describe our methods, includ‐

ing the simulation initial conditions, our choices of run‐time physics, and the process for

generating and analyzing synthetic spectra. In section 4.3, we present our results. We

first present a simulation‐oriented view of the CGM properties and then shift the focus to

properties derived from the Voigt‐profile fits with an emphasis on the Doppler‐b param‐

eters and velocity offsets. In section 4.4, we discuss the implications of our work in the

context of recent work and future directions. In section 4.5, we present a summary of

this chapter and its conclusions. Lastly, we demonstrate the implementation of cosmic‐

ray physics in the CHANGA simulation code in section 4.6.

4.2 Methods

4.2.1 Description of Galaxy Simulations

In this chapter, we analyze cosmological zoom‐in simulations of two Milky Way‐sized

galaxies evolved with and without cosmic‐ray feedback. The base model, “Patient 0” (P0)

has been studied in great detail in Sanchez et al. (2019) and Sanchez et al. (2020). “Patient

0 with cosmic rays” (P0+CR) uses the same initial conditions and physics as P0 except that

it also includes cosmic‐ray feedback. We present a basic description of the simulation

here for context, but encourage the reader to see the referenced works for more detail.

The description of the cosmic‐ray physics implementation is detailed in section 4.6.

The simulations were run with ChaNGa, a smoothed‐particle hydrodynamics (SPH)

astrophysical simulation library (Menon et al., 2015) with a recently updated formalism

that includes a geometric density approach in the force expression (Wadsley et al., 2017).

We assume a ΛCDM cosmology with parameters Ωm = 0.3086,ΩΛ = 0.6914, h = 0.67, σs =
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0.77 and an extragalacticUVbackgrounddescribedbyHaardt andMadau (2012). Themass

of dark matter particles and gas particles are 2.1× 105M⊙ and 1.4× 105M⊙ respectively.

We do not include metal line cooling for temperatures above 104 K. Although this is

a limitation of the simulation, these effects are mitigated by the fact that the balance be‐

tween heating and cooling at warm CGM temperatures is dominated by the extragalactic

UV background. In this case, excluding metal line cooling overestimates the cooling time

by a factor of ∼ 3 – 5 (Shen et al., 2010). Additionally, the cooling times in 104−4.5 K gas

are well estimated by primordial cooling (Hopkins et al., 2018).

Both simulations model star formation assuming a Kroupa IMF (Kroupa, 2001) and

‘blastwave’ supernova feedback (Stinson et al., 2006). We also include SMBH feedback as

described in Tremmel et al. (2017).

cosmic‐ray energy is injected into the simulation during supernova feedback events.

The total injected supernova energy remains constant, but 10% is injected in the form of

cosmic‐ray energy. We do not inject additional cosmic‐ray energy during SMBH feedback

events. Cosmic‐ray transport is modeled as isotropic diffusion with a constant diffusion

coefficient of κ = 1029cm2s−2.

4.2.2 Generating synthetic spectra

We explicitly track the evolution of hydrogen, oxygen, and iron at runtime. In the analysis

phase, we use (Hummels et al., 2017), an extension of the widely‐used simulation anal‐

ysis tool, YT (Turk et al., 2012), to estimate the abundance of other chemical species as

well as their ionization states. We also use to generate synthetic spectra that mimic the

specifications of the HST COS‐G130M and COS‐G160M instruments.

We generate 100 randomly‐oriented sightlines coordinates that sample the inner CGM

with impact parameters between 10 and 50 kpc. To generate the coordinates of a random

sightline, we first define the position of the impact parameter – the closest point between

the sightline and the galactic center – as a point on the surface of a sphere centered on
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Figure 4.1 (Top) The projected paths of the 100 synthetic spectra in the x‐y plane, centered
on the galaxy center. The open circles show the projected position of the impact parame‐
ter – the closest point between the sightline and the galactic center. (Bottom) The random
distribution of impact parameters between 10 and 50 kpc. Note that theminimum impact
parameter is 10 kpc, and the appearance of impact parameters < 10 kpc in the top panel
is due to projection effects.
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the galaxy: p(r, θ, ϕ). In this expression, r is the impact parameter, θ is the polar angle,

and ϕ is the azimuthal angle. All three values are selected using a random, unweighted

number generator. Once we choose the coordinates of the impact parameter, we set the

orientation of the sightline to be at a random angle, ψ, in the plane tangent to the sphere.

All sightlines are 500 kpc long and centered at their impact parameter.

We use the same set of galactocentric sightline coordinates to generate synthetic spec‐

tra for both, P0 and P0+CR. Figure 4.1 provides a visual depiction of the randomly dis‐

tributed sightlines and the distribution of impact parameters (the circles).

For each sightline in each galaxy, we generate a synthetic spectrum at z = 0.25, in‐

cluding all transitions of the H ı, Mg ıı, C ıı, C ııı, C ıV, Si ıı, Si ııı, Si ıV, N V, and O Vı

ions. then deposits Voigt absorption profiles that explicitly include thermal broadening

and implicitly include nonthermal broadening due to gas motions. We subtract out the

bulk velocity of the 500 kpc sphere centered on the galaxy relative to the simulation frame.

To make these synthetic spectra resemble real HST/COS data, we add noise with a signal‐

to‐noise ratio of 10 per resolution element and convolve it with the line spread functions

of the G130M and G160M spectrographs. The resulting normalized synthetic spectra are

characterized by a FWHM ≈ 18 km s−1 when they are binned by three native spectral

pixels to a dispersion of∆λ ≈ 0.0367 Å.

4.2.3 Analyzing synthetic spectra

Our spectral analysis incorporates common observational techniques for analysing high‐

resolution HST/COS data (e.g. Tumlinson et al., 2011; Werk et al., 2013). Specifically, we

extract information from the synthetic spectra by decomposing the absorption features

into Voigt profiles. We do sowithout any regard to the parameters that are used by Trident

to generate the synthetic spectra.

The decomposition involves five steps: (1) automated identification of distinct absorp‐

tion components; (2) an initial Voigt profile fit; (3) manual refinement of component def‐
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initions; (4) a final Voigt profile fit; and (5) calculation of column density upper limits

for ions with no detected components. For each ion and sightline, this procedure pro‐

duces either a column density upper limit or a collection of: component column densi‐

ties, N ; velocity centroids relative to the halo rest frame, v; and linewidths expressed as

as Doppler‐b parameters.

To identify absorption components for an ion along a sightline, we first estimate the

column density as a function of velocity, N(v), using the apparent optical depth method

(AOD; Savage and Sembach, 1991). We then segment N(v) by computing a dendrogram

(Rosolowsky et al., 2008), and take the leaves of the dendrogram to be candidate compo‐

nents. Finally, we remove candidate components whose integrated column densities are

less than two times their integrated column density uncertainties.

Each candidate component has a centroid velocity, an allowed velocity range, and

rough estimates of the component column density and linewidth. These values are used

as initial conditions for the Voigt profile fit. We use optimization to find the likelihood‐

maximizing component parameter set and estimate uncertainties by inverting the Fisher

information matrix at the maximum likelihood solution.

The automated component identification procedure is imperfect. It makes two main

kinds of mistake: (1) identifying a single component where multiple components would

be more appropriate and (2) identifying a single absorption feature as arising from dif‐

ferent ions. We resolve the first kind of mistake by inspecting the initial Voigt profile fits

and defining new components as needed. The second mistake happens when ions have

transitions with similar rest wavelengths, such as the C ıı 1036Å and O Vı 1037Å lines. In

all such cases, at least one of the ions has more than one line, so the maximum likelihood

solution for the fictitious component has a very low column density. This allows us to

find and remove these incorrect components using a velocity and column density cut. A

second round of Voigt profile fits done with the revised component structures provides

our adopted set of component parameters.

If an ion has no components along a sightline, we calculate an upper limit on the ion’s
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Figure 4.2 The mass‐weighted projections of density, temperature and line‐of‐sight veloc‐
ity for P0 (top) and P0+CR (bottom) at z = 0.25. The width and depth of the projection are
100 kpc. Relative to P0, the simulation with cosmic rays has a cooler CGM in the inner
∼ 40 kpc and a larger rotating extended disk.

column density. We use AOD to calculate N(v) and integrate the result over a 100 km s−1

interval. We then convert the total column density and column density uncertainty over

this interval to a 2‐σ equivalent upper limit using the formalism of Bowen et al. (2008).

4.3 Results

4.3.1 The physical state of the CGM

Despite starting from the same initial conditions, by a redshift of 0.25, the two galaxies

have distinctly different CGM properties. While some differences are naturally to be ex‐
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Figure 4.3 The mass‐weighted projection of the ratio of cosmic‐ray pressure to gas pres‐
sure in P0+CR. Cosmic‐ray pressure is significantly larger than thermal pressure in the
inner CGM. The cosmic‐ray pressure gradient counteracts gravity to maintain hydrostatic
equilibrium, allowing cool, low‐entropy gas to fill the inner CGM.
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pected (even for theoretically identical cosmological simulations) due to low‐level non‐

linear effects (Genel et al., 2019), the buildup of cosmic‐ray pressure in P0+CR produces a

qualitatively different CGM, significantly exceeding the differences expected from chaotic

processes of galaxy formation.

Figure 4.2 shows the mass‐weighted projections of gas density, temperature, and line‐

of‐sight velocity. The CGM of P0 is notably hotter, with temperatures in excess of 106

K, in part due to a recent burst of supernova feedback, and in part due to the thermal

gas pressures required to maintain hydrostatic equilibrium. The cool, dense filament of

inflowing gas traces the remnants of a recent merger with a satellite galaxy.

By contrast, the inner CGM of P0+CR is full of cool gas, supported against gravity and

condensation by significant cosmic‐ray pressure. This cool inner CGM extends roughly 40

kpc andhas higher gas densities than the inner CGMof P0. The cool gas is pierced by pock‐

ets of hot bubbles from supernova feedback. There is a sharp transition between the cool,

inner CGM and the outer CGM, marking the edge of the cosmic‐ray‐pressure‐supported

halo. The temperatures and densities in the outer CGM of P0+CR resemble those in the

outer CGM of P0. The line‐of‐sight velocity distribution is smoother in P0+CRthan in P0.

The inflowing filament from the recent merger is also present in P0+CR, but is signifi‐

cantly diminished relative to the fast‐moving filament in P0.

Figure 4.3 shows the projected ratio of cosmic‐ray pressure to gas pressure around

P0+CR. The inner ∼ 40 kpc of the CGM are supported by cosmic‐ray pressure while the

outer regions are supported by thermal pressure. The shape of the cosmic‐ray‐pressure‐

supported region traces the shape of the cool gas. The details of the cosmic‐ray pressure

profile and the extent of the cosmic‐ray‐pressure‐supported region are sensitive to the

choice of cosmic‐ray hydrodynamics models, which are currently unconstrained. How‐

ever, this simulation is qualitatively similar to the cosmic‐ray‐pressure‐supported CGM

seen in other hydrodynamics simulations with cosmic‐ray diffusion (e.g., Salem et al.,

2016; Butsky and Quinn, 2018; Ji et al., 2020a; Buck et al., 2020).

These differences in the gas phase between the two galaxies translate into differences
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Figure 4.4 TheO Vı, Si ııı, and columndensities at z = 0.25 for P0 (top) and P0+CR (bottom).
The width (and depth) of the projection is 100 kpc. Compared to P0, the CGM of P0+CR
has lower overall O Vı column densities and higher column densities of Si ııı and in the
inner 50 kpc.
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Figure 4.5 The ion‐mass weighted 2D histograms of gas temperature and number density
for P0 (left) and P0+CR (right). The data for these plots is generated from a spherical shell
between 10 and 50 kpc from the galactic center. The additional pressure support from cos‐
mic rays moves the gas to lower densities. P0 has a substantial amount of O Vı absorption
at temperatures above the collisional ionization equilibrium temperature of T ∼ 105.5 K.
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in their ion column densities. Figure 4.4 shows the column densities of O Vı, Si ııı, and

H ı for the two simulated galaxies. P0 has high O Vı column densities throughout, with

its hot inner region exceeding column densities of 1015cm−2. While the O Vı‐bearing gas

creates structures that span the extent of the inner CGM, the Si ııı and H ı column density

maps trace small‐scale structures near the galactic disk and in the cold accretion stream.

The cloudlets that trace Si ııı and H ı absorbers are likely

Relative to P0, P0+CR has lower O Vı column densities with a profile that traces the

shape of the cosmic‐ray‐pressure‐supported region. The inner CGM has significant Si ııı

and H ı column densities throughout.

In Figure 4.5, we take a look at the differences in the gas properties of O Vı and Si ııı

absorbers between the two simulations. The images show the 2D histograms of simulated

temperature and number density, colored by the ion mass probability density of O Vı and

Si ııı. The data for these plots was generated from spherical shells centered on the galaxy

with radii between 10 and 50 kpc, corresponding to the region sampled with our synthetic

spectra and in the previous figures.

In both galaxies, the vastmajority of Si ııı comes fromgas around 104.2 K, as is expected

for photoionized gas. Relative to P0, the Si ııı in P0+CR comes from lower density gas due

to nonthermal cosmic‐ray pressure support. In P0, O Vı traces gas with temperatures of

T = 105.3−6.2 K — hotter than the peak O Vı ionization temperature of∼ 105.5 K. In P0+CR,

themajority of O Vı absorption traces gaswith temperatureswith a peak at T = 105.5 K and

has a negligible fraction of photoionized O Vı at low temperatures and low gas densities.

Like with Si ııı, O Vı‐bearing gas in P0+CR tends to have lower densities than in P0.

