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Abstract

Modern models predict that galaxies do not evolve in isolation, but exist in haloes of dark

matter and gas, embedded in the large-scale “cosmic web”. To build a self-consistent

model for how galaxies form and evolve, it is vital to understand how galaxies regulate

their formation through interaction with the “circumgalactic medium” that surrounds

them, and at present the nature and impact of these interactions is poorly-constrained

by both theory and observations. This thesis presents new insights into how galaxies

affect their surroundings through feedback processes, the impact of the properties of

the CGM on galaxy evolution, and how the properties of galaxy-CGM ecosystems are

fundamentally connected to the assembly histories of their dark matter haloes.

I begin by examining the origin of scatter in the relationship between the gas fraction

and mass of dark matter haloes hosting present-day ∼ L? central galaxies in the EAGLE

simulations. The scatter is uncorrelated with the accretion rate of the central galaxy’s

black hole (BH), but correlates strongly and negatively with the BH’s mass, implicating

differences in the expulsion of gas by active galactic nucleus (AGN) feedback, throughout

the assembly of the halo, as the main cause of scatter. Haloes whose central galaxies

host undermassive BHs also tend to retain a higher gas fraction, and exhibit elevated

star formation rates (SFRs). Diversity in the mass of central BHs stems primarily from

diversity in the dark matter halo binding energy, as these quantities are strongly and

positively correlated at fixed halo mass, such that ∼ L? galaxies hosted by haloes that

are more (less) tightly-bound develop central BHs that are more (less) massive than

is typical for their halo mass. Variations in the halo gas fraction at fixed halo mass

are reflected in both the soft X-ray luminosity and thermal Sunyaev-Zel’dovich flux,

suggesting that the prediction of a strong coupling between the properties of galaxies

and their halo gas fractions can be tested with measurements of these diagnostics for

galaxies with diverse SFRs but similar halo masses.
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I then examine the connection between the properties of the CGM and the quenching

and morphological evolution of central galaxies in both the EAGLE and IllustrisTNG

simulations. The simulations yield very different median CGM mass fractions, fCGM, as

a function of halo mass, M200, with low-mass haloes being significantly more gas-rich in

IllustrisTNG than in EAGLE. Nonetheless, in both cases scatter in fCGM at fixed M200

is strongly correlated with the specific star formation rate and the kinematic morphology

of central galaxies. This feedback elevates the CGM cooling time, preventing gas from

accreting onto the galaxy to fuel star formation, and thus establishing a preference for

quenched, spheroidal galaxies to be hosted by haloes with low fCGM for their mass. In

both simulations, fCGM correlates negatively with the host halo’s intrinsic concentration,

and hence with its binding energy and formation redshift, primarily because early halo

formation fosters the rapid early growth of the central black hole (BH). This leads to a

lower fCGM at fixed M200 in EAGLE because the BH reaches high accretion rates sooner,

whilst in IllustrisTNG it occurs because the central BH reaches the mass threshold at

which AGN feedback is assumed to switch from thermal to kinetic injection earlier.

Despite these differences, there is consensus from these state-of-the-art simulations that

the expulsion of efficiently-cooling gas from the CGM is a crucial step in the quenching

and morphological evolution of central galaxies.

The above results suggest a connection between the assembly histories of dark matter

haloes and the properties of their galaxy-CGM ecosystems. I clearly demonstrate this

connection by performing a controlled and systematic experiment in which I adjust the

assembly history of a single EAGLE halo hosting a moderately star-forming Milky Way-

like galaxy by “genetically modifying” its initial conditions, keeping all other variables

fixed. Shifting the halo assembly history to earlier times increases the integrated feed-

back injected by the AGN, ejecting a greater fraction of the CGM baryons and leading

to the quenching and morphological transformation of the central galaxy. These effects

can only have originated from differences in the assembly history of the halo, providing

compelling evidence for this novel picture of the self-regulation of galaxy formation.

Jonathan Davies April 2020
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Chapter 1

Introduction

The Solar System that we call home is hosted by a star that is one of billions in a vast,

disk-like structure seen stretching across the night sky: the Milky Way. Up until the early

20th century, the Milky Way was thought to encompass the entire Universe, with the

observed “spiral nebulae” such as Andromeda being part of this one single system. Ideas

to the contrary were beginning to emerge at the time of the Great Debate on the scale

of the Universe between Harlow Shapley and Heber Curtis in 1920, where Curtis argued

that spiral nebulae were in fact “island universes” distinct from the Milky Way. This idea

was soon confirmed by Edwin Hubble’s identification of Cepheid variable stars in several

nebulae, which act as “standard candles” from which the distance to the nebulae could

be obtained (e.g. Hubble, 1925, 1926a). The distances to objects such as Andromeda

were found to be of order 105 parsecs, unequivocally demonstrating that such objects

are extragalactic and fundamentally transforming our view of the Universe. Hubble’s

discovery led to his famous classification of these extragalactic nebulae - now simply

considered “other galaxies” - into groups based on their appearance: spirals, barred

spirals, ellipticals and irregular galaxies (Hubble, 1926b), which would later become

known as the “Hubble tuning fork” diagram. With this discovery, a whole new field of

astronomy was born.

It is difficult to overstate how dramatically our knowledge of the Universe has advanced

in the nearly 100 years since this watershed moment. A combination of advances in

theory, observational instrumentation and computational modelling have revealed that

the Milky Way is one of billions of galaxies in an expanding Universe of baryonic matter,

dark matter and dark energy. Understanding how galaxies form and evolve into the

population we see today is one of the most fundamental problems in astrophysics, and

moves human knowledge closer to answering its ultimate question: where did it all come

from?

1



Introduction: The ΛCDM paradigm 2

While galaxies appear to be “island universes” surrounded by great empty voids when

seen in optical images, they do not evolve in isolation. Modern models predict that

galaxies are in fact embedded in a “cosmic web” of dark matter and gas; this web can

be clearly seen in the distribution of the galaxies which trace it in large-scale structure

surveys such as the 2dF Galaxy Redshift Survey (2dFGRS), Sloan Digital Sky Survey

(SDSS) and Galaxy and Mass Assembly (GAMA) survey. To build a self-consistent

model for how galaxies form and evolve into the observed population, we must under-

stand how they interact with this medium that surrounds them. The processes through

which this interaction takes place and the properties of the material which mediates this

interaction are both poorly constrained by theory and observations at the present time,

and are the principal focus of this thesis. The “big questions” that I aim to address in

this work are:

• How does the process of galaxy formation impact the environments of galaxies?

• How do the properties of a galaxy’s environment affect its evolution?

• How are the properties of galaxies linked to the underlying nature of the universe?

The first two of these questions might be considered two sides of the same coin, and

this reflects the self-regulatory nature of galaxy formation. Understanding the nature

and mechanics of this self-regulation, how it might be disrupted or altered, and how it

is linked to the initial conditions of the Universe will lead us to a deeper understanding

of galaxy formation in a cosmological context.

To provide a foundation for the work presented in this thesis, I devote the remainder

of this Chapter to a general introduction to the topic. In Section 1.1 I will introduce

the current paradigm for our understanding of cosmology, and explain the successes it

has brought. In Section 1.2 I will briefly describe our current theoretical picture for

galaxy formation, and explain the importance of feedback processes in regulating this

formation. In Section 1.3 I will motivate the importance of understanding the nature

of the gas around galaxies - the “circumgalactic medium” - in answering the above

questions, and detail our current knowledge of this elusive component of the Universe.

Finally, at the end of the Chapter I will give an outline for the content of the rest of the

thesis.

1.1 The ΛCDM paradigm

The currently-preferred “standard model” for cosmology, or the framework in which

galaxy formation takes place, is the ΛCDM model. In this paradigm, the Universe is



Introduction: The ΛCDM paradigm 3

geometrically flat (i.e. it satisfies Euclidean geometry) and expanding, and is primarily

made up of baryonic matter, cold dark matter (CDM) and vacuum energy (represented

by by the analagous constant Λ in Einstein’s field equations) which causes the Universe

to accelerate in its expansion at late times. In this section, I will briefly explain how

this consensus was reached.

On large scales, the properties of the Universe are dominated by the force of gravity, for

which the most complete theory we have is Einstein’s general relativity. A significant

challenge to this theory arose with Hubble’s discovery that there are other galaxies

besides the Milky Way in the universe, and that they are receding from the Milky Way

at a rate proportional to their distance from us (the Hubble (1929) law, where the

constant of proportionality is the Hubble constant H0). This discovery demonstrated

that the Universe is expanding, challenging Einstein’s steady-state and finite solution for

general relativity in a universe of matter. Friedmann (1922) and Lemâıtre (1927) had

previously (and independently) proposed solutions to Einstein’s field equations which

allowed for an expanding Universe before this discrepancy had arisen, and these solutions

led to the Friedmann-Lemâıtre-Robertson-Walker (FLRW) metric for a homogeneous,

isotropic, non-static Universe. In this metric, Einstein’s field equations are exactly solved

by the Friedmann equations, a set of differential equations which describe the expansion

of spacetime as a function of energy density and spatial curvature.

A natural consequence of an expanding universe is that it has an origin (Lemâıtre, 1931),

leading to the notion of a “Big Bang”: the expansion of space from a singularity. This

idea was corroborated by the discovery of the cosmic microwave background (CMB,

Penzias & Wilson, 1965), emitted at the epoch of recombination where the Universe

became transparent to radiation. The CMB is broadly isotropic, but exhibits small-scale

anisotropies that reflect primordial density fluctuations in the very early Universe. While

the detection of the CMB effectively confirmed the Big Bang theory, two significant

problems remained unsolved:

• As a result of the finite speed of light through spacetime, distant regions of the

Universe should exhibit strong differences in their densities because they are not

causally connected. Despite this, the early Universe seen in the CMB appears

broadly homogeneous and isotropic - this is the “horizon problem”.

• The universe is observed to be spatially flat, which requires a very precise fine-

tuning of the curvature at very early times. Any minor curvature (positive or

negative) would be dramatically amplified as the Universe expands, yet no such

curvature is observed - this is the “flatness problem”.
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The theory of inflation (Guth, 1981; Linde, 1982) resolves these issues by invoking a very

short period of exponential expansion. This solves the above problems by assuming that

the pre-inflation Universe is sufficiently compact that all scales are causally connected,

giving homogeneity to the post-inflation Universe, and that any pre-inflation curvature

is flattened by the exponential expansion. A consequence of this process is that the

quantum fluctuations present prior to inflation are greatly amplified by the expansion

into the density fluctuations seen as temperature anisotropies in the CMB, and which

seed the large-scale structure of the Universe.

The central idea in the ΛCDM model is that the structures observed in the Universe -

from dwarf galaxies to galaxy clusters - grew via gravitational collapse from these initial

overdensities, with dynamics dominated by a hypothesised form of matter that interacts

only via gravity. This existence of this “dark” matter can be inferred from several

phenomena which suggest the presence of non-luminous, “missing” mass: the velocities

of galaxies in clusters (Zwicky, 1933, 1937), the flat rotation curves of galaxies (Rubin

& Ford, 1970; Rubin et al., 1980) and the strong gravitational lensing observed around

galaxy clusters (Walsh et al., 1979). Various non-luminous baryonic candidates for this

missing mass have been proposed in the past, such as black holes, neutron stars, brown

dwarfs and faint white dwarfs (collectively known as massive compact halo objects, or

MACHOS). Observations of the CMB, the theory of Big Bang Nucleosynthesis and the

lack of gravitational microlensing detections in the Milky Way collectively rule out these

candidates, and suggest instead that dark matter is non-baryonic in nature, existing in

the form of hypothesised particles such as axions, sterile neutrinos or weakly-interacting

massive particles (WIMPs).