4.3.2 Physical insights from synthetic spectra

Next, we present the physical state of the two galaxies as seen through their synthetic

spectra. Unlike real observations, with synthetic spectra we have the added benefit of

actually knowing the gas properties along the sightline that lead to the absorption fea‐
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Figure 4.6 Example synthetic spectra from P0 and the gas properties along their line of
sight. (Top row) The normalized flux corresponding to Si ııı and O Vı absorbers in veloc‐
ity space. The gray lines show the raw synthetic spectra and the green and red lines show
the Voigt profile fits for Si ııı and O Vı respectively. (Remaining rows) The gas density,
temperature, metallicity, line‐of‐sight velocity, and fractional ion column densities as a
function of position along the line of sight. The points are colored by their LOS velocity,
which helps discern which absorber they contribute to. The fractional ion column densi‐
ties in the bottom row are divided by the total ion column density, to help discern which
particles contributed the most to the absorbers in the top row. In the light ray trajectory,
0 always represents the impact parameter (point of closest approach to the galaxy center).
While O Vı‐bearing gas tends to form large, resolved structures, Si ııı‐bearing gas tends
to form dense, resolution‐limited structures. By matching fractional column densities of
Si ııı and O Vı to the absorbers in the spectra, we can see that kinematic alignment does
not necessarily imply physical alignment (left). Conversely, the right panel shows an ex‐
ample of Si ııı and O Vı absorbers that are spatially aligned but kinematically misaligned.
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Figure 4.7 Similar to Figure 4.6, the figure above shows example synthetic spectra from
P0+CR and the gas properties along their line of sight. There is an additional panel to show
the ratio of cosmic‐ray pressure to gas pressure, Pc/Pg, along the line of sight. (Right) An
example of kinematic alignment in P0+CR in which both Si ııı and O Vı absorbers come
from the same physical structures. In all P0+CR spectra that have both O Vı and Si ııı
absorbers, there is at least one O Vı component that is kinematically aligned with Si ııı.
P0+CR has higher incidences of kinematic alignment between Si ııı and O Vı. In most
cases in P0+CR, Si ııı absorption comes from large, ∼ 50 kpc, clouds that are enveloped
by O Vı absorbers. Unlike in P0, low‐density Si ııı‐bearing gas in P0+CR is resolved by
many gas particles.
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tures we observe. Figure 4.6 and Figure 4.7 each show two example spectra with both

Si ııı and O Vı absorption. The top panel shows the ion absorption as a function of its

velocity offset from the galaxy rest frame. The panels below show the gas particles along

the one‐dimensional sightline used to generate the synthetic spectra. The x‐axis shows

the trajectory along the light ray, with zero corresponding to the impact parameter. The

points are colored by their line of sight velocity, which corresponds to the relative velocity

offset in the top panel.

The first P0 spectrum on the left‐hand side of Figure 4.6 is an example of two O Vı ab‐

sorbers, both kinematically alignedwith Si ııı absorbers, yet with different spatial origins.

From the bottom two panels, we can see that the O Vı and Si ııı absorbers at 80 km/s (deep

red) come from the same physical region as they appear at the same point along the light

ray trajectory. This is consistent with cold clumps being entrained in a hot background

medium. By contrast, the O Vı and Si ııı absorbers at 20 km/s offset come from completely

different regions, separated by roughly 50 kpc in space, yet happen to have a similar‐line

of sight velocity. Additionally, the 20 km/s Si ııı absorber comes from one extrapolated

data point along the sightline, indicating that the cool cloud is not resolved and resulting

in a narrow absorption feature. The second P0 spectrum, in the right panel of Figure 4.6,

is an example of a spectrum that has significant absorption of both O Vı and Si ııı without

kinematic alignment. Even though one absorber for each, O Vı and Si ııı, comes from the

same physical cloud at x ≃ 10 kpc along the lightray, those absorbers are moving with

different velocities.

The P0+CR spectra in Figure 4.7 show a very different relationship between the kine‐

matic and physical alignment of O Vı and Si ııı. In both cases, the O Vı and Si ııı absorbers

are kinematically aligned. In the first example, in the left panel of Figure 4.7, the cool and

warm gas comes from physically distinct, yet related clouds. Although O Vı and Si ııı ab‐

sorption is spatially offset, with the O Vı absorption bordering the Si ııı absorption on

either side, the velocity structure of the scatter points clearly shows that together, the

O Vı and Si ııı form a coherent physical region. The O Vı and the Si ııı absorbers are co‐
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rotating. The Si ııı absorption is very wide and has a large Doppler‐b parameter because

it comes from a large Si ııı‐bearing cloud that spans a wide range of velocity space. The

two O Vı absorption features, which trace the velocity at either edge of the cool cloud are

nestled within the broad Si ııı absorber. In the second example spectrum, there are two

distinct absorbers of each, Si ııı and O Vı, both of which come from the same physical

cloud. In both cases, they are kinematically aligned.

These four examples were chosen to highlight the observed trends in and differences

between the P0 and P0+CR synthetic spectra.P0 tends to have broader O Vı and narrow

Si ııı absorbers, with a large fraction of them kinematically misaligned. O Vı absorbers

come from hot (T > 106 K) gas that spans tens of kpc while Si ııı absorbers come from

small (and likely resolution‐limited) clouds of ∼ 1 kpc scales. The O Vı and Si ııı bearing

gas sometimes comes from the same physical cloud, but is often physically unrelated.

In P0+CR, Si ııı absorbers tend to be broader and come from large, low‐density clouds

spanning 10 − 50 kpc. O Vı absorbers tend to come from slightly cooler gas (T ≲ 106

K) and slightly smaller clouds (10 − 50 kpc) than in P0. O Vı and Si ııı absorbers are

often kinematically aligned and often come from either the same physical cloud or from

physically related clouds.

Note that in an attempt to highlight the relationship between the kinematic and phys‐

ical relationships between O Vı and Si ııı, we omit spectra that have no measurable Si ııı

absorption from this figure. While these true “no‐lows” (see: Werk et al., 2016) are present

in both simulations, they are very common in P0 and very rare in P0+CR.

4.3.3 The Doppler‐b Parameter

The Doppler‐b parameter is a combination of thermal and non‐thermal line broadening

mechanisms, b =
√
bth + bnt. The Voigt profile of the synthetic spectra generated with

TRıDENT is a convolution of Doppler line broadening (thermal), described by a Gaus‐

sian function and pressure broadening (non‐thermal) modeled as a Lorentzian function.
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Figure 4.8 (Left) The column density of O Vı absorbers as a function of Doppler‐b param‐
eter for P0 (top) and P0+CR (bottom). Purple squares indicate O Vı absorbers that are
matched with a Si ııı absorber within 35 km/s in line‐of‐sight velocity space. Gray dia‐
monds indicate O Vı absorbers that have no corresponding Si ııı absorber within 35 km/s.
We include data fromWerk et al. (2016) for comparison in black. Upward arrows indicate
upper limits on the measured column density. (Right) The histograms of the Doppler‐b
parameters of O Vı absorbers in P0 (top) and P0+CR (bottom) compared against observa‐
tions. All histograms are normalized to have an area of 1. Both simulations have a distinct
lack of very broad (b > 60km/s) O Vı absorbers.
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Figure 4.9 (Left) The column density of Si ııı absorbers as a function of Doppler‐b param‐
eter for P0 (top) and P0+CR (bottom). Green squares indicate Si ııı absorbers that are
matched with a O Vı absorber within 35 km/s in line‐of‐sight velocity space. Gray dia‐
monds indicate Si ııı absorbers that have no corresponding O Vı absorber within 35 km/s.
We include data fromWerk et al. (2016) for comparison in black. Upward arrows indicate
upper limits on the measured column density. (Right) The histograms of the Doppler‐b
parameters of Si ııı absorbers in P0 (top) and P0+CR (bottom) compared against observa‐
tions. All histograms are normalized to have an area of 1. P0+CR better reproduces the
observed broad Si ııı absorbers but over‐predicts the abundance of narrow, high‐column
Si ııı absorbers.
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Therefore, a broad absorption feature may be due to high gas temperatures, densities, or

velocity dispersions. We note that although cosmic rays are a source of nonthermal pres‐

sure support they do not explicitly affect the Doppler‐b parameter value. Instead, they

indirectly influence the Doppler‐b parameter by altering the density, temperature, veloc‐

ity profiles, or spatial extent of the gas.

The left panel of Figure 4.8 shows the O Vı column density as a function of Doppler‐

b parameter for P0 and P0+CR. Each scattered point represents a single O Vı absorption

feature and is colored bywhether or not that absorber has amatched Si ııı absorberwithin

35 km/s in line‐of‐sight velocity space. P0 has significantly more “No‐lows” than either

P0+CR or the observations. This is in part due to the fact that P0 has both more sightlines

that have no detected Si ııı and more sightlines with detected Si ııı that is kinematically

unrelated to O Vı.

In the cosmic‐ray‐pressure‐supported CGM, the distribution of O Vı Doppler‐b values

is narrower, likely because O Vı comes from cooler gas (Figure 4.5). P0+CR also repro‐

duces the observed abundance of O Vı Doppler‐b parameters that are 20 − 30 km/s and

predicts a relative gap in O Vı Doppler‐b parameters around 40 km/s. In comparison, P0

has broader O Vı features, with themost abundant O Vı Doppler‐b parameter in the 30−40

km/s range. Neither simulated distribution reproduces the very broad O Vı features seen

in Werk et al. (2016)1. The lack of very broad O Vı absorbers is likely influenced by the

lack of O Vı in the outskirts of the simulated CGM and the resolution, which narrows the

velocity distribution within an O Vı cloud (Peeples et al., 2019b).

Figure 4.9 repeats the format of Figure 4.8 for Si ııı absorbers. In the left panel, each

scatter point represents individual Si ııı absorbers, colored by whether they have a corre‐

sponding O Vı absorber within 35 km/s in line‐of‐sight velocity space. The CGM of P0+CR

produces higher column densities of Si ııı, which appear consistent with the range of ob‐

served column densities. However, it is difficult to compare precisely as many of the ob‐

1There is one additional O Vı absorber with b = 174.7 km/s in theWerk et al. (2016) data that isn’t pictured
in Figure 4.8.
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served Si ııı absorbers are saturated. P0+CR also produces distinctly higher Si ııı Doppler‐

b parameters that better agree with the observed distribution. However, as with O Vı ab‐

sorbers, neither simulation reproduces the broad tail of Si ııı Doppler‐b parameters.

4.3.4 The kinematics of cool and warm gas

Next, we consider the impact of cosmic rays on the kinematics of O Vı and Si ııı. Using

synthetic spectra, we compare the velocity offsets of individual absorbers of O Vı and Si ııı

and compare them directly against the properties of the velocity offsets of the absorbers

in Werk et al. (2016).

In Figure 4.10, we plot the histograms of minimum difference in velocity centroids

between O Vı and Si ııı for all sightlines that have detections of both ions. P0 has signifi‐

cantly more spectra that have Si ııı absorbers that are kinematically offset from the O Vı

absorbers. This is because the cool, Si ııı absorbing, gas in P0 is often physically unrelated

to the warm, O Vı absorbing, gas.

Figure 4.11 highlights the radial velocity differences between cool and warm gas in

both simulations. In P0, the majority of cool gas is radially infalling. Even if we were

to exclude the fast inflowing cool gas that originates from the accreting stream, the re‐

maining cool gas radial velocity histogram is still offset from the warm gas radial velocity

histogram. Meanwhile, the cosmic‐ray pressure support in P0+CR helps support cool gas

against gravity, giving it a very similar radial velocity distribution as that of the warm gas.

In this way, significant cosmic‐ray pressure support naturally leads to kinematic align‐

ment between the cool and warm gas phases.

4.3.5 Relating Kinematic Alignment to Physical Absorbers

With synthetic spectra, we have the unique opportunity to relate the kinematic alignment

between O Vı and Si ııı to the spatial relationship of the absorbing gas along the line of

sight. To do this, we turn back to the simulated properties of each 1D sightline fromwhich
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Figure 4.10 The histograms of the minimum velocity differences between O Vı and Si ııı
absorbers for P0 (top) and P0+CR (bottom). This excludes sightlines that have O Vı but
no Si ııı absorbers. All histograms are normalized to have an area of 1. P0+CR better
reproduces the observed kinematic link between O Vı and Si ııı absorbers.
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Figure 4.11 The mass‐weighted 2D histogram of radial velocity as a function of tempera‐
ture for cool (blue) and warm (orange) CGM gas for P0 (left) and P0+CR (right). The data
is taken from gas that is between 10 and 50 kpc from the galactic center. Without cosmic
rays, cool gas in the inner CGM tends to be on a radially inward trajectory. With sub‐
stantial cosmic‐ray pressure support, low entropy cool gas is supported against gravity
and has a very similar velocity distribution to that of the warm gas, leading to kinematic
alignment of multiphase absorbers.
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the synthetic spectra are generated. For each sightline that contains a detectable amount

of both O Vı and Si ııı absorption, we calculate the Wasserstein distance (also known as

the earth mover’s distance) between the line‐of‐sight distributions of the O Vı and Si ııı

particles in velocity and in position along the sightline. We use ſCıPY to calculate the

Wasserstein distance, Wp(u, v), which measures the amount of “work” it takes to trans‐

form one 1D probability distribution (u) into another (v). We consider all particles whose

column density is at least 10−2 of the total column density of the sightline.

Considering a single sightline, if the two ions are co‐located and co‐moving, both dis‐

tances will be small. If they are co‐located but not co‐moving (or vice versa), one of the

distances will be large while the other is small. Finally, if the ions are in different places

and moving with different velocities, both distances will be large. Considering an ensem‐

ble of sightlines, the degree to which the distances are correlated provides information

on how tightly and uniquely connected position and velocity are. The dispersion of the

position distances provides information on how variable the abundance ratios of the two

ions are.

Figure 4.12 shows the relationship between the Wasserstein distances for the velocity

and position distributions of O Vı and Si ııı. In the cosmic‐ray‐pressure‐supported halo,

there is a clear relationshipbetween the kinematic and spatial alignment of cool andwarm

gas. By contrast, there are fewer sightlines in P0 that have both a kinematic and spatial

alignment, and there is no clear relationship between the two properties. This may be

due to a lack of resolution of the cool gas structures in P0, many of which are comprised

of only a few particles along the line of sight (Peeples et al., 2019b).

4.4 Discussion

4.4.1 Implications for CGM Kinematics

In a thermal‐pressure‐supported CGM, like the one present in P0, cool gas is not buoy‐

ant. In order to maintain thermal pressure equilibrium, cool gas must have higher densi‐
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Figure 4.12 The Wasserstein distance between O Vı and Si ııı line‐of‐sight velocities and
positions along the sightline. The color of the points indicates the impact parameter of
the sightline. P0+CR has a clear relationship between the kinematic and spatial alignment
of O Vı and Si ııı absorbing gas. In contrast, O Vı and Si ııı gas in P0 are less likely to be
kinematically or spatially aligned.
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ties than the warm phase, inversely proportional to the temperature contrast, ρcold/ρhot =

Thot/Tcold. As a natural consequence, cool gas forms small cloudlets. In this case, the ma‐

jority of cool CGM gas will be accelerating towards the galaxy. Even if cool gas condenses

from the hot phase, initially sharing its velocity, the common velocity phase will be short‐

lived as cool droplets will accelerate towards the galaxy with a characteristic timescale set

by the gravitational freefall time, tff. For a MW‐sized galaxy, this timescale is roughly 700

Myr. Therefore, in a thermal‐pressure‐supported CGM, one would expect a large fraction

of cool gas absorbers to have very large velocity offsets from warm absorbers.