Evidence for the existence of dark matter led to the first models of structure formation in

the Universe, such as those of Press & Schechter (1974), White & Rees (1978), and Fall &

Efstathiou (1980), which led to the hypothesis that dark matter must be “cold” (mass >

1 keV) rather than “hot” (mass < 50 eV) (Blumenthal et al., 1982; Peebles, 1982; White

et al., 1983) to produce the observed clustering of galaxies. In these models, dark matter

undergoes gravitational collapse into primordial overdensities prior to recombination,

while baryons and radiation remain coupled together. Following recombination, the

resulting neutral gas falls into the gravitational potentials created by the dark matter,

eventually cooling and condensing into the first stars and protogalaxies. These small

systems do not evolve in isolation, but merge together to form progressively larger

structures; galaxy formation is therefore “hierarchical”.

The above models assume that the Universe is dominated entirely by matter (CDM

and baryons). By the 1990s, observations of large-scale structure (e.g. Efstathiou et al.,
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1990) and the discovery of temperature anisotropies in the CMB by the Cosmic Mi-

crowave Background Explorer (Smoot et al., 1992; Wright et al., 1992) indicated that

this is not the case, and that the energy density of the Universe is in fact dominated by

vacuum energy, which contributes negative pressure to cosmological expansion and can

be represented by a cosmological constant, Λ. Observations of type Ia supernovae (which

act as standard candles for distance measurements due to their fixed absolute magni-

tude) by Riess et al. (1998) and Perlmutter et al. (1999) indicated that the Universe is

accelerating in its expansion as a result of this negative pressure. These results estab-

lished the hierarchical formation of structure with cold dark matter and dark energy,

the ΛCDM model, as the leading theory in cosmology. The model exhibits a remarkable

level of agreement with more modern measurements of the cosmic microwave background

by the Wilkinson Microwave Anisotropy Probe (WMAP Spergel et al., 2007) and the

Planck satellite (Planck Collaboration et al., 2018); fitting the parameters of the model

to features in the CMB such as the power spectrum of the temperature fluctuations has

constrained quantities such as the baryon, dark matter and dark energy content of the

Universe with sub-percent precision.

1.2 Galaxy formation in dark matter haloes

The ΛCDM cosmology describes the expansion history of the Universe, and now gives

a precise accounting of its contents: the total energy density is ≈ 70% dark (vacuum)

energy, ≈ 25% dark matter, and ≈ 5% baryonic matter, with negligible contributions

from neutrinos and radiation. The field of galaxy formation is concerned with how the

dark matter and baryons co-evolve from the epoch of recombination to form the wide

variety of galaxies observed in the Universe today. In this Section I will briefly cover

the most important processes that govern the formation of galaxies and the regulation

of their evolution.

1.2.1 Assembly of stellar mass through gas accretion

The earliest galaxy formation models established that galaxies cannot be formed through

gravitational processes alone, but require dissipative processes such as the radiative

cooling of gas (Binney, 1977; Rees & Ostriker, 1977; Silk, 1977). In these models,

primordial, diffuse, ionised gas clouds collapse under gravity and are heated by shocks to

form quasi-hydrostatic coronae of hot material, which can then radiatively cool, condense

and fragment to form stars in the centre. The large-scale distribution of galaxies is,

however, set by purely gravitational clustering in a hierarchical fashion, such that small

systems combine to make larger ones and have their small-scale structure erased as the
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new system relaxes (Press & Schechter, 1974). White & Rees (1978) combined these

ideas for systems containing 80% dark matter and 20% gas, showing that while the

purely gravitational dark matter virialises, gas cooling through radiative processes such

as thermal bremsstrahlung, recombination and line emission can fuel the formation of

stars in the centre of the ‘halo’, producing an approximate match to the observed galaxy

luminosity function. In subsequent years this picture was shown to account for other

galaxy properties such as the kinematics of galaxies (Fall & Efstathiou, 1980), and was

expanded upon by White & Frenk (1991) to predict the abundance and structure of dark

matter haloes, the star formation rates at their centres, and the X-ray luminosities and

metallicities of the included gas, as a function of mass and time. With this unification

of gravitational and dissipative processes for systems of dark matter and gas, modern

galaxy formation theory was born.

The modern perspective for how galaxies accrete gas from the intergalactic medium

(IGM) for star formation considers two modes: the above “hot mode”, where gas is

heated to high temperatures by gravitational shocks and then cools from hydrostatic

equilibrium, and the “cold mode”, where gas reaches the galaxy through filaments of

cold gas. The cold mode is important for accretion in all systems and at all redshifts,

while the hot mode becomes more important in high-mass systems and at late times

(Birnboim & Dekel, 2003; Kereš et al., 2005; van de Voort et al., 2011). Each of these

modes provides galaxies with their interstellar medium (ISM), which constitutes their

fuel supply for producing stars. When clouds of gas in the ISM reach a threshold mass

such that their internal pressure cannot stabilise them against gravity, they collapse and

form stars in Jeans (1902) instabilities. Parts of such clouds may also fragment and form

stars if they locally become Jeans-unstable. The rate at which this process occurs (the

star formation rate, SFR) is observed to be related to the gas surface density in the ISM,

giving rise to the empirical Kennicutt-Schmidt relation (Kennicutt, 1998). On far larger

scales, the cosmic star formation rate density describes the star formation activity of

the whole galaxy population, and this is observed to rise with decreasing redshift until

z ∼ 2, after which it begins to fall (e.g. Madau et al., 1998; Bouwens et al., 2015).

Through this process, stars of a variety of masses are formed, the distribution of which

is described by a stellar initial mass function (Salpeter, 1955; Chabrier, 2003). A given

stellar population will lose a significant fraction of its initial mass over its lifetime, eject-

ing material into the surrounding gas and enriching it with metals (elements heavier

than helium). Massive stars (M? > 8 M�) evolve rapidly and lose mass in both stellar

winds and core-collapse supernovae, which occur at the end of their lifetimes and en-

rich the surrounding gas with α-elements. Lower-mass stars are much longer-lived and

drive strong stellar winds when they reach the asymptotic giant branch (AGB) stage

of their evolution. Stars of this mass do not undergo core-collapse supernovae, but the
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stellar cores remaining after the AGB stage can explode as Type Ia supernovae following

accretion of material from a companion star, and this process provides significant iron

enrichment to the ISM.

Galaxies do not form stars indefinitely, and can be “quenched” during their evolution.

Galaxies that are actively forming stars appear blue, because they continuously form

short-lived and massive blue stars, while quenched galaxies appear “red and dead” as

their massive stars have long-since evolved to the supernova phase. This difference man-

ifests itself as a bimodality in the galaxy population: surveys reveal that most galaxies

are members of the “blue cloud” of spiral-like, star forming galaxies, or of the “red se-

quence” of elliptical, quenched galaxies on a plot of u− r colour as a function of stellar

mass (Baldry et al., 2004, 2012; Schawinski et al., 2014), with a small minority under-

going a transition between the two in the “green valley”. Galaxies quench when they

run out of fuel for star formation, and this can occur for a number of reasons. The fuel

supply could have been entirely converted into stars, or could have been stripped away

by ram pressure as the galaxy passes through the gaseous halo of a more massive galaxy,

group of galaxies, or cluster. The most relevant quenching mechanism for regulating the

evolution of galaxies, however, is feedback, which can eject gas from the ISM into the

galaxy’s surroundings.

1.2.2 Feedback as a regulatory mechanism

There are several characteristics of the observed galaxy population that must be repro-

duced by a successful galaxy formation model. Two of these observed characteristics are

arguably the most fundamental:

• The distribution of stellar masses - this is quantified by the observed galaxy

stellar mass function (GSMF, shown in Figure 1.1), which quantifies the comoving

number density of galaxies at a given stellar mass.

• The efficiency of galaxy formation - this is quantified by the inferred stellar

mass - halo mass (SMHM) relation, shown in Figure 1.2. It is not sufficient to

simply form the correct number of galaxies of a given stellar mass; they must live

in the right haloes.

The shape of the GSMF reflects the hierarchical, “bottom-up” nature of galaxy for-

mation: the universe contains very many low-mass galaxies, and very few high-mass

galaxies, with a characteristic “knee” at the Milky Way (L?) mass scale. The GSMF

also reveals information about the efficiency of galaxy formation; the observed relation
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Figure 4
Comparison of galaxy stellar mass functions from recent large-scale cosmological simulations of
representative volumes of the Universe. The simulations include stellar and AGN feedback with the
exception of Davé et al. (2013), who use an empirical heating model in massive halos. The different groups
typically adjust the key parameters in the varying subresolution models to match observations of galaxy mass
functions like that of Li & White (2009). For reference, we show an alternative mass function with different
mass estimates for massive galaxies (Bernardi et al. 2013). At a given mass the abundance can vary by up to an
order of magnitude, still considering the range in spatial resolution (from 0.5 kpc to 3 kpc) and the
significant difference in subresolution models, the agreement between the simulations is remarkable for
some models. The dashed line for Vogelsberger et al. (2014) and Schaye et al. (2015) indicate different mass
estimates. The dashed line shows the hypothetical galaxy mass function assuming the cosmic baryon
fraction. Abbreviation: AGN, active galactic nucleus.

3.1. Supernova Explosions
Core-collapse supernova explosions have long been the primary suspect to play a crucial role in
galaxy formation (Larson 1974, Dekel & Silk 1986, Navarro & White 1993). During these singular
and final events in a massive star’s life, typically 2–5 M! of gas are ejected into the ambient ISM at
supersonic velocities of veject ∼ 6,000–7,000 km s−1 ( Janka 2012), driving a shock into the ambient
ISM. Apart from the injection of metals, supernovae can, in the energy conserving phase of the
blast wave, heat about three orders more ambient mass than their ejecta to high temperatures. This
makes them the prime sources of hot (T ∼ 106 K) gas in the star-forming ISM. By creating the
hot, X-ray–emitting phase they impact the large-scale multiphase structure of the ISM (McKee
& Ostriker 1977, Li et al. 2015, Walch et al. 2015) and might be important for driving galactic
outflows, fountain flows, and galactic winds through hot, low-density chimneys (Chevalier & Clegg
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Figure 1.1: The observed galaxy stellar mass functions of Li & White (2009) and
Bernardi et al. (2013), with the results of several cosmological, hydrodynamical sim-
ulations overlaid. The dashed line shows a hypothetical GSMF assuming the cosmic
baryon fraction (i.e. perfectly efficient galaxy formation). Figure reproduced from Naab

& Ostriker (2017).

lies below the prediction from a purely collisionless case assuming the stellar mass den-

sity is equal to the cosmic baryon budget (i.e. perfectly efficient galaxy formation). This

defecit is the smallest for ∼ L? galaxies at the knee of the GSMF, which dominate the

present-day stellar mass density of the Universe, and is far greater at sub- and super-L?

masses. The inefficiency of galaxy formation is also clearly shown in the SMHM relation;

the assembly of stellar mass is most efficient in haloes of mass ∼ 1012 M�, and is far

less efficient at lower and higher masses. These observations suggest that the process of

galaxy formation requires some source of feedback energy to reduce its efficiency in low-

and high-mass haloes.