In a cosmic‐ray‐pressure‐supported CGM, the cool gas phase has significantly lower

densities and is supported against gravity by the cosmic‐ray pressure gradient. Rather

than fragmenting into many dense cloudlets, cool gas forms a large (tens of kpc), low

density cloudwith a velocity distribution similar to that of thewarmphase. This naturally

leads to a kinematic alignment between the cool and warm phases.

4.4.2 Uncertainty in Modeling cosmic rays

Despite significant recent theoretical and computational advances in cosmic‐ray hydro‐

dynamics (e.g. Jiang and Oh, 2017; Thomas and Pfrommer, 2019; Hopkins et al., 2021c),

there is no consensus as to which existing cosmic‐ray transport models (if any) realisti‐

cally model the true behavior of cosmic rays. Several recent studies have demonstrated

that different cosmic‐ray hydrodynamics models can change the predicted properties of

the galactic disk, galactic outflows, and CGM structure (e.g., Ruszkowski et al., 2017; But‐

sky and Quinn, 2018; Buck et al., 2020; Hopkins et al., 2021b). Therefore, we expect that

many of the quantitative details in this chapter, for example the exact ion column den‐

sities, the radial extent of the cosmic‐ray pressure dominated region, or the details of

the gas phase distribution of our simulation will likely change with improved models for

cosmic‐ray transport. However, the qualitative predictions in this chapter, in particular

the predictions for the kinematic link between cool and warm gas phases, are robust for
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any CGMmodel that contains significant non‐thermal pressure support.

4.4.3 The Relationship Between Kinematic and Spatial Alignment

With synthetic spectroscopy, we have access to both realistic absorption spectra and the

exact state of the gas from which the absorption features are generated. Using this ap‐

proach allows us to demonstrate that kinematic alignment between cool and warm gas

absorbers does not necessarily reflect physically associated gas clouds.

In our spectra, we see three physical explanations of kinematic alignment. 1) Some

kinematic alignment is happenstance and comes from physically unrelated gas clouds.

This physically unrelated kinematic alignment accounts for 37.5% of O Vı‐Si ııı absorbers

in P0 and only 5% of O Vı‐Si ııı aligned absorbers in P0+CR. 2) Some kinematic alignment

traces multiphase gas clouds – either a cool cloud embedded in a warm cloud, or an inter‐

mediate temperature cloud that produces sufficient cool and warm components. These

types of clouds tend to produce small kinematic offsets and comprise 62.5% of aligned

O Vı‐Si ııı absorbers in P0 and 38% percent of aligned O Vı‐Si ııı absorbers in P0+CR. It

is worth mentioning that we also see instances of O Vı and Si ııı absorbers that come

from the same physical cloud but that are kinematically misaligned. 3) The last physi‐

cal explanation for kinematic alignment is when both cool and warm gas are tracing the

large scale rotation of the CGM (for example, see the right panel of Figure 4.7). In this

case, the warm gas envelops the inner cool gas, and This type of physical alignment pro‐

duces slightly larger velocity offsets than clouds that are both kinematically and physically

aligned. Roughly 67% of kinematic alignment in P0+CR falls into this category but is not

present in P0.

4.5 Summary

In this chapter, we use synthetic spectroscopy to investigate the role of cosmic‐ray pres‐

sure in setting the observed kinematics relationship between cool and warm gas in the
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CGM of low‐redshift L∗ galaxies. We simulate two Milky Way‐sized galaxies, one without

cosmic rays (P0), and one with cosmic‐ray supernova feedback (P0+CR). By a redshift of

z = 0.25, these two galaxies, which started from the same initial conditions, have evolved

fundamentally different CGM properties.

P0 has a hot, thermal‐pressure‐supported CGM that is pierced by cool cloudlets in the

inner CGM as well as an accreting stream from a recent merger event. By contrast, the

inner CGM of P0+CR is supported against gravity by cosmic‐ray pressure and filled with

cool, low density gas.

We systematically probe the inner CGM of both galaxies with synthetic spectra and

compare the extracted column densities, Doppler‐b parameters, and velocity centroids

directly against COS‐Halos data. We focus our analysis on two ions: O Vı, which traces

warm ∼ 105.5 K gas, and Si ııı, which traces cool ∼ 104.2 K gas.

Our results are summarized below.

1. O Vı Doppler‐b parameters. The cosmic‐ray‐pressure‐supported CGM results in more

narrow (20‐30 km/s) O Vı Doppler‐b parameters than the thermal‐pressure‐supported

CGM. This is due to the relatively cooler temperatures of O Vı‐bearing gas in the P0+CR

simulation. In P0+CR, O Vı absorption peaks at 105.5 K, while in P0, O Vı traces both

warm and hot gas with temperatures of 105.5−5.9 K (Figure 4.5). While P0+CR can ex‐

plain the observed overabundance of O Vı Doppler‐b parameters between 20‐30 km/s,

neither simulation offers a statistically good fit to the observed data. Notably, neither

simulation reproduced the observed large O Vı Doppler‐b parameters > 60 km/s (Fig‐

ure 4.8).

2. Si ııı Doppler‐b parameters. In both simulations, Si ııı traces gas peaked at 104.2 K (Fig‐

ure 4.5). In P0, cool gas tends to form small cloudlets with narrow Doppler−b parame‐

ters (Figure 4.9). In contrast, the lower density cool gas in P0+CR fills the inner CGM,

resulting in large column densities and broader absorption features of Si ııı. While

the distribution of Si ııı Doppler‐b parameters in P0+CR is in better agreement with
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observations, it still underpredicts the observed abundance broad Si ııı features.

3. Kinematic alignment of low and high ions. There is significantly more kinematic

alignment between O Vı and Si ııı (|vO Vı − vSi ııı| < 35km/s) in P0+CR (Figure 4.10).

Out of 125 O Vı absorbers in P0+CR, 94% are from a sightline that also detects Si ııı

absorption. Of these sightlines, we find that 90% of O Vı absorbers are kinematically

aligned with a Si ııı absorber. In contrast, only 41% of the 163 O Vı absorbers from

P0 come from sightlines that also detect Si ııı. Of all sightlines that contain both, O Vı

and Si ııı absorbers in P0, we find that 60% of O Vı absorbers are kinematically aligned

with a Si ııı absorber. We demonstrate that in a cosmic‐ray‐pressure‐supported halo,

in which low‐entropy cool gas is supported against gravity, the velocity distribution of

cool and warm gas is similar, leading to a natural alignment between multiphase ions.

This contrasts the kinematics of the thermally supported CGM of P0, in which cool

gas is denser and is more likely to have an inward radial velocity than the warm gas

(Figure 4.11).

4. Relationship between kinematic and physical alignment. We demonstrate that kine‐

matic alignment does not necessarily imply that the absorbers trace physically related

clouds. Our simulations predict that in a cosmic‐ray‐pressure‐supported CGM, there is

a relationship between the kinematic offset between O Vı and Si ııı absorbers and their

physical separation along the line‐of‐sight (Figure 4.12).

4.6 Chapter Appendix: Cosmic Rays in ChaNGa

4.6.1 Equations of Motion

In the Lagrangian approximation, a fluid is discretized by some number of massive par‐

ticles. Traditionally, each particle has a mass, velocity, and specific energy, and these

quantities are evolved from their initial conditions following conservation equations. We

model cosmic rays as an additional “fluid” such that each particle also contains a specific
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Figure 4.13 The SOD shocktube. The state of the gas density (left), velocity (middle), and
pressure (right) at t = 0.31 seconds. The dashed line shows the analytic solution for the
gas density, velocity, and total pressure, which is a sum of gas and cosmic‐ray pressures.
The shocktube was intialized with a contact discontinuity at x = 250 cm at t = 0. To the
left of the discontinuity, the gas density, pressure, and cosmic‐ray pressure are initialized
to ρ = 1g/cm3, Pg = 2/3 kPa, Pc = 4/3 kPa. To the right of the discontinuity, the gas
density, pressure, and cosmic‐ray pressure are initialized to ρ = 0.2g/cm3, Pg = 267.2 Pa,
Pc = 267.2 Pa. The velocity is initialized to zero everywhere.

cosmic‐ray energy. The evolution of these particles is governed by the equations for the

conservation of mass, momentum, thermal energy, and cosmic‐ray energy below.

Dρ

Dt
= −ρ∇ · v (4.1)

ρDv
Dt

+∇(Ptot) = g (4.2)

ρDug
Dt

+ Pg∇ · v = Λg − Γg (4.3)

ρDuc
Dt

+ Pc∇ · v = ∇ · (κc∇uc) + Λc. (4.4)

We define ρ, v, ug to be the gas density, velocity, and specific internal energy (energy per

mass). Similarly, uc is the cosmic‐ray specific internal energy.The gas and cosmic‐ray
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pressures are related to the internal energy by the adiabatic index, Pg = (γ − 1)ρug and

Pc = (γc − 1)ρuc, where γ = 5/3 and γc = 4/3. The total pressure of the system given by

the sum of thermal and cosmic‐ray pressures, Ptot = Pg + Pc. g is the gravitational force.

Λ and Γ are shorthand representations of the total source and sink terms of gas and CR

energy. κc is the constant cosmic‐ray diffusion coefficient. Lastly, t represents time, and

D/Dt = ∂/∂t+ v · ∇ denotes the convective derivative.

In the SPH approach, the above equations become ordinary differential equations for

the motion, internal energy, and cosmic‐ray energy of each particle as follows:

dvi
dt

= −
∑
j

mj

(
Ptot,i + Ptot,j

ρiρj
+Πij

)
∇iW̄ij (4.5)

dug,i
dt

= −
∑
j

mj

(
Pg,i + Pg,j

ρiρj
+Πij

)
∇iW̄ij (4.6)

duc,i
dt

= −
∑
j

mj

(
Pc,i + Pc,j

ρiρj
+Πij

)
∇iW̄ij. (4.7)

In the equations above,m is the mass of an individual particle, Π is an artificial viscosity

term andW is the general SPH kernel function. The subscript i indicates a single particle,

and
∑

j is the sum of properties over that particle’s nearest neighbors. Lastly, we model

the diffusion of cosmic‐ray energy as

duc,i
dt

|Diff = −
∑
j

mj
κc(uc,i − uc,j)(rij · ∇iW̄ij)

1
2
(ρi + ρj)r2ij

, (4.8)

where rij is the distance between neighboring particles. In the following section, we test

the performance of advection and diffusion of the newly added cosmic‐ray fluid against

analytic solutions.
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4.6.2 Tests of CR performance

We demonstrate the advection of the thermal and cosmic‐ray fluids using a modified SOD

shocktube test (Sod, 1978; Pfrommer et al., 2006). In the initial conditions, 24,000 particles

are arranged in a long, narrow three‐dimensional glass (Backus, 2017) with dimensions

100 × 100 × 1000 cm and periodic boundary conditions. Smoothing is done with an M4

cubic spline kernel using 64 neighboring particles. The initial discontinuity is placed at

z = 250 cm. To the left of the discontinuity, the gas density, pressure, and cosmic‐ray

pressure are initialized to ρ = 1g/cm3, Pg = 2/3 kPa, Pc = 4/3 kPa. To the right of the

discontinuity, the gas density, pressure, and cosmic‐ray pressure are initialized to ρ =

0.2g/cm3, Pg = 267.2 Pa, Pc = 267.2 Pa. The velocity is initialized to zero everywhere.

Figure 4.13 shows the evolved state of the modified SOD shocktube after t = 0.31 sec‐

onds. The scattered points show the gas properties, averaged in spatial bins with δx = 5

cm The black dashed shows the analytic solution for the gas density, velocity, and total

pressure. The simulated shocktube follows the analytic predictions well. The slight noise

to the right of the contact discontinuity (∼ 400 cm), is likely due to resolution‐related par‐

ticle noise.

In this chapter, we model cosmic‐ray transport as isotropic diffusion with a constant

diffusion coefficient, κc. We test the implementation of cosmic‐ray diffusionbymeasuring

the evolution of an initial overdensity of cosmic‐ray energy. We initialize 20,000 particles

as an SPH glass with dimensions 0.2× 0.2× 1 kpc. The distribution of cosmic‐ray energy

density is initialized as:

uc = uc,0e
−r2/2D, (4.9)

where r = x2 + y2 is the distance from the center. We choose constants uc,0 = 0.9, D =

0.002 and a diffusion coefficient of κc = 0.05 kpc2/Myr. In order to only test cosmic‐ray

diffusion in the absence of advection, we turn off gas particle motions.

Figure 4.14 shows the evolution of an initial Gaussian overdensity of cosmic‐ray energy

assuming diffusion as the only formof cosmic‐ray transport (neglecting any advection due
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Figure 4.14 Demonstration of cosmic‐ray diffusion. An initial Gaussian overdensity of
cosmic‐ray energy decays overtime as cosmic rays diffuse down their energy gradientwith
a constant diffusion coefficient. The y‐axis shows radially‐averaged values of the cosmic‐
ray energy as a function of position, r = x2 + y2. The black dashed lines show analytic
solutions for t = 0 and t = 0.24Myr.
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to gas motion). Our implementation follows the expected analytic solution after t = 0.24

Myr.



166

Chapter 5

ULTRAVIOLET SIGNATURES OF THEMULTIPHASE INTRACLUSTER
AND CIRCUMGALACTIC MEDIA IN THE ROMULUSC SIMULATION
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Portions of this chapter were originally published in collaboration with Joseph Burchett, Daisuke

Nagai, Michael Tremmel, Thomas R. Quinn, and Jessica Werk in the December 2019 edition of

The Monthly Notices of the Royal Astronomical Society (Butsky et al., 2019, MNRAS, Vol. 490,

3; 2019 ©Monthly Notices of the Royal Astronomical Society, DOI: 10.1093/mnras/stz2859), and

are reproduced below with the permission of the Royal Astronomical Society.