The necessity of feedback as a mechanism for regulating galaxy growth was recognised

in some of the earliest galaxy formation models. White & Rees (1978) noted that some

kind of feedback energy would need to be injected to prevent runaway cooling of gas

into very dense regions, and early simulation work confirmed this “overcooling problem”:



Introduction: Galaxy formation in dark matter haloes 9

3168 P. Behroozi et al.

Figure 34. Median observed stellar mass–halo mass relation for our best-fitting model (labelled as ‘UniverseMachine DR1’) compared to previous results at
z = 0.1. Results compared include those from our previous works (Behroozi et al. 2010, 2013e), from empirical modeling (EM; Moster et al. 2013, 2018;
Birrer et al. 2014; Lu et al. 2015b; Rodrı́guez-Puebla et al. 2017), from abundance matching (AM; Moster et al. 2010; Reddick et al. 2013; Shankar et al. 2017),
from Conditional Stellar Mass Function (CSMF) modeling (Yang et al. 2012; Wang et al. 2013), and from cluster X-ray mass measurements (Lin & Mohr
2004; Hansen et al. 2009; Kravtsov et al. 2018). Grey-shaded regions correspond to the 16th−84th percentile range in Behroozi et al. (2010). The 16th−84th

percentile range of the model posterior distribution is shown by the purple error bars.

Figure 35. Median stellar mass–halo mass relations for our best-fitting model compared to previous results at z ∼ 1 and z ∼ 3. Results compared include
those from our previous works (Behroozi et al. 2010, 2013e), from empirical modeling (EM; Moster et al. 2013, 2018; Lu et al. 2015b; Rodrı́guez-Puebla
et al. 2017), from abundance matching (AM; Moster et al. 2010), from Halo Occupation Distribution modeling (H; Wake et al. 2011; Leauthaud et al. 2012;
Coupon et al. 2015; McCracken et al. 2015; Ishikawa et al. 2017; Cowley et al. 2018), and Conditional Stellar Mass Function modeling (CSMF; Yang et al.
2012; Wang et al. 2013). Yang et al. (2012) report best fits for two separate stellar mass functions; we show results from SMF2 at z = 3.0. Grey-shaded regions
correspond to the 16th−84th percentile range in Behroozi et al. (2010).

and fitting of massive galaxies in the SDSS, as well as deeper
imaging of z = 0–1 massive galaxies in ULTRAVISTA. Using the
revised stellar mass functions resolves past discrepancies between
cluster-based SMHM relations and those derived from empirical
models (Lin & Mohr 2004; Hansen et al. 2009; Kravtsov et al.

2018). The remaining difference between our results and Kravtsov
et al. (2018) is due to the latter counting all intracluster light as part
of the galaxy.

For low-mass haloes (Mh < 1011 M#), the best-fitting model has
a weaker upturn in the SMHM ratio than found by Behroozi et al.
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Figure 1.2: The present-day stellar mass - halo mass relation. Figure reproduced
from Behroozi et al. (2019), who compiled several results obtained using abundance
matching (AM), empirical modelling (EM), conditional stellar mass function (CSMF)

modelling, and from cluster X-ray mass measurements (CL).

the stellar discs at the centres of haloes were too massive and too compact compared to

observations (Katz & Gunn, 1991; Navarro & Benz, 1991; White & Frenk, 1991; Navarro

& White, 1994; Balogh et al., 2001), and this problem becomes worse as the resolution

of the simulation increases. The inclusion of feedback associated with star formation

(stellar winds and supernovae) was soon shown to partly alleviate this overcooling; as the

star formation rate increases, so does the energy injection rate and the ejection of fuel

for star formation, thus enabling the self-regulation of the system. This mechanism is

motivated by observations of outflows moving at > 100 km s−1 away from star-forming

galaxies (Veilleux et al., 2005; Steidel et al., 2010; Martin et al., 2012; Rubin et al.,

2014; Nielsen et al., 2020), with inferred mass loadings (mass outflow rate relative to the

star formation rate) greater than unity (Bland-Hawthorn et al., 2007; Schroetter et al.,

2015). This source of feedback is now a vital component of both semi-analytical models

of galaxy formation (e.g. Cole et al., 2000) and cosmological simulations (e.g. Springel &

Hernquist, 2003; Oppenheimer et al., 2010; Schaye et al., 2015; Pillepich et al., 2018a) for

preventing the overproduction of galaxies of Milky Way-mass and below (hence fitting

the low end of the GSMF), for fitting the SMHM relation below its peak (Mitchell et al.,

2019), and for producing spiral galaxies with the realistic morphologies and sizes (e.g.
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Governato et al., 2007; Guedes et al., 2011; Hopkins, 2013; Marinacci et al., 2014; Agertz

& Kravtsov, 2016).

While feedback from star formation is able to reconcile the low-mass end of the GSMF

with observational results, it is unable to regulate the growth of more massive galaxies

(e.g. Crain et al., 2009). In the hierarchical, bottom-up picture, one would expect the

most massive systems to form most of their stellar content at late times, yet observations

indicate that most of their mass was assembled prior to z = 1. This is the phenomenon of

“downsizing”, where the most massive systems form their mass at earlier times, contrary

to expectations from a hierarchical model (Cowie et al., 1996; Neistein et al., 2006).

For a model to reproduce this, massive galaxies must be quenched at early times, and

early semi-analytical models indicated that feedback from star formation alone cannot

achieve this; ejected material will simply re-cool in the deeper potentials of such systems

(Benson et al., 2003). A simulation incorporating only stellar feedback will therefore

not reproduce the sharp break seen in the GSMF at high stellar mass - another source

of feedback is required.

Supermassive black holes (SMBHs) are now thought to be ubiquitous at the centres of

galaxies (e.g. Genzel et al., 1997; Kormendy & Ho, 2013), and exhibit a conspicuously

consistent mass ratio with the central stellar bulge (Magorrian et al., 1998; Häring &

Rix, 2004) given the remarkable disparity in physical size (∼ 9 orders of magnitude),

suggesting a possible co-evolution of the SMBH and the host galaxy (though see Jahnke

& Macciò, 2011, for an alternative explanation). The rest mass energy liberated as black

holes (BHs) grow through accretion is capable of launching outflows (e.g. Silk & Rees,

1998a), which are observed at both high redshift and in the local Universe (e.g. Rupke

& Veilleux, 2011; Maiolino et al., 2012; Harrison et al., 2014; Cicone et al., 2015, 2016).