Summary

Quasar absorption‐line studies in the ultraviolet (UV) can uniquely probe the nature of the

multiphase cool‐warm (104 < T < 106K) gas in and around galaxy clusters, promising to

provide unprecedented insights into 1) interactions between the circumgalactic medium

(CGM) associatedwith infalling galaxies and the hot (T > 106K) X‐ray emitting intracluster

medium (ICM), 2) the stripping ofmetal‐rich gas from the CGM, and 3) amultiphase struc‐

ture of the ICM with a wide range of temperatures and metallicities. In this chapter, we

present results fromahigh‐resolution simulation of a∼ 1014M⊙ galaxy cluster to study the

physical properties and observable signatures of this cool‐warm gas in galaxy clusters. We

show that the ICM becomes increasingly multiphased at large radii, with the cool‐warm

gas becoming dominant in cluster outskirts. The diffuse cool‐warm gas also exhibits a

wider range of metallicity than the hot X‐ray emitting gas. We make predictions for the

covering fractions of key absorption‐line tracers, both in the ICM and in the CGM of clus‐

ter galaxies, typically observed with the Cosmic Origins Spectrograph aboard the Hubble

Space Telescope (HST). We further extract synthetic spectra to demonstrate the feasibility

of detecting and characterizing the thermal, kinematic, and chemical composition of the

cool‐warm gas using H ı, O Vı, and C ıV lines, and we predict an enhanced population of

broad Lyα absorbers tracing the warm gas. Lastly, we discuss future prospects of probing

the multiphase structure of the ICM beyond HST.
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5.1 Introduction

Galaxy clusters form ecosystems on the largest mass and spatial scales and serve as un‐

paralleled laboratories for galaxy evolution and extrememagnetohydrodynamic phenom‐

ena. Clusters are marked by hot, X‐ray emitting, intracluster media (ICM) that serve as

records of cluster dynamics and chemical enrichment history. All infalling galaxies are

subject to the punishing conditions of the ICM throughout their journey, while individual

galaxies are embedded in diffuse, multiphase circumgalactic media (CGM) that mediate

the ‘baryon cycle’, consisting of galactic outflows and accretions of gas that ultimately dic‐

tate star formation activity and the transport of heavy elements (Tumlinson et al., 2017b).

Thus, it is the interplay between the ICM and CGM thatmanifests inmany aspects of clus‐

ter gas physics, and understanding the complex thermodynamic and chemical structures

of the ICM is critical to understanding the evolution of cluster galaxies (see Kravtsov and

Borgani, 2012; Walker et al., 2019, for reviews).

Galaxy clusters are also sites of extraordinary galaxy transformation. On average,

cluster galaxies are more likely to be quenched and to have less gas in their interstellar

medium (ISM) (Davies and Lewis, 1973; Dressler, 1980; Sandage et al., 1985) than isolated

field galaxies. There are several ways in which the cluster environment may contribute to

this gas shortage, although the dominant mechanisms are still debated (Fraser‐McKelvie

et al., 2018): a combination of tidal stripping by the massive center galaxy (Moore et al.,

1996; Lake et al., 1998; Wang et al., 2004), high‐speed fly‐bys, and mergers with other

galaxies (Toomre and Toomre, 1972; White and Rees, 1978; Roediger et al., 2015) or ram‐

pressure stripping from the ICM (Gunn and Gott, 1972; Fumagalli et al., 2014). This cool,

metal‐rich, stripped gas contributes to the clumpymorphology in cluster outskirts before

ultimatelymixing with the ICM (Tonnesen et al., 2007; Jáchym et al., 2014). Recent studies

have also shown that the CGM of cluster galaxies is quite deficient relative their more iso‐

lated counterparts (Yoon and Putman, 2013; Burchett et al., 2018), although the samples

remain small and it is less clear where this transformation occurs. If galaxies’ CGM are
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stripped early upon infall, this may lead to a much slower quenching process than rapid

stripping of the interstellar medium (ISM) (Zinger et al., 2018).

To date, X‐ray and microwave measurements of the thermodynamic and metallicity

profiles of the ICM have been critical towards determining the physics governing struc‐

ture formation (Walker et al., 2019; Mroczkowski et al., 2019, for reviews), chemical en‐

richment of the ICM (Werner et al., 2013; Urban et al., 2017; Mernier et al., 2018, for a re‐

view), and cosmological models (Allen et al., 2011; Pratt et al., 2019, for reviews). Modern

cosmological simulations of galaxy cluster formation predict that the outskirts of galaxy

clusters is a cosmic‐melting pot, where the structure formation processes, such as merg‐

ers and gas accretion (Lau et al., 2015; Zinger et al., 2016), generate clumpy (Nagai and

Lau, 2011; Zhuravleva et al., 2013; Vazza et al., 2013; Rasia et al., 2014) and turbulent (Lau

et al., 2009; Nagai et al., 2013; Nelson et al., 2014) hot X‐ray emitting ICM in the outskirts of

galaxy clusters. In this chapter, we explore an alternative approach to studying the ICM

and cluster galaxy CGM: probing the diffuse, cool‐warm, gas that is virtually invisible to

the observational techniques described above, using using ultraviolet (UV) absorption‐

line spectroscopy.

Rest‐frame UV absorption‐line spectroscopy studies have revolutionized our under‐

standing of how the CGM influences and, conversely, is influenced by relatively isolated

galaxies (e.g. Tumlinson et al., 2011; Tripp et al., 2011b; Stocke et al., 2013; Werk et al.,

2013; Bordoloi et al., 2014). Our picture of the CGM has transformed from that of a quies‐

cent remnant of galaxy formation, to one of a turbulent, multiphase medium with a rich

ionization and kinematic structure that plays a key role in galaxy evolution (Tumlinson

et al., 2017b). Similarly, UV observations of the cool‐warm ICM have the potential to pro‐

vide unprecedented insights to the thermodynamic, kinematic, and chemical properties

of galaxy clusters. Directly observing the stripping of the CGM of infalling galaxies will

place stringent constraints on 1) the dominant quenching mechanisms in high density

environments, 2) the conditions and timescales that govern CGM stripping through in‐

teractions with the ICM, 3) the distribution of metals across all phases of the ICM, and
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4) the role of feedback on the thermodynamic and chemical properties of the CGM. Ad‐

ditionally, UV‐derived column density measurements and photoionization modeling can

constrain the baryon fraction in the hot (T ∼ 106K) X‐ray emitting ICM to complement

those estimates made using X‐ray and microwave observations (Burchett et al., 2018; Ge

et al., 2016; Wang and Walker, 2014).

Several groups have successfully pioneered UV observations of the cool‐warm gas in

galaxy groups and clusters using HST/COS (e.g., Yoon et al., 2012; Johnson et al., 2015;

Muzahid et al., 2017; Pointon et al., 2017; Yoon and Putman, 2017; Burchett et al., 2018;

Nielsen et al., 2018; Stocke et al., 2019), although the large samples of UV sightlines that

exist for CGM samples have not yet been obtained systematically probing cluster environ‐

ments. Next‐generationUV telescopes (e.g., LUVOIR; Bolcar et al., 2017) have the potential

to increase both the number of observable background sources (e.g., quasars, or QSOs,

and galaxies) and the sensitivity to lower column densities of cool‐warm gas by orders of

magnitude. We return to compare current and future capabilities later in Section 5.6.

In this chapter, we characterize themultiphase ICMusing a high resolution simulation

of a ∼ 1014M⊙ cluster and make testable predictions for its observable properties, both

with HST‐COS and with future instruments. This chapter is organized as follows. In §5.2,

we describe our methods, the ROMULUſC simulation of a galaxy cluster, and the tools

integral to our analysis. In §5.3, we present evidence for a multiphase, metal‐enriched

ICM. In §5.4, we discuss the properties of the CGM of cluster galaxies. In §5.5, we demon‐

strate how observable signatures trace the physical conditions of the gas using synthetic

spectra. In §5.6, we discuss the current and future prospects of observing the cool‐warm

gas in galaxy clusters. We summarize our results in §5.7.

Throughout this chapter, we divide the gas into four distinct phases: cold (T < 104K),

cool (104 < T < 105K), warm (105 < T < 106K) and hot (T > 106K). This convention differs

somewhat from that adopted elsewhere in the literature (e.g., Cen and Ostriker, 1999), as

we simply refer to the 105 < T < 106K phase as ‘warm’ rather than ‘warm‐hot’. In the

context of galaxy clusters, which contain an abundance of T > 106K gas that is often sim‐
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ply deemed ‘hot’ in the literature, we feel that our nomenclature avoids ambiguity when

discussing relationships between the phases. Thus, in this chapter, we focus primarily

on gas at cool‐warm temperatures.

5.2 Methods

5.2.1 The RomulusC Simulation

ROMULUſC (Tremmel et al., 2019) is a hydrodynamic cosmological zoom‐in simulation

of a 1014 M⊙ galaxy cluster run with the new Tree+Smoothed Particle Hydrodynamics

(SPH) code, CHANGA (Menon et al., 2015). The zoom‐in region is a Lagrangian region

derived from the highest mass halo selected from a 50 Mpc uniform volume, dark matter‐

only simulation. ROMULUſC is among the highest resolution hydrodynamic cosmological

simulations of a galaxy cluster run to date, with a Plummer equivalent gravitational force

resolution of 250 pc (a 350 pc spline kernel is used), a maximum SPH resolution of 70 pc,

and gas and dark matter mass resolutions of 2.12× 105 and 3.39× 105M⊙ respectively. At

this resolution, ROMULUſC is one of only two cluster cosmological simulations currently

in production that is capable of resolving the multiphase structure of gas in the ICM (see

also Nelson et al. (2019); Pillepich et al. (2019)). Lower mass halos and galaxies, includ‐

ing their interaction with the ICM, are also followed with greater detail than ever before.

ROMULUſC resolves halos as small as 3 × 109 M⊙ with at least 104 particles (spatial reso‐

lution sufficient for resolving ram‐pressure stripping (Roediger et al., 2015)). As the CGM

and ISM of infalling galaxies also contributes to the temperature, density, and metallicity

distribution of gas within the ICM, ROMULUſC is able to provide a more complete picture

of the ICM structure than other cluster simulations with more typical resolutions (often

lower by factors of 10 ormore in bothmass and spatial resolution, see Table 1 in Tremmel

et al. (2019)).

CHANGA uses sub‐grid physics modules for star formation, stellar feedback, the UV

background with self‐shielding (Haardt and Madau, 2012), and low temperature metal
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Figure 5.1A 5 x 5Mpc snapshot (in physical units) of theROMULUſC simulation at z = 0.31.
The dashed circles show the extent of 2 R200. Top row: The density‐weighted projections of
gas density, temperature, andmetallicity. Bottom row: The integrated X‐ray intensity, O Vı
column density, and H ı column density. The color scaling of the images in the bottom
row is roughly consistent with the sensitivity of existing instruments. Compared to X‐ray
emission, the structure probed by UV absorption studies (O Vı and H ı column densities)
better traces cluster outskirts and small‐scale structure within R200.
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cooling that have been previously implemented and tested in GAſOLıNE (Wadsley et al.,

2004, 2008, 2017). Supermassive black hole (SMBH) formation, dynamics, growth, and

feedback are also included (Tremmel et al., 2015, 2017). Importantly, the simulation in‐

cludes an updated implementation of turbulent diffusion (Wadsley et al., 2017), shown

to be important for producing realistic entropy profiles in galaxy cluster cores (Wadsley

et al., 2008) and metal distributions in galaxies (Shen et al., 2010). The combination of a

gradient‐based shock detector, time‐dependent artificial viscosity, and an on‐the‐fly time‐

step adjustment system allows for a more realistic treatment of both weak and strong

shocks (Wadsley et al., 2017). Both the thermal and turbulent diffusion of metals is ac‐

counted for following Shen et al. (2010).

Feedback from both stars and SMBHs is followed throughout the simulation. As in

previous work for runs at this resolution (Stinson et al., 2006), star formation is assumed

to occur with an efficiency of 15% in dense (> 0.2 cm−3), cold (T < 104K) gas on a charac‐

teristic timescale of 106 years. Supernova (SN) feedback follows the “blastwave” approach

(Stinson et al., 2006), with each SN thermally coupling 0.75× 1051 erg to the surrounding

gas.

SMBHs are seeded based on local gas properties, assumed to form in very high den‐

sity (ρgas > 3mH/cm3, where mH is the mass of a hydrogen atom), low metallicity (Z <

3 × 10−4Z⊙) regions, which are self‐consistently predicted to occur in the centers of low

mass (108− 1010 M⊙) halos in the early Universe (z > 5). SMBHs grow through both merg‐

ers and accretion of gas via a modified Bondi‐Hoyle prescription that accounts for both

additional support from angular momentum (Tremmel et al., 2017) and the unresolved

multiphase structure in the ISM (Booth and Schaye, 2009). A small fraction of the mass‐

energy of accreted material (0.2%) is transferred to nearby gas via thermal feedback and

naturally results in large‐scale outflows and has been shown to successfully regulate, and

sometimes fully quench, star formation inmassive galaxies (Pontzen et al., 2017; Tremmel

et al., 2017, 2019).

The sub‐grid models used here were derived from an extensive parameter calibration
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program, ensuring that the ROMULUſ simulations create galaxies with realistic stellar

masses, SMBH masses, gas content, and angular momentum (see Tremmel et al., 2017,

for more details). Importantly, the sub‐grid physics used in the ROMULUſ simulations

is tuned to reproduce realistic galaxy properties up to Milky Way‐mass halos. Despite

this, the simulation successfully predicts realistic SMBH and stellar masses for halos up

to 2×1013 M⊙. No effort wasmade to optimize the simulation to produce a realistic galaxy

cluster, so all of the results from ROMULUſC are predictions from the simulation.

Note that ROMULUſC does not includemetal‐line cooling for temperatures above 104K.

This is one of the limitations of this simulation, as metal lines are an important coolant

for warm‐hot gas in the ICM. More specifically, at the gas temperatures (T ∼ 105K) and

metallicities (∼ 0.1 − 0.3Z⊙) most relevant in this chapter, the extragalactic UV back‐

ground dominates the heating/cooling balance, so the lack of metal‐line cooling will re‐

sult in cooling times that are a factor of∼ 3− 5 too long (Shen et al., 2010). Using cooling

time estimates (Sanchez et al., 2018) and results from lower‐mass simulations run with

varying cooling prescriptions (Christensen et al., 2014), we estimate an uncertainty in the

column densities of ions at the peak of the cooling curve (such as O Vı) to be about 0.3

dex. Furthermore, cooling in 104−5K gas is dominated by the He Lyα line, and primordial

cooling does a reasonably good job of estimatingmetal‐line cooling (Hopkins et al., 2018).

We do include metal‐line cooling for gas below 104 K, where contribution from metals

becomes especially important.

At the cluster outskirts, where much of this chapter is focused, the cooling times are

already quite long, even if metal cooling was accounted for, hence the inclusion of metal

line cooling does not affect accretion of gas onto massive halos (van de Voort et al., 2011).

Closer to the BCG (and infalling cluster galaxies), the gas is just as sensitive to feedback

physics as to the cooling model used (van de Voort et al., 2011). It is in this regime where

the halo gas is strongly coupled to the ISM via feedback processes and it is not possible

to separate the effects of high temperature cooling from feedback (and, therefore, ISM

physics). Therefore, the robustness of the gas properties in the simulation is difficult to
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estimate.

At z = 0, the cluster is experiencing an on‐going head‐on merger with 1:8 mass ratio.

The infalling halo is still outsideR200 at z = 0.3 and begins to have an effect on the state of

the ICM in the inner cluster at z ≲ 0.2. The merger results in the destruction of the cool‐

core of the cluster (Chadayammuri et al., in prep). For most of the following analysis,

in order to avoid the effects of a transient event, we focus on the state of the ICM when

the cluster is still relaxed at z = 0.31, though we note that this is a higher redshift than

the available observations we use for comparison. The virial radius1 of the cluster at this

redshift is 810 kpc. The zoom‐in Lagrangian region of ROMULUſC extends to ∼ 3 Mpc

from cluster center at z = 0.3. Since the physical state of the gas near the outskirts of

the Lagrangian region is subject to numerical effects, we limit our analysis to within this

region. Hence, we do not expect this to affect any of our conclusions.

5.2.2 Ion Fields and Synthetic Absorption Spectra

We analyze our simulation data with a combination of YT (Turk et al., 2011), TRıDENT

(Hummels et al., 2017), PYNBODY (Pontzen et al., 2013b), and TANGOſ (Pontzen and Trem‐

mel, 2018). In this section, we describe the process of transforming the physical quantities

in simulation outputs to observable quantities and, ultimately, synthetic spectra.

Keeping track of individual atomic elements throughout the simulation is computa‐

tionally expensive. Although some zoom‐in simulations of low‐mass galaxies have suc‐

cessfully tracked over 11 individual elements (e.g., Oppenheimer and Schaye, 2013; Em‐

erick et al., 2019), such detailed tracking is computationally infeasible, with current tech‐

nologies, at the cluster scale. Instead, ROMULUſC explicitly tracks hydrogen, oxygen,

and iron. The metallicity used here is a weighted sum of oxygen and iron based on solar

abundance ratios (Asplund et al., 2009).

1While a number of ‘virial radius’ definitions exist in the literature, we generally adopt R200 = R200c, the
radius within which the average density is 200x the critical density of the Universe. Other definitionsmay
appear in the literature, and we provide the following the approximate scaling relation: R500c : R200c :
R200m = 1 : 1.4 : 3.
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Figure 5.2 The total gas mass (left) and metal mass (right) fractions in the cold (T < 104K),
cool (104 < T < 105K), warm (105 < T < 106K), and hot (T > 106K) gas phases as a
function of radial distance from the cluster center in the ROMULUſC simulation at z =
0.31. Although hot gas dominates within R200 of the cluster, warm and cool gas comprise
the majority of the gas mass at the cluster outskirts. Additionally, the cool and warm gas
phases hold the majority of metals in the cluster outskirts.

From the metallicity, we calculate specific ion abundances and their ionization states

using TRıDENT2, the first open‐source, standardized tool for determining ion abundances

and generating synthetic spectra from simulations. TRıDENT derives the abundance of

each element in the simulation, nX , by using the local metallicity and assuming a solar

abundance by number 3. Then, the collisional ionization and photoionization of each ele‐

ment is determined from the local gas temperature, density, and metallicity, using an ex‐

tensive pre‐tabulated look‐up table generated by CLOUDY (Ferland et al., 2013). The pho‐

tionization is calculated assuming an extragalactic UV background described in Haardt

andMadau (2012). Using this method, we can determine the mass and number density of

any ion throughout the simulation.

2Trident is built as an extension of the widely‐used analysis tool, YT (Turk et al., 2011) and is compatible
with most astrophysical simulation codes.
3nX = nHZ(nx/nH)⊙, where nH and nX are the number densities of Hydrogen and any element, X, Z is
the metallicity, and the subscript ⊙ indicates the solar ratio
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Figure 5.3 The covering fraction of H ı (left panel), C ıV (middle panel), and O Vı (right panel)
as a function of the impact parameter measured from the cluster center at z = 0.31. Each
line represents the covering fraction for different observational column density thresh‐
olds. With existing observational thresholds of HST/COS (1013cm−2 for H ı, 1013.1cm−2 for
C ıV and 1013.3cm−2 for O Vı ), we can expect covering fractions above 0.5 and 0.15 for
H ı and O Vı respectively within 1.5 Mpc of the cluster center. For reference, the R200 of
the cluster at this redshift is 810 kpc. At existing observational column density sensitiv‐
ities, the expected covering fraction for C ıV, is below 0.1. Improving the observational
threshold by an order of magnitude would result in roughly a 2x increase in the covering
fraction of O Vı.
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We note that we do not explicitly include photoionization from local sources (such as

nearby galaxies or AGN). This could produce a significant variation in the photionization

and can have a large impact on ion abundances (Oppenheimer et al., 2018). The uncer‐

tainty in the assumed UV background is the largest source of uncertainty in the relative

ionic abundances that we derive. For a detailed account of the impact of a varying UVB

slope on ion abundances, see the appendix of Werk et al. (2014).

To compute column density profiles, we first generate column density projections cen‐

tered on the cluster (or individual cluster galaxy) along each axis. From these projections,

we gather the distribution of column densities as a function of impact parameter. The de‐

fault projection depth used to calculate column densities is the line‐of‐sight depth of the

entire simulation. We show how these integrated column densities relate to detectable

spectral features in Sections 5.5 and 5.6. To convert these column density profiles to cov‐

ering fractions, we count the fraction of “sightlines” in each radial bin that is above some

threshold column density. We adopt column density thresholds of 1013, 1013.1, 1013.3 cm−2

for H ı, C ıV, and O Vı respectively, commensurate with the data quality routinely ob‐

tained in HST‐COS programs.

We also use TRıDENT to generate synthetic spectra, allowing for direct comparison

with existing observations. To generate a spectrum, we first designate an arbitrary sight‐

line through the simulation volume, analogous to probing a foreground galaxy along the

line‐of‐sight to a QSO. The sightline, l, connects points a and b in a simulation such that

l⃗ = r⃗b − r⃗a
∑n

i=0 dl⃗i. The length of vector element, d⃗l is set by the resolution of the simula‐

tion. Absorption features are calculated based on the species’ abundance and gas proper‐

ties at each vector element. Tomake the synthetic spectramore similar to realistic spectra,

TRıDENT adds instrument‐specific line‐spread functions, aMilkyWay foreground, a back‐

ground QSO spectrum, and variable signal‐to‐noise ratio (S/N). For the analysis presented

in §5.5, we extract synthetic spectra using the HST/COS line‐spread function (Ghavamian

et al., 2009), wavelength coverage of the COS G130M and G160M gratings (approximately

1150‐1800Å), no Milky Way foreground absorption, and S/N = 10. These choices are mo‐
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tivated by the feasibility with which our theoretical predictions may be observationally

constrained (see discussion in §5.6).

5.3 Multiphase ICM Properties in the RomulusC simulation

5.3.1 Evidence for the multiphase ICM

Wefirst demonstrate that the ICM in our simulation is, in fact, multiphase: that gas clouds

spanning orders of magnitude in temperature and density exist co‐spatially. The high res‐

olution of ROMULUſC is well‐suited for resolving themultiphase ICM.With higher resolu‐

tion (more particles per volume) each spatial region in the simulation is represented with

a wider distribution of temperatures and densities, so that the gas is more accurately di‐

vided into varying thermodynamic phases (Hummels et al., 2018a).

Figure 5.1 captures the state of the ROMULUſC cluster at z = 0.31. The top row high‐

lights properties that are directly measured from simulations but can only be inferred

from observations: the density, temperature, and metallicity. The density projection

highlights the physical structure of the cluster filled with numerous satellite galaxies.

The most massive halo is at the center of the projection frame, surrounded by the hottest

and densest regions of the ICM. This cluster is about to undergo a major merger with an‐

other galaxy group, which is approaching from the right. Dense filaments trace galaxies

flowing through the medium as well as gas being stripped from these galaxies through

ram‐pressure stripping.

The temperature profile is dominated by hot gas at the center of the cluster, reach‐

ing ambient temperatures above 107K. Although rare near the cluster center, filaments of

warm gas are visible just outside of theR200 (also see Figure 5.2). These gaseous filaments

are likely a combination of heated cool gas inflows and stripped material from infalling

galaxies.

The projected metallicity in the top‐right panel demonstrates the extent to which the

ICM is enriched with heavy elements. The ambient ICM near the cluster center has a
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density‐weighted average metallicity around 0.3Z⊙, roughly consistent with values in‐

ferred from X‐ray observations (Urban et al., 2017). However, the metallicity distribution

is far fromuniform. At the cluster outskirts, the projectedmetallicity spans several orders

of magnitude (see Figures 5.4 and 5.5 for more quantitative analyses of the distribution

of metals). The high‐metallicity regions trace infalling cluster galaxies, and these struc‐

tures are easily observable in H ı and O Vı (see bottom row). The low‐metallicity regions

show the more pristine ICM, which is difficult to observe with both X‐ray emission and

UV absorption. The metallicity distribution gradually becomes less clumpy towards the

center of the ICM, where gas has had more time to mix. Understanding this distribution

of metals throughout the cluster constrains the motion of galaxies through the ICM and

the mechanism through which they lose gas.

While the density, temperature, and metallicity are readily available from the simula‐

tion data, these properties cannot be measured directly using observations. Rather, these

properties must be inferred through careful modeling, which itself depends on various

assumptions and model parameters. For this reason, we also show the “observable” clus‐

ter properties in the bottom row of Figure 5.1. The left panel shows the expected X‐ray

intensity in the 0.5‐7.0 keV band and the subsequent middle and right panels show the

O Vı and H ı column densities, respectively. The limits on the colorbars are chosen such

that the black background roughly indicates the observational limits of existing instru‐

ments, such as Chandra, XMM‐Newton and HST/COS (for sensitivities typically obtained,

e.g., COS‐Halos; Tumlinson et al., 2011).

The gaseous structure observed with X‐rays traces the hot, dense gas of the ICM. In

contrast, the regions traced through UV absorption comprise the cool‐warm phases of

the CGM. Warm gas, traced by the O Vı column density (bottom row, middle panel), ex‐

ists as a combination of a volume‐filling halo gas and denser gas associated with galaxies.

The volume‐filling warm gas produces O Vı column densities around 1013cm−2 in halos

of cluster galaxies, especially at the cluster outskirts. Near the centers of gas‐rich clus‐

ter galaxies, the O Vı column density consistently exceeds 1016cm−2. Galaxies moving
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through the ICMat sufficiently high velocities are stripped of their gas due to ram‐pressure

forces. Several galaxies in Figure 5.1 are oriented so that their gas‐stripped tails are bright

in O Vı.

The cool gas, traced by the column density of H ı (bottom panel), paints a similar pic‐

ture for the multiphase structure in the ICM. Compared to the warm gas, the cool gas is

more concentrated in galactic centers, and the stripped gas tails of infalling galaxies ap‐

pear narrower. In certain cases, the H ı shows small‐scale, dense structure that is washed

out in the distribution of O Vı. The diffuse cool gas survives in abundance, both near the

cluster center and well beyond its R200. The overall similarity in the structures traced by

both the warm and cool gas demonstrates the existence of a multiphase medium.

5.3.2 Radial distribution of the multiphase ICM

We now quantify the mass distribution of the multiphase gas in the cluster at z = 0.31.

Figure 5.2 shows the total mass andmetal mass fractions in cold, cool, warm, and hot gas

as a function of distance from the cluster center.

As expected, hot gas dominates (> 90% of the mass) in the inner cluster regions. At

r = 2.5R200 from the cluster center, there is an equal amount of mass in the hot phase

and the combined cold, cool, and warm gas phases. At r = 3R200 from the cluster center,

the warm gas comprises ∼ 45% of the total gas mass while the hot and cool gas phases

each comprise ∼ 35% and ∼ 15% of the gas mass, respectively. At these radii, roughly

80% of the gas mass is in the cool‐warm phase that could potentially be probed by UV

observations. Furthermore, the cool and warm gas phases hold a higher proportion of

the metal mass, especially beyond 2 R200.

Even at the cluster outskirts, cold gas takes up less than 10% of the total gas mass.

Although we do not expect the mass fraction of cold gas to be higher than the cool or

warm phases, the fraction of cold gas in our simulation may be lowered by limitations

in resolution. For example, because the simulation cannot resolve very dense regions of
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very cold gas, the density and temperature thresholds for star formation are relatively low

and high, respectively in ROMULUſC.

These results are broadly consistentwith the gasmass fractions in the Virgo‐sized clus‐

ter simulation presented by Emerick et al. (2015). Both simulations predict that hot gas

dominates in the inner ICM, that the temperature profile gradually drops with distance

from the cluster, and that the cluster outskirts have substantial reservoirs of cool‐warm

gas. The greatest difference is that our simulations predict a larger fraction of cool and

warm gas at the cluster outskirts.