This energy injection channel is termed active galactic nucleus (AGN) feedback, and

it becomes important for regulating galaxy growth when feedback from star formation

becomes inefficient and gas builds up in the halo centre, fuelling the rapid growth of

the BH. Modern models predict that this process is triggered once the halo reaches a

critical halo mass (Bower et al., 2006; Croton et al., 2006) - and therefore critical virial

temerature - at which star formation-driven outflows are no longer buoyant (Bower

et al., 2017; McAlpine et al., 2018). Simulations of AGN feedback indicate that it has a

significant influence on the structure and star formation activity of massive galaxies (e.g.

Springel et al., 2005; Hopkins et al., 2005; Sijacki et al., 2007; Booth & Schaye, 2009;

Johansson et al., 2009; Dubois et al., 2013), leading to a quenching of star formation

at early times and the process of downsizing. The inclusion of AGN feedback in semi-

analytical models allowed them to match the GSMF at the high-mass end for the first

time (Croton et al., 2006; Bower et al., 2006), and it continues to be a vital part of the

models employed in cosmological simulations for this purpose.
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Implementation of schemes for feedback from both star formation and AGN in simula-

tions is challenging, as it is difficult to prevent numerical losses when injecting energy,

and the resulting effect on the galaxy is strongly dependent on the chosen implemen-

tation (a limitation that was identified in early implementations of supernova feedback,

e.g. Navarro & White, 1993; Okamoto et al., 2005). I will return to this issue in Chapter

2, and outline how it is overcome in modern, state-of-the-art simulations.

1.3 The circumgalactic medium

While our understanding of the processes that govern galaxy formation has dramatically

advanced in recent decades thanks to advances in observational techniques and sophis-

ticated modelling, several key problems remain. One of the most vital descriptors of a

galaxy is its ability to form stars, and two questions remain unanswered in this regard:

how do galaxies maintain their star formation rates over long periods when the depletion

time of their ISM is much shorter than the time for which they have been star-forming

(Tumlinson, Peeples & Werk, 2017), and how is star formation quenched permanently?

The former question implies some form of external inflowing fuel source which replenishes

the ISM, and this has implications for the latter - if a galaxy is quenched by depletion of

the ISM through either consumption, stripping or ejection, why then does this external

fuel source not subsequently reignite star formation?

Another key problem lies in the inefficiency of star formation in galaxies. The baryon

content of the Universe predicted by Big Bang Nucleosynthesis is constrained by ob-

servations of the CMB with sub-percent precision (Planck Collaboration et al., 2018),

and yet galaxy surveys indicate that a mere 5% of this “budget” exists in the form of

stars and stellar remnants (see e.g. Balogh et al., 2001; Li & White, 2009; Baldry et al.,

2012). Even at their most efficient (L? galaxies), only ∼ 20% of the baryon content of

dark matter haloes is typically converted into stars by the present day (Behroozi et al.,

2010). The remainder of these baryons are not readily seen in observations, leading to

the notion of a “missing baryons problem”. Another issue tied into this is the metal

deficiency of star-forming galaxies, since only 20 − 25% of the metal mass believed to

be produced by their stars can be accounted for in their stars and ISM (Peeples et al.,

2014); this could be termed the “missing metals problem”.

As I briefly touched on at the start of this Chapter, the solutions to these problems

require an understanding of the regulation of galaxy evolution through inflows, star

formation, and feedback-driven outflows. These processes take place through an inter-

face between galaxies and the intergalactic medium (IGM), termed the “circumgalctic

medium” (CGM), which constitutes the gas in the outskirts of the galaxy and further
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out in the dark matter halo. These gaseous reservoirs within dark matter haloes have

long been a prediction of analytical models (e.g. White & Rees, 1978; White & Frenk,

1991; Fukugita & Peebles, 2006) and were invoked to explain the presence of absorption

systems around the Milky Way as early as the 1950s (Spitzer, 1956) and around other

galaxies in the 1980s (Bergeron & Stasińska, 1986). The CGM represents not only a

putative fuel supply for replenishing the ISM of galaxies, but also a potential reservoir

for the metals produced by star formation and a location for the recycling of outflowing

material back into inflows (e.g. Oppenheimer & Davé, 2008). An understanding of the

origin, composition, properties and evolution of the CGM is therefore vital to any theory

of galaxy formation.

The most basic characterisation of the CGM is its mass fraction, fCGM; the mass content

in gas relative to the mass of the underlying dark matter halo. One might expect that

the majority of the galactic missing baryons lie in the CGM in the form of diffuse gas

(e.g. Crain et al., 2007), such that fCGM is approximately equal to the cosmic average,

Ωb/Ω0 ' 0.15. Detailed observational measurements of both the stellar and (hot) gas

phases exist for nearby galaxy groups (with halo masses of M500 & 1013 M�, where M500

is the mass within a sphere enclosing a mean density of 500 times the critical density)

and clusters, and they indicate that the most massive bound systems (M500 ∼ 1015

M�) are indeed effectively ‘baryonically closed’ (e.g. Allen et al., 2002; Lin et al., 2004;

Gonzalez et al., 2013). However, less massive galaxy groups exhibit significantly lower

fCGM (e.g. Vikhlinin et al., 2006; Pratt et al., 2009; Sun et al., 2009; Lin et al., 2012;

Lovisari et al., 2015), and estimates of the mass of circumgalactic gas around Milky

Way-mass galaxies based on absorption features in quasar sightlines or X-ray emission

fall significantly short of the cosmic fraction (e.g. Bregman, 2007; Shull et al., 2012;

Werk et al., 2013).