5.3.3 Covering fraction

The presence of gas in the T < 106 K temperature regime manifests in observable spec‐

tral signatures, namely absorption lines of H ı and metal ions. A fundamental metric of

any absorption‐line survey is the covering fraction, or detection rate, of a given species,

defined as the number of sightlines in which that species is observed with some column

density (or equivalent width) above a given threshold. To provide a quantitative measure

against which our simulation may be tested, we make predictions for the covering frac‐

tions of H ı C ıV, and O Vı absorption given a number of detection thresholds throughout

the cluster. These three ions span the temperature range of the cool‐warm gas phases and

have strong UV transitions observable with HST/COS at low redshifts. With the medium‐

resolution FUV COS gratings, G130M and G160M, the H ı Lyα line is observable at z ≲ 0.5,

while the O Vı doublet (λ λ 1031.9, 1037.6 Å) shifts into the sensitive wavelength regime of

HST at z ≳ 0.11. The C ıV doublet (λ λ 1548.2, 1550.8 Å) is observable down to z = 0 but

exits the G160M bandpass at z > 0.16

Figure 5.3 shows the covering fractions of H ı, C ıV, and O Vı as a function of impact

parameter measured from the cluster center. The curves are colored according to various

column density thresholds, inevitably showing higher covering fractions for more sen‐

sitive thresholds. The darker curves correspond to stronger absorption features, which
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may be more easily detected in data with lower S/N. As we discuss in more detail in §5.6,

S/N∼ 10 spectra are typical for COS, which correspond roughly to 3σ detection limits of

1013 cm−2 for H ı and 3× 1013 cm−2 for C ıV and O Vı.

Although the covering fractions of all ions decline with impact parameter, the H ı cov‐

ering fraction declines more slowly than the covering fractions of O Vı and C ıV. The gas

density, temperature, and metallicity all impact the resulting ion abundances, and the

various ion tracers constrain the physical conditions of the gas. With the nominal col‐

umn density limits quoted above, one should detect H ı in a majority of sightlines within

1.5 Mpc of the cluster center, O Vı in ∼ 15% of sightlines, and C ıV in < 10%. O Vı has an

ionization potential (114 eV) that is more than double that of C ıV (48 eV), and it is likely

that even the warm (T > 105K) gas present in the ICM is too hot for carbon to survive in

this ionization state; C ıV peaks under collisional ionization at ∼ 105.1 K (Gnat and Stern‐

berg, 2007). We measured the statistics for lower ionization species observable with COS,

such as C ııı and Si ııı, which showed similarly small covering fractions. Interestingly,

the covering fractions suggest that it is possible to detect the presence of warm and cool

gas even at the cluster center. Increasing the column density sensitivity by an order of

magnitude would approximately double the expected covering fractions throughout the

ICM, and we discuss prospects for increased sensitivity in §5.6.

In a survey using several sightlines probing the Virgo cluster, Yoon et al. (2012) report

an increase in H ı Lyα covering fraction between < 1.5 Mpc (0.60+0.16
−0.13) and > 1.5 Mpc

(1.00−0.14) for absorbers with N(H ı) > 1013.3 cm−2 and a covering fraction of unity for

N(H ı) > 1013.1 cm−2 absorbers. Yoon et al. (2012) attribute this to substructure within

Virgo and on its outskirts. Yoon and Putman (2017) conducted a similar study on the Coma

Cluster and found a similar covering fraction, albeit without such a difference between

inner and outer radii. In a sample of X‐ray bright clusters, Burchett et al. (2018) detected

H ı absorbers in 4/5 clusters. In addition, their data show a hint of increased absorption

in the cluster outskirts. Muzahid et al. (2017) detected very strong H ı absorbers on the

outskirts of three SZ‐selected clusters atR > 1.6R500, although at higher redshift (z > 0.4).
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Various factors such as cluster dynamical state, redshift, andmassmay indeed impact the

presence of these absorption‐line indicators, but greater amounts of cool gas may reside

in the cluster outskirts than our simulations indicate.

5.3.4 Distribution of metals

As stated above, the diverse range of ICM structures probed by UV absorption should de‐

tect gas with different metallicities than the gas typically observed through X‐ray emis‐

sion. Figure 5.4 shows the distribution of gas temperature and density around 3 R200

around the cluster center. The pixels are colored by the mass‐weighted average metal‐

licity of the gas that lies in each temperature‐density bin. The black square boxes roughly

outline the density and temperature ranges that are probed by X‐ray and UV observations.

The metallicity of gas probed by X‐rays is roughly uniformly 0.3Z⊙ with a small dis‐

persion. At the high temperature end (T > 3 × 107K), the average metallicity of the gas

is consistently above solar metallicity. This is likely dominated by hot, dense, and metal‐

rich supernova or AGN ejecta throughout the simulation. In contrast, the low‐density

region at lower temperatures exhibits lower metallicities, likely tracing the diffuse clus‐

ter outskirts that are, on average, less polluted with metals than the ICM near the cluster

center (see Figure 5.1). Overall, the bulk of themetals traced by X‐ray observations belong

to the hot, dense ICM. The X‐ray emission is strongest near the cluster center, where the

metals have been thoroughly mixed in the turbulent ICM.

Gas traced by the UV has a significantly larger variation in its average metallicity. In

this regime, the metallicity is also a tracer of the gas density. Intuitively, this wide range

in metallicity traces gas being stripped from galaxies within and around the cluster. For

example, in Figure 5.1, the filamentary structures in the projected metallicity often trace

the filamentary structures in the temperature and density. The ISM and CGM of galaxies

are stripped of their high‐metallicity gas as they move through the ICM. Over time, these

metals mix with the ambient ICM.With the sensitivity to amuchwider range in densities,
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Figure 5.4 The distribution of the mass‐weighted, average metallicity as a function of the
temperature and hydrogen number density of the gas. The plot data was taken from a
snapshot of RomulusC at z = 0.31, within 3 R200 of the cluster center. Gas probed by X‐
rays exists in a disjoint temperature and density phase from gas probed by UV‐lines. The
metallicity inferred from X‐ray observations is likely to be higher and more uniform than
the metallicity probed by UV lines.
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Figure 5.5 The 3D radial profiles of the median metallicity in cold (T < 104K), cool (104 <
T < 105K), warm (105 < T < 106K), and hot (T < 106K) gas phases at z = 0.31. The shaded
regions represent the 68.8% confidence intervals. The gray pixels in the background show
the normalized mass distribution of all of the particles in the simulation within 3 R200 of
the cluster center. The red squares denote the X‐ray derivedmetallicities fromUrban et al.
(2017).
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Figure 5.6 Left to right: The column density of H ı, C ıV, and O Vı as a function of impact
parameter for all galaxies with stellar masses M∗ > 109M⊙ within 4 R200 of the cluster
center. The lines plot the median column density profiles of galaxies within certain bins
of distance from the cluster center as indicated in the legend. The shaded regions indicate
the 68.8% confidence interval of the distribution. The orange shapes show the observed
detections (squares) and upper limits (triangles) of H ı and O Vı in cluster galaxies from
Burchett et al. (2018).

UV observations can better measure the inhomogeneity of ICM metallicity.

In Figure 5.5, we further quantify the distribution of metals in each of the different

gas phases (red, orange, green, and blue for hot, warm, cool and cold, respectively) by

plotting the median metallicity profiles of each temperature phase. The shaded areas

show the 68.8% confidence interval of each gas distribution. The grey pixels show the

normalized distribution of all gas (without temperature cuts) within 3 Mpc of the cluster

center. The red squares show X‐ray measured metallicities from Urban et al. (2017).

This radial metallicity profile highlights the range of metallicities in the multiphase

gas predicted in Figure 5.4. For example, consider the inner Mpc around the cluster cen‐

ter, which is composed of mostly hot gas (see Figure 5.2). Although the observedmetallic‐

ities are roughly constant at 0.3Z⊙, our simulation predicts that the spread inmetallicities

(considering all phases) spans significantlymore than an order ofmagnitude. This spread

is even larger at the cluster outskirts, reflecting themixture of multiphase gas comprising

the ISM, CGM and ICM with a wide range of temperatures and metallicities.
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Furthermore, the different gas phases have varied metallicity profiles. The median

metallicity of the hot gas phase is highest at the cluster center and decreases with radius.

There is a notable exception to this trend around 1.7 R200, at which point the up‐tick in

the median metallicity of hot gas is due to the infalling group (see the upper‐right panel

of Figure 5.1). Although there is still a substantial mass of hot gas at the cluster outskirts,

the metals from stripped CGM are not as well mixed as that near the cluster center.

We predict that (by mass) the median metallicity of hot gas beyond 2 R200 is actually

below that reflected by X‐ray observations. The metallicity profiles of the cool and cold

phases have higher median metallicity values than the hot phase at nearly all radii, be‐

cause of the metal‐rich gas in the cool CGM and ISM of galaxies within the cluster. How‐

ever, the metallicity profile of the warm gas falls off more rapidly than that of the cool

or cold gas, and the warm gas metallicity is more representative of the global median at

> 1.5 R200. Near the cluster center, the hot gas comprises the majority of all ICM gas (see

Figure 5.2), so the metallicity obtained from observations of the hot gas phase are good

approximations of the true metallicity. However, at the cluster outskirts, where cool and

warm gas dominate, X‐ray obtained metallicities no longer provide an accurate estimate.

For example, the average metallicity in all gas between 2‐4 R200 in our simulation was 0.16

Z⊙ while the average metallicity of the hot gas was only 0.1 Z⊙. Also beyond 1.5 R200, the

median profiles of the cool and cold gas show large variations due to the stochasticity in

the distribution of galaxies and thus track relatively well with the infalling galaxies’ CGM

metal contents.

While the lack of metals present beyond 0.5R200 may indicate that ROMULUſC fails to

transport metals as effectively as it should, we stress that these results are sensitive to the

redshift at which we sample the simulation. At redshifts more consistent with observa‐

tions (z < 0.2), the cluster outskirts are more metal‐enriched. For the sake of consistency,

we limit our analysis to z = 0.31 and will explore the time evolution of the ICM in future

work. We also stress that no attempt was made to mimic X‐ray observations beyond se‐

lecting for hot gas. As X‐ray observations are more sensitive to denser gas, they may be
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Figure 5.7 The covering fractions of H ı, C ıV, andO Vı as a function of halo‐centric impact
parameter for all galaxies withM∗ > 109M⊙ at z = 0.31. The different lines represent halos
within the indicated distance bins from the cluster center. Covering fractions measure
the fraction column densities above some threshold column density. We assume column
density thresholds of 1013cm−2 for H ı, 1013.1cm−2 for C ıV, and 1013.3cm−2 for O Vı. The
covering fraction of all ions is lower for galaxies nearer to the cluster center.

biased toward higher metallicity relative to the median presented in Figure 5.5.

5.4 The CGM of RomulusC Cluster Galaxies

The hot and dense ICM plays an important role in the evolution of cluster galaxies. For

example, galaxies moving through the ICM often experience strong ram‐pressure forces

that strip them of their gas and quench star formation. Although this effect appears in

manymodern simulations (e.g. Bahé et al., 2017; Zinger et al., 2018; Tremmel et al., 2019),

the quenching timescales differ depending onwhether the ISM is stripped directly or indi‐

rectly deprived of replenishing fuel from a CGM that has been stripped early upon infall.

We now explore the effects of the cluster environment upon the observable ion abun‐

dances in sightlines probing the CGM of cluster galaxies at various radii.

In Figure 5.6, we compare the ion column densities of H ı, C ıV, and O Vı as a function

of impact parameter measured from the centers of cluster‐galaxy halos. Each line shows

the median column density for all galaxies with stellar masses ofM∗ > 109M⊙ within the

bins of projected distance from the cluster center indicated in the legend. Each shaded
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Figure 5.8 The O Vı column density overplotted with locations of sightlines for which
we extracted synthetic spectra. The R200 of cluster galaxies with stellar masses of M∗ >
109M⊙ are indicated by circles (centered on each galaxy).
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Figure 5.9 The O Vı column density around the regions of the sightlines presented in Fig‐
ure 5.10. Each sightline was chosen at an arbitrary location, in‐between galaxies at the
z = 0.31 snapshot of ROMULUſC. It is not required that a sightline directly intersect the
CGM of a galaxy for there to be detectable amounts of O Vı in the ICM.

region contains the 68% confidence interval of the distribution in each radial bin. The

orange markers show the observed detections (squares) and upper limits (triangles) of

H ı and O Vı in cluster galaxies from Burchett et al. (2018). Although C ıV does not have

comparable observations, we include its column density profile as this ion is observable

with HST/COS at the lowest redshifts. Note that we do not include predictions for galaxies

within 0.5R200. We find that, in this regime, the ‘detected’ ions (especially H ı) are dom‐

inated by the ambient ICM and are not necessarily signatures of the CGM of individual

galaxies.

Our simulation predictions are broadly consistent with the limited existing CGM O Vı

observations. However, the H ı column densities we predict at impact parameters > 100

kpc generally exceed the observational data. A preliminary check of lower‐redshift (z =

0.1, 0.2) simulation snapshots show lowerH ı CGMcolumndensitiesmore consistent with

the observations but that are still high. We will explore this redshift evolution further in

future work. Nevertheless, this inconsistency may also reflect some aspect of the galaxy‐

CGM‐ICM interaction that is not accurately reproduced by our simulation. Larger samples

of observational data will prove invaluable to constraining the simulated physics.
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Figure 5.10 Synthetic spectra of sightlines generated using TRıDENT through the ROMU‐
LUſC cluster. From left to right, the panels correspond to Sightlines 2, 7, and 12 marked
in Figure 5.9. Each subpanel shows absorption (or lack thereof) for the transition labelled
in its lower right corner, relative to z = 0.31. The blue curves mark Voigt profile fits to the
visually identified absorption components. Note that the apparent absorption at > 1000
and < 1000 km/s in the Sightline 2 and 7 H ı 1025, O Vı 1031, and O Vı 1038 panels are
actually O Vı 1031, O Vı 1037, and O Vı 1031 lines, respectively, due to the large velocity
range plotted. These spectra show the diversity of absorbers predicted by our simulation,
including broad and narrow H ı components with and without corresponding O Vı and
C ııı.
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Notably, we predict a decrease in CGM column densities at impact parameters ≲ 200

kpc for galaxieswith projected clustocentric distances of< 2R200. Belowdistances of 2R200

there is little evolution of the column density profiles beyond the very innermost (≲ 25

kpc) impact parameters. The larger clustocentric bins show progressively decreasing pro‐

files from > 3R200 to 2 < r/R200 < 3 before the more dramatic decline at 2R200. Thus, the

majority of the CGM is stripped while galaxies are still quite far from the cluster center;

however, the innermost CGM requires much greater ram pressure to become stripped, as

it is the most bound. It is interesting to note that, for impact parameters above 100 kpc,

the column densities we predict for O Vı are lower than many of the observations from

the COS‐Halos isolated galaxy sample (Tumlinson et al., 2013). Simulations of isolated

galaxies using the same sub‐grid physics models as ROMULUſC recover the COS‐Halos

O Vı column densities quite well (Sanchez et al., 2018), indicating that the cluster environ‐

ment is inducing strong effects on the CGM of galaxies even out to clustocentric distances

of 4R200. We defer a more in‐depth comparison between simulated cluster and isolated

galaxies as well as observations thereof to a future work.

In Figure 5.7, we show the covering fractions of H ı, C ıV, and O Vı as a function of

impact parameter for the same galaxies considered in Figure 5.6. Each line represents

the combined covering fraction of all galaxies within each distance bin calculated for the

observationally motivated column density thresholds of 1013, 1013.1, and 1013.3 cm−2 for

H ı, C ıV, and O Vı, respectively. The covering fraction of C ıV is low beyond 100 kpc, even

for galaxies in the outskirts of the cluster. At smaller impact parameters, C ıV becomes

depleted for galaxies within 2R200 from the cluster center. A similar effect is seen for

O Vı, although the covering fraction is generally higher than that of C ıV at all impact

parameters and the profile steepens significantly within 2R200. The covering fractions of

H ı decline very modestly with impact parameter, and the evolution with clustocentric

distance is much greater for the metal ion diagnostics O Vı and C ıV. As a general trend,

galaxies farther from the cluster center tend to retain more of their CGM, resulting in

higher covering fractions of C ıV and O Vı; ram‐pressure increases closer to the cluster
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center where the density of the ICM is higher.

5.5 The physical conditions of cool and warm gas in the ICM from synthetic spectra

Herein, we discuss several facets of a multiphase ICM, which in turn have observable

signatures, particularly in the UV regime for T < 106K gas. In this subsection, we seek to

1) further assess the observability of this material and 2) relate the observable signatures

back to the physical conditions of the gas in the ROMULUſC simulation. Our intent is to

provide a proof‐of‐concept level of analysis while sampling various regions throughout

the cluster, as would be probed in an actual absorption‐line spectroscopic survey using

sightlines piercing galaxy clusters.

Using Trident (Hummels et al., 2017, discussed in §5.2.2), we extracted sixteen sight‐

lines through the ROMULUſC cluster; the sightline locations are indicated in Figure 5.8.

The sightlines were chosen to pass through ambient ICM regions far away from infalling

galaxies, the immediate CGM of cluster galaxies, and detritus stripped as galaxies fall into

the cluster. The R200 of subhalos within the cluster are marked with circles in Figure 5.8.

We then analyzed the resulting synthetic spectra as an observer might analyze such data

probing an actual cluster obtained withHST/COS, the only currently available instrument

that is capable of producing a similar dataset (see discussion in §5.6). Upon identifying the

absorption features in the synthetic spectra, we fitted Voigt profiles to each feature using

the V eeper software originally developed for the analysis of Burchett et al. (2015). Mea‐

surements for all detected H ı and O Vı lines as well as information about their respective

sightlines are provided in Table 5.1.

Three examples of spectra we extracted are shown in Figure 5.10; in each plot, the in‐

dividual panels show the would‐be locations of H ı Lyα and Lyβ, the O Vı λ 1031, 1037Å

doublet, and C ıııλ 977Å within 2000 km/s of the cluster redshift. For each spectrum, we

searched by‐eye for absorption signatures of these four lines, marking the approximate

velocity of each component. In total, we visually identified 19 components of H ı, O Vı,

or C ııı in our synthetic spectra sample. To further validate our integrated column den‐
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Figure 5.11 Temperatures (top) and column densities of H ı and O Vı (middle and bottom,
respectively) intercepted along Sightline 7 through the RomulusC volume. In the bottom
two panels, the small green circles show the column density of each ion recorded at each
point along the ray’s trajectory, and the purple squares reflect the cumulative column den‐
sities along this trajectory. Horizontal dashed lines show the H ı an O Vı column densities
measured by Voigt profile fitting from the Trident‐generated (Hummels et al., 2017) syn‐
thetic spectra. The cumulative column densities exhibit sharp increases where localized
overdensities of these ions occur. Furthermore, the column densities we measure from
the synthetic spectra are consistent with those directly integrated from the simulation.
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sities presented in previous sections against these identifications and measurements in

the synthetic spectra, we inspected the cumulative and local column densities recorded

along each sightline’s ray through the simulation box. Figure 5.11 shows the temperatures

and column densities of H ı and O Vı as encountered by Sightline 7 along its trajectory.

First, as the cumulative column density profiles of each ion (purple squares) exhibit step

function‐like behaviors that coincide with overdense peaks in the local values (by several

orders of magnitude), the integrated measurements presented in Sections 5.3 and 5.4 are

produced by observable, localized complexes rather than ambient trace material at low

columm density. Furthermore, these complexes occur where the local temperature de‐

creases from the dominant ICM conditions at 106.5 K to those we purport to probe at 104−5

K. Second, the dashed horizontal lines show the column densities of H ı and O Vı we

measure in individual components from the synthetic spectra. The consistency between

thesemeasured values and those directly from the simulation via Trident (Hummels et al.,

2017) verifies that the integrated column densities from the simulation should indeed cor‐

respond to measurable features in actual observations using standard techniques. We

inspected the remaining 15 synthetic sightlines in a similar manner and find a similar be‐

havior (step function‐like sharp increases in the cumulative profile imposed by localized

overdensities) for those showing observable spectral features.

Two key factors hinder detecting weaker lines: the S/N of the data and line broaden‐

ing due to thermal and non‐thermal motions. Thus, the wavelength coverage of multiple

transitions enables one to corroborate identifications of features using the presence of

other lines. For example, a strong Lyα line should be accompanied by a weaker (the ratio

set by atomic physics) Lyβ line at the same velocity. Similarly, albeit with caution, one

can corroborate lines of one species (e.g., O Vı) with absorption by another (e.g., H ı).

While this practice can lead to misidentifications if applied improperly, it is occasionally

necessary in cases with weak features or blending due to lines from other redshifts. Our

dataset analyzed here (and as would be analyzed from an actual survey) presents a num‐

ber of such challenges, as the special cluster environment contains an excess of hotter gas
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relative to random CGM/IGM regions; the increased gas temperature thermally broadens

H ı lines substantially.

Wehighlight oneparticularly illustrative case that underscores the importance ofwave‐

length coverage in this analysis, shown in the middle panel of Figure 5.10 at v ∼ −250

km/s. While no Lyβ is detected, a broad Lyα feature is barely apparent. However, the

O Vı doublet is well detected at this velocity, greatly reinforcing the broad Lyα identifica‐

tion. The width of the Lyα line then enables a direct constraint on the gas temperature.

Furthermore, without the Lyα coverage, one may identify the O Vı doublet as a spurious

superposition of two Lyα lines at lower redshifts. While the O Vı and Lyβ lines would be

covered in a COS observation with only the G130M grating, observations with the G160M

would be required to cover the observed wavelength of Lyα. The symbiotic complemen‐

tarity of information gleaned from both gratings is essential to both discovering this gas

system and understanding its physical conditions.

Notably, we detect several broad Lyα lines, with seven components having Doppler

parameter values b > 40 km/s, tracing warm gas at T > 105K (assuming thermal broad‐

ening). To compare this synthetic sample with previous survey measurements of broad

Lyα absorbers, we perform an approximate conversion of absorber line density as mea‐

sured through our simulation to the line density metric often reported in absorption‐line

surveys dN /dz, or number of absorbers per unit redshift. Our sightlines extend 5 Mpc

through the ROMULUſC simulation, which corresponds to the luminosity distance dif‐

ference over ∆z ∼ 0.0008 at z = 0.31 (assuming cosmological parameters from Planck

Collaboration et al. (2016)). Thus, over the 16 sightlines we have analyzed, our broad Lyα

density would translate to dN /dz ∼ 540. Compared with the broad Lyα dN /dz ∼ 25

from Lehner et al. (2007), our broad Lyα sample represents a > 20x overdensity relative

to random IGM sightlines. Of course, our measurement is heavily biased, as all of our

sightlines fall within the cluster environment, and the incidence of broad Lyα absorbers

should increase in such overdense regions (e.g., Tepper‐García et al., 2012). Perhaps a

more fair comparison is with the survey by Tejos et al. (2016), who examined the line
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Sightlinea Ion log (N/cm−2) b [km/s] vb [km/s] ρclc [kpc] log (T/K)d log (NH /cm−3)
0 H I 17.25± 0.30 15± 1 −357.7± 1.1 0 7.10 ‐1.88
0 H I 16.70± 0.99 20± 4 −170.0± 1.8 0 7.10 ‐1.88
2 O VI 14.55± 0.04 28± 3 −233.6± 1.8 1600 6.27 ‐4.65
2 H I 13.94± 0.04 47± 5 −234.8± 3.4 1600 6.27 ‐4.65
3 O VI 14.13± 0.06 36± 7 −258.7± 4.4 1700 6.15 ‐4.84
3 H I 13.62± 0.09 61± 17 −264.2± 10.5 1700 6.15 ‐4.84
7 O VI 14.03± 0.19 16± 8 −216.3± 4.0 1128 6.49 ‐4.34
7 O VI 14.59± 0.06 49± 8 −277.9± 6.9 1128 6.49 ‐4.34
7 H I 13.92± 0.05 24± 3 500.4± 2.2 1128 6.49 ‐4.34
7 H I 13.35± 0.16 121± 55 −233.9± 36.7 1128 6.49 ‐4.34
8 H I 17.40± 0.23 18± 1 −299.2± 1.2 1226 6.45 ‐4.47
8 O VI 14.64± 0.04 27± 2 −326.4± 1.6 1226 6.45 ‐4.47
9 H I 13.54± 0.10 49± 17 −279.8± 10.7 1324 6.40 ‐4.91
9 O VI 14.46± 0.04 25± 3 −284.3± 1.9 1324 6.40 ‐4.91
10 H I 13.26± 0.11 27± 10 −534.7± 6.7 500 6.73 ‐4.26
11 H I 13.23± 0.13 42± 17 −1310.8± 11.6 2720 5.43 ‐5.38
12 H I 14.11± 0.04 32± 3 −1293.5± 2.0 2547 5.49 ‐5.31
12 H I 13.23± 0.14 50± 22 −1810.2± 14.7 2547 5.49 ‐5.31
15 H I 13.55± 0.08 69± 16 −1092.0± 10.9 1897 5.79 ‐5.34

Sightline numbers correspond to those marked in Figure 5.8.
Velocities are expressed relative to the RomulusC snapshot redshift at z = 0.31.

Impact parameter of sightline relative to the cluster center
Quantity averaged along sightline

Table 5.1 Voigt profile fitting results for identified absorption components in

density near putative intracluster filaments and find a broad Lyα dN /dz = 108+65
−43 within

3 Mpc of such filaments. We again emphasize that these comparisons are by no means

rigorous, as we furthermore did not choose our sightline locations at random locations

throughout the cluster, and the pathlength calculation (denominator of these metric) re‐

quires accounting for the sensitivity limits of the spectra, etc. However, our predictions

indicate that a substantial number of broad Lyα absorbers tracing warm gas, well in ex‐

cess of the typical IGM or even Cosmic Web filaments, should await discovery within the

cluster environment.
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5.6 Prospects of studying the cool and warm gas in Galaxy Clusters

We now turn to using the results from our simulation to observationally constrain the

multiphase ICM and the CGM of cluster galaxies. In §5.3 we show that a substantial frac‐

tion of the ICM is composed of cool and warm gas beyond 1.5 R200. This gas can be traced

observationally through H ı, O Vı, and (to a lesser extent) C ıV. In §5.3.3 and §5.4 we

predict the covering fractions of these three ions as a function of both clustocentric and

halo‐centric impact parameters. Here, we further examine the feasibility of observing the

cool and warm cluster gas with existing and future UV telescopes.

The predicted covering fractions depend on both the physical abundance of the ion and

the column density sensitivity limits of the observing instrument. In our predictions

above, we assumed constant column density sensitivities of HST/COS set by the antici‐

pated S/N of the spectra. However, in practice, the sensitivity limits depend on several

different factors, and a given S/N does not directly map onto one sensitivity limit in terms

of column density. For example, warm gas will produce more thermal broadening than

cool gas, which will result in shallower absorption features and a higher minimum ob‐

servable column density evenwith the same S/N. Furthermore, stochastic noise canmake

some otherwise detectable lines insignificant. Instead, the more reliable metric for de‐

termining the column density sensitivity of an instrument is the detection significance.

The detection significance uses the S/N, column density, temperature (assuming thermal

broadening), and the instrument‐specific line spread function to measure the ratio of the

line’s equivalent width and its uncertainty,W/σW . Using simulated Voigt profiles across

a grid of temperature and column densities, we calculated their detection significance

given range of S/N (see Burchett et al., 2018, for a detailed description of this calculation).

Lines with a detection significance ≥ 3σ are considered to be detectable.

Figure 5.12 uses the detection significance described above to establish the minimum

observable column density of H ı and O Vı as a function of temperature for several differ‐

ent S/N. The dotted horizontal lines indicate the average covering fractions of H ı and O Vı
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within R < 2 Mpc of the cluster center at three different column density thresholds (see

Figure 5.3). At each S/N line, the minimum observable column density of H ı increases

with temperature due to the expected thermal broadening. For both ions, increasing the

S/N from 10 to 75 improves the column density sensitivity limit by ∼1 dex.

Currently, the most sensitive UV spectrograph to H ı and O Vı at low and intermediate

redshifts is theHST/COS. It consistently reaches S/N of at least 10, and can reach S/N values

as high as 75 (corresponding to the full range of S/N lines in Figure 5.12). For example, as

of the July 2018 data release of the Hubble Spectroscopic Legacy Archive (HSLA; Peeples

et al., 2017), 300 sightlines have S/N ≥ 10, 100 sightlines have S/N≥ 20, and 16 sightlines

have S/N≥ 50. Using the covering fraction estimates presented in Figure 5.13, we predict

that HST/COS can detect minimum covering fractions of 0.66 for H ı and 0.19 for O Vı.