There are several possible explanations for the observed deficiency of baryons in lower

mass haloes. The baryons could in fact reside in the CGM, but remain undetected

by observations; given the difficulties inherent in detecting circumgalactic gas in haloes

below the mass scale of galaxy groups (see Section 1.3.1) this is not an altogether remote

possibility, though future advances in the sensitivity of space-borne X-ray telescopes

promise to confirm or rule out this scenario. Alternatively, the baryons could have been

accreted onto the halo and subsequently ejected beyond the virial radius by feedback,

or been prevented from accreting onto the halo in the first place through a heating and

pressurisation of the existing CGM.

The primary focus of this thesis is on the second of these possibilities, and what the

resulting effects are on the formation of galaxies. This choice of scenario can be motivated

from early analytical models and more modern simulation results: the rest-mass energy
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required to grow central BHs (e.g. Soltan, 1982) typically exceeds the binding energy

of their host galaxies by large factors, and may even exceed the binding energy of all

baryons bound to their host dark matter haloes (e.g. Silk & Rees, 1998b; Booth &

Schaye, 2010, 2011; Oppenheimer, 2018). The feedback associated with BH growth is

therefore likely more than capable of ejecting a significant fraction of the CGM baryons.

In addition to its effects on galaxies themselves, feedback from accreting BHs is also

invoked as a means of inducing the observed deviations from self-similarity in the radial

profiles of the thermodynamic properties of circumgalactic and intragroup gas (e.g. Si-

jacki et al., 2007; McCarthy et al., 2011; Stott et al., 2012; Planelles et al., 2014; Barai

et al., 2016), and it has become clear that there is an intimate connection between the

regulation and quenching of star formation in massive galaxies, and the properties of

the gas associated with their dark matter haloes (e.g. Bower et al., 2008; Stott et al.,

2012; Bower et al., 2017; McAlpine et al., 2018; McDonald et al., 2018). A successful

model of galaxy formation and evolution must therefore reproduce simultaneously the

evolution of the stellar and gaseous matter bound to dark matter haloes, and the abil-

ity of BH-driven feedback to eject material from the CGM and transform its physical

properties is likely vital to this process.

1.3.1 Observational study of the CGM

The principal difficulty in characterising the properties of the CGM, how it is affected

by feedback processes, and how it shapes the process of galaxy evolution lies in how

challenging it is to observe. Hydrodynamical simulations predict, and observations re-

veal, that diffuse gas extends beyond the ISM to the virial radius and beyond and is

thermodynamically multiphase, consisting of hot, volume filling, diffuse gas (T > 106 K)

potentially traced by X-ray emission and the thermal Sunyaev-Zel’dovich effect, warm-

hot gas (T ∼ 105−6 K) observable through quasar absorption spectroscopy in the UV

band with high ions such as CIV, OVI and NeVII, cool gas clouds (T ∼ 104−5 K) traced

by low ions such as CII/III, SiII/III and MgII, clumps of cold neutral gas (T < 104 K)

detectable in 21cm HI emission and molecular gas which has been detected in outflows

through sub-mm observations with ALMA.

Assessing the mass content of the CGM contributed by each of these gas phases, along

with characterising their physical properties and distributions within circumgalactic

haloes, is the primary goal of current observational CGM studies. Building an holis-

tic picture of the CGM around Milky Way-like galaxies from these observations is very

difficult, because each of the above techniques presents its own unique challenges and

difficulties in interpretation. Here I will discuss the techniques which are most commonly
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used and the most relevant to this thesis, in terms of their limitations, existing results

from each, and how advances in instrumentation will increase their power to constrain

future galaxy formation models.

1.3.1.1 X-ray emission

Gas cooling via thermal bremsstrahlung and metal line cooling gives rise to X-ray emis-

sion in galactic haloes. In galaxy groups and clusters with high virial temperatures

and near-closed baryon fractions, this emission is eminently detectable, and the total

luminosity and characteristic temperature obtained are commonly used, typically under

the assumption that the intragroup/intracluster medium is in hydrostatic equilibrium,

to obtain the gas and halo masses of the system. At the virial temperatures of haloes

hosting L? galaxies (Tvir ∼ 106 K), soft X-ray emission from the halo should, in the

absence of feedback, be detectable to currently available X-ray telescopes (e.g. Benson

et al., 2000). As noted previously, however, the content and structure of the CGM in

galaxy-scale haloes are likely to be significantly affected by feedback, resulting in low

densities that yield soft X-ray fluxes that are in general too faint for detection with

current instrumentation.

The X-ray observatories XMM-Newton and Chandra lack the sensitivity required for

detailed study of the CGM with reasonable integration times, and at present only a

handful of convincing detections of extra-planar emission from very massive galaxies

have been made with these telescopes (e.g. Anderson & Bregman, 2011; Dai et al.,

2012; Bogdán et al., 2013b, 2017; Li et al., 2016, 2017; Lakhchaura et al., 2019). In

addition to very long integration times, these observations require the complex removal

of emission from point sources, X-ray binaries, cataclysmic variables, the “hot bubble” of

the Milky Way halo and distant AGN. These detections are also typically limited to the

inner ∼ 50 kpc of the halo, where the strong dependence of X-ray emissivity on density

(LX ∝ n2) and metallicity mean that the emission is likely to be dominated by ejecta

from supernovae and not representative of the diffuse halo (Crain et al., 2010, 2013; Li

et al., 2014). Examination of the hot component of the CGM of ∼ L? galaxies is a leading

motivation for forthcoming and proposed X-ray observatories such as Athena (Barret

et al., 2016) and particularly Lynx (Özel, 2018), which should possess the sensitivity to

make such detections commonplace and facilitate detailed study of the hot-phase CGM.

The low surface brightness limitations inherent in targeted observations motivate the use

of stacking low-resolution X-ray survey data about the co-ordinates of optically-selected

galaxies. Detection of the hot CGM of L? galaxies does, however, remain beyond the

reach of this technique; by stacking ROSAT All-Sky Survey maps about the co-ordinates
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of “locally brightest galaxies” (LBGs) selected from Data Release 7 of the Sloan Digital

Sky Survey (SDSS-DR7 Abazajian et al., 2009), Anderson et al. (2015) and Wang et al.