The next‐generation UV instruments are still in the concept phase, vying for recom‐

mendation by the Astro2020 Decadal Survey. Current examples include The Large Ultra‐

violet Optical Infrared (LUVOIR) observatory (Bolcar et al., 2017), which would feature a

15 meter aperture, as well as a host of instruments spanning the UV to the infrared, such

as the Large Ultraviolet Multi‐object Spectrograph (LUMOS; Harris et al., 2018). Although

facilities of this magnitude would likely not launch until the 2030s, we explore their an‐

ticipated advancements of UV cluster observations below with the goal of understanding

the prospect of studying the multiphase ICM in the coming decades.

The spectral S/N is a function of the brightness of the background source and the inte‐

gration time. In Figure 5.13, we show the predicted S/N of LUVOIR spectra as a function

of the GALEX FUV magnitude for different exposure times. The horizontal dashed lines

show the covering fractions of H ı and O Vı in ROMULUſC for several different S/N (as‐

suming each S/N corresponds to the median detectable column densities in Figure 5.12).

LUVOIR would dramatically increase the S/N and observable column density limits.

For example, achieving the nominal S/N= 10 we have assumed throughout this chapter

requires 5 hours of exposure timewithHST/COS for a sourcewithmFUV = 19.5. Achieving

a similar S/N on LUVOIR would only take 20 minutes. Furthermore, for modest exposure
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times of 2‐4 hours, LUVOIR can deliver S/N≥ 50 (corresponding to covering fractions of

0.91 forH ı and 0.37 forOVı) for a large fraction of sources. However, according to our pre‐

dictions, increasing the S/N to ≥ 100 brings marginal returns. In addition to only a slight

increase in the covering fractions of our key ions, the gas complexes that our simulations

predict give rise to integrated column densities of N(H ı)≲ 1012.0 cm−2 would likely not be

detectable. From a similar analysis of, e.g., Sightline 5 (see Figure 5.8) as that shown in

Figure 5.11 for Sightline 7 and discussed in Section 5.5, the local overdensities associated

with total N(H ı) ∼ 1011−12 cm−2 are distributed over large spatial scales (∼ 100 − 1000

kpc) and have local column densities on the order of ∼ 1010 cm−2. The optical depth of

this gas spread over such large distances would likely also be too spread out in velocity

space to produce detectable spectral features. Recent hydrodynamic simulation efforts

have forced high resolution in the diffuse halos of L∗ galaxies, producing smaller cloud

structures at low, but detectable, column densities (Hummels et al., 2018b; Peeples et al.,

2019a). However, it remains to be seen whether the extreme cluster environment would

yield similar results. Our data suggest a ‘detectability floor’ where pushing to extremely

high S/N (by today’s standards) may not yield increased detections of cool or warm gas in

the ambient ICM.

The transformational leap beyond current observational capabilities will likely come

from the ability to observe a larger sample of background sources. At fainter magni‐

tudes (mFUV > 20), the density of background sources (e.g., QSOs and star‐forming galax‐

ies) in the sky increases sharply (Rubin et al., 2018a). For example, employing the COS‐

MOS2015/UltraVISTA catalog (Laigle et al., 2016; McCracken et al., 2012), which includes

GALEX photometry and photometric redshifts, we found that there are ≥ 75 potential

background sources per square degree withmFUV < 22 at z = 0.2 − 1. Considering clus‐

tocentric impact parameters within 2 Mpc, this source density translates to ≥ 7 possible

sources per cluster at z = 0.2. Therefore, one could easily subselect the cluster sample

based on the properties of the cluster or study a particular cluster in exquisite detail, fol‐

lowing a similar approach to that of Yoon et al. (2012) and Yoon and Putman (2017) for
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Virgo and Coma, respectively, but for virtually any cluster in the low‐redshift Universe.

5.7 Conclusions

We use the high‐resolution hydrodynamical galaxy cluster simulation, ROMULUſC, to ex‐

amine the multiphase structure of the intracluster medium (ICM) and its effect on the

circumgalactic media (CGM) of constituent galaxies. We focus our analysis on cool‐warm

(T = 104−6K) gas at the cluster outskirts which is particularly difficult to observe in X‐

rays. We show that this gas can be observed in the ultraviolet (UV) with HST/COS and

make predictions for observations with next‐generation telescopes, such as LUVOIR. We

summarize our key findings as follows:

1. At all clustocentric radii, we find significant quantities of multiphase gas in the cool

(104−5K) and warm (105−6K) gas phase, observable in the UV. Relative to the hot (T >

106K), X‐ray emitting gas, the share of cool‐warm material increases rapidly toward

the cluster outskirts. By r > 2.5R200, the warm gas mass fraction exceeds that of the

hot gas, and even the cool gas exceeds the hot gas at r > 3.5R200.

2. The ICM is marked by a wide range of metallicity from Z ≈ 0.01Z⊙ to Z > Z⊙.

Our predictedmetallicities of gas at temperatures and densities probed by X‐rays are

broadly consistent with X‐raymeasurements at r < R200; however, the lower temper‐

ature and density regime to which the UV is sensitive possesses a much wider range

in metallicity, including lower metallicities from the well‐mixed ICM and highly en‐

riched gas that is stripped from the CGM of infalling galaxies.

3. We predict detection rates of H ı, C ıV, and O Vı which sample different tempera‐

tures of the cool‐warm gas, throughout the ICM. We find that the detection profiles

of all three ions decline from the cluster center out to 1 Mpc but remain relatively

flat out to the edge of the simulated volume, at 3 Mpc.
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Figure 5.12 The detectability (at 3σ) of H ı Lyα (solid) and O Vı λ 1032Å (dashed) lines over
a range of column densities and temperatures (via the Doppler b parameter) given several
levels of S/N achieved (see color‐coding in legend). Our predicted covering fractions of H ı
and O Vı for three column density thresholds (for ρ < 2 Mpc) are indicated by horizontal
dotted lines, and a given column density is considered detectable if a colored curve falls at
or below that value in the plot. For example, a S/N = 10 spectrum should return a covering
fraction≳17% for O Vı (dashed purple line) across the warm temperature regime but fc =
50− 70% for H ı (solid purple line) across this same temperature range.
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4. The CGM of cluster galaxies are readily stripped during the early stages of infall.

CGM stripping is apparent in galaxies as far as 4R200 from the cluster center and

becomes progressively more pronounced near the cluster center. This stripping is

observable in the halo‐centric covering fractions of H ı, C ıV, and O Vı for galaxies

at various distances from the cluster center.

5. To test the feasibility of confronting our galaxy cluster simulation and the physics

therein with observations, we generate and analyze synthetic UV spectra of sight‐

lines piercing the ROMULUſC ICM and CGM of cluster galaxies. Within 16 synthetic

sightlines, we detect 19 components of H ı, O Vı, and C ııı, including several broad

Lyα components tracing the elusivewarmgas regime, in various environments from

the cluster center to the outskirts. These synthetic data demonstrate that a large UV

spectroscopic survey using currently available instrumentation can effectively be

leveraged to test cluster formation and evolution models.

6. Considering current and future UV spectroscopic capabilities, we examine potential

observing strategies to constrain the multiphase ICM and cluster galaxy CGM. Sub‐

stantive, important progress can be made now with HST/COS given modest invest‐

ments of telescope time, for an ensemble of clusters probed by UV‐bright (mFUV <

19) QSOs to constrain the cool‐warm gas profiles, metal enrichment, and CGM in

cluster models. Dramatically improved diagnostic power would be afforded by a

large‐aperture space‐borne UV‐sensitive telescope such as the LUVOIR concept cur‐

rently being considered. For the same ensemble of clusters one could observe at

S/N∼ 10 with HST/COS, LUVOIR would deliver S/N= 50 − 100 and detect extremely

diffuse cool‐warm gas approaching detection rates of 90%.

UV spectroscopy provides unique insights into the cold‐warm gas in and around the

most massive structures in the Universe and offers a highly complementary view of the

baryonic contents of galaxy clusters derived from X‐ray and microwave observations. To‐
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gether, these forthcoming multiwavelength observations will provide a comprehensive

view of the multiphase gas in the ICM of galaxy clusters and the CGM of cluster galaxies

to transform our understanding of galaxy cluster physics and galaxy evolution.
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Chapter 6

SUMMARY AND FUTUREWORK
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6.1 Summary

The goal of this dissertation has been to develop a physical model of the CGM that can ex‐

plain a wide range of observed properties of low‐redshift L∗ galaxies, in particular, (1) the

presence of multiphase ions out to large distances from the galaxy (1.2.1), (2) the inferred

low densities of cool gas (1.2.2), and (3) the kinematic alignment betweenmultiphase ions

(1.2.3).

Throughout this work, I demonstrated how cosmic rays offer a natural explanation

for all three science drivers. The buildup of cosmic‐ray pressure in the galactic disk

drives gentle, mass‐loaded outflows that populate the CGMwithmultiphasemetals (chap‐

ter 2). Cosmic‐ray pressure support allows cold gas clouds to maintain lower densities

and be more buoyant (chapter 3). The presence of buoyant, low‐density cold CGM gas

in a cosmic‐ray‐pressure‐supported CGMnaturally leads to kinematic alignment between

multiphase ions (chapter 4). Using synthetic spectroscopy, I also showed that studying dif‐

fuse, multiphase gas with UV absorption spectroscopy can shed unprecedented insights

into the structures of halos around the most massive galaxies.

By constraining the role of cosmic rays in shaping the CGM, this research takes impor‐

tant steps towards developing a complete theory of galaxy evolution. However, existing

models of cosmic‐ray hydrodynamicsmust be constrained in order for galaxy simulations

to have predictive power.

6.2 Future Work: Towards Better Models of Cosmic‐ray Hydrodynamics

Existing cosmic‐ray hydrodynamics models are severely under‐constrained. While cos‐

mic rays are confirmed tobe an important energy source in the ISM, the amount of cosmic‐

ray energy in the CGM around L∗ and dwarf galaxies is unknown. Therefore, simula‐

tions with small differences in cosmic‐ray transportmodels, even those calibrated against

gamma ray observations in the ISM, can produce a wide variety of CGM structures. In

order to develop a robust model of cosmic‐ray hydrodynamics, we need to (1) improve
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existing theoretical models of cosmic rays in the fluid approximation and (2) constrain

simulations against a wider range of observations.

Recent theoretical advancements have developed models of simulating cosmic‐rays

using a two‐moment approach (Jiang andOh, 2017; Thomas andPfrommer, 2019;Hopkins

et al., 2021c). These models can simultaneously model cosmic‐ray diffusion and stream‐

ing while getting rid of some of the computational costs associated with modeling tradi‐

tional diffusion. However, there is still great uncertainty in the scattering terms that drive

cosmic‐ray transport, and there is a strong need for both theoretical advancements and

idealized simulation work to constrain these scattering terms.

Most existing simulationsmodel cosmic rays as a single fluid, assuming that all cosmic

rays are protons with GeV energies. While this is a reasonable starting point, especially

when up against computational limits, this assumption neglects the role of low‐energy

cosmic rays in cool gas and restricts detailed comparisons to observations. Realistically,

cosmic rays span a wide range of energies (MeV – TeV) and species (electrons, protons,

positrons, etc). Explicitly modeling these ranges, even in a handful of discretized bins,

will be helpful to constrain models of cosmic‐ray transport by comparing against a wider

range of observations, for example, synchrotron emission from cosmic‐ray electrons and

the ratios of primary to secondary cosmic‐ray species.

6.3 Future Work: Simulating Cool Gas with a New Subgrid Model

Existing galaxy simulations cannot resolve the small‐scale structures of cool CGM gas.

The characteristic scale of cool gas is theoretically expected to be the minimum of the

gas cooling time and the gas sound speed, l ∼ min(cstcool) (McCourt et al., 2018). For the

range of gas pressures expected in the CGM, the characteristic size of cool gas clouds is

expected to be between 0.1 and 100 pc — significantly smaller than the typical resolution

in the CGM (∼ 500 pc) of the best‐resolved simulations today.

Of course, there are some nuances that can help this discrepancy. For example, al‐

though the characteristic scale of a cool cloud is very small, cool clouds may coagulate to



210

form larger structures. The characteristic scale of cool clouds may also be amplified in

plasmas with non‐thermal pressure support from magnetic fields, or turbulence, or cos‐

mic rays. In the extreme case of a cosmic‐ray‐pressure‐supported halo, cool clouds may

even span tens of kpc. However, even in such galaxies, cool clouds would still likely have

small sizes at high redshifts, before the cosmic‐ray pressure has built up sufficiently in

the CGM. However, it is unclear if these aspects are enough to sufficiently bridge the gap

between the physical scale of the cool cloudlets and computational power.

While theminimumnecessary resolution to capture cool gas physics remains unclear,

directly resolving the CGM with ∼ pc resolution is computationally infeasible.1 Resolu‐

tion studies of the CGM find that the cool gas properties do not converge, even at the

highest resolutions (Hummels et al., 2019; Peeples et al., 2019b; Suresh et al., 2019; van de

Voort et al., 2019). By under‐resolving cool gas structures, current simulations are likely

misrepresenting cool gas properties.

In the absence of direct resolution, I believe the way forward is to explicitly model

unresolved cool gas as its own fluid, separate from the resolved gas fluid. Analogous to the

treatment of dust in protoplanetary disk simulations (e.g., Laibe and Price, 2012), this fluid

would track the total mass and momentum of cool gas in a cell, with the assumption that

the cool gas structure is a collection of unresolved cloudlets. The unresolved cool gas fluid

could exchange mass and momentum with the regular gas fluid following predictions

from idealized simulations of thermal instability and cloud crushing.

Explicitly modeling unresolved cool gas, informed by high‐resolution idealized sim‐

ulations, would allow for galaxy simulations to gain predictive power without waiting

decades for the computational power to directly resolve the cool CGM.

1To put this in context, resolving the CGM of a galaxy with a virial radius of 200 kpc would take about
ten million times more computational voxels than the largest existing cosmological volumes. Assuming
Moore’s law, directly resolving the CGM with pc resolution will be infeasible for the next ∼ 30 years.
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