(2016) were only able to obtain convincing detections for supra-L? galaxies. The low

resolution of ROSAT also precludes the removal of X-ray bright point sources from the

galactic disc, so any analysis with this technique must be restricted to the outer halo.

However, the entire X-ray sky will soon be mapped at 30× greater sensitivity and higher

spatial resolution than ROSAT by the eROSITA instrument on the recently launched

Spectrum-Roentgen-Gamma mission (Merloni et al., 2012), and these observations may

soon afford a means of examining the hot CGM of ∼ L? galaxies in a statistical sense.

1.3.1.2 Thermal Sunyaev-Zel’dovich effect

The thermal Sunyaev-Zel’dovich (tSZ) effect is the inverse Compton scattering of CMB

photons by high energy electrons. When observing the CMB through a hot halo, the

effect is observed as a frequency-dependent change in the CMB temperature that quan-

tifies the integrated electron pressure along the line of sight. When combined with a

model for the electron pressure profile, typically obtained through a combination of

cluster X-ray observations and hydrodynamical simulations (e.g. Arnaud et al., 2010;

Battaglia et al., 2012), the effect enables the estimation of the mass and thermodynamic

properties of the hot gas. In contrast with X-ray emission, the strength of the tSZ ef-

fect is linear with density and independent of metallicity, meaning that it will not be

strongly weighted towards feedback-driven outflows and will give a less biased view of

the hot-phase CGM.

High signal-to-noise tSZ studies of individual objects are beyond the capabilities of cur-

rent instrumentation, so stacking methods must be employed to characterise the average

properties of statistical samples. This technique has been used to detect intracluster gas

in superclusters (Tanimura et al., 2019b) and to probe the contribution of gaseous fil-

aments between galaxies to the Universe’s missing baryons (Tanimura et al., 2019a; de

Graaff et al., 2019), but most relevant to the study of the CGM is the work of the Planck

Collaboration et al. (2013) and Greco et al. (2015). In a method analagous to the X-ray

studies of Anderson et al. (2015), they stacked tSZ maps about the co-ordinates of LBGs

from SDSS-DR7 and obtained convincing detections for the CGM of galaxies down to

a stellar mass of M? ∼ 1011.1−11.3. Studying the CGM of L? galaxies (which lie below

this stellar mass) with this technique is rendered impossible by the Planck satellite’s

' 10 arcmin beam, which corresponds to scales significantly larger than the virial radius

of nearby ∼ L? galaxies, and as such this approach awaits the next generation of ground-

based high-resolution CMB experiments such as CMB-S4 (Abazajian et al., 2016) and

the Simons Observatory (Ade et al., 2019).
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1.3.1.3 Absorption features in background quasar spectra

Since the study of circumgalactic gas around Milky Way-like galaxies is currently be-

yond the capabilities of the above techniques, our present picture of these systems is

based primarily on the observation and interpretation of absorption systems seen in the

light of distant quasars. Circumgalactic gas which lies along the line of sight to a bright

background quasar produces absorption features in the observed quasar spectrum ac-

cording to its chemical composition, and the strength of these lines (quantified by their

equivalent width) can be used to compute the integrated column density of the corre-

sponding ion in the system. This type of study is commonly undertaken in the UV

and optical regimes with the Cosmic Origins Spectrograph aboard the Hubble Space

Telescope, tracing the warm and cool phases of the CGM, though the technique is also

used with X-ray spectra from Chandra or XMM-Newton to study high ions tracing the

hot CGM.

Studies using this technique have produced a wide variety of constraints on the prop-

erties of the Universe’s missing baryons. The hot halo of the Milky Way can be traced

in sightlines to any distant X-ray luminous quasar, and studies of OVII and OVIII

absorption have yielded constraints for its baryon content and structure (Anderson &

Bregman, 2010; Miller & Bregman, 2013, 2015b), and evidence for its rotation (Hodges-

Kluck et al., 2016). On far larger scales, X-ray absorption lines have also been used

to make tentative detections of baryons in the warm-hot intergalactic medium (WHIM)

(Nicastro et al., 2018; Nicastro, 2018).

Finding sightlines through the CGM of other galaxies is more challenging, and quasar

sources are typically selected such that they probe a specific type of foreground system

at a small impact factor, such as L? galaxies (in e.g. COS-Halos, Tumlinson et al.

2013, MAGIICAT, Nielsen et al. 2013, and the Keck Baryonic Structure Survey, Turner

et al., 2014), dwarf galaxies (COS-Dwarfs Bordoloi et al., 2014), galaxies with well-

characterised ISM properties (COS-GASS Borthakur et al., 2015) and galaxies hosting

AGN (COS-AGN, Berg et al., 2018). These studies have identified large circumgalactic

reservoirs of neutral hydrogen (HI) around L? galaxies (Tumlinson et al., 2013) and led

to a characterisation of the surface density profile of such reservoirs and the contribution

they could make to the galaxy’s missing baryons (Prochaska et al., 2017). UV absorption

surveys have shown that the CGM is a significant reservoir of metals tracing various gas

phases (e.g. Stocke et al., 2013; Werk et al., 2013; Lehner et al., 2014; Turner et al.,

2015), leading to a characterisation of its physical/ionisation conditions (Werk et al.,

2014, 2016) and kinematics (Nielsen et al., 2017), and yielding a census of the metals

contained within the ISM and CGM (Peeples et al., 2014). Detected absorption systems

suggest an intimate connection between the properties of the CGM and the central
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galaxy: significant OVI absorption is found around actively star-forming galaxies, but

is absent around passive galaxies of a similar stellar mass (Tumlinson et al., 2011),

and the gas content of the ISM correlates with the strength of Lyman α absorption in

the CGM (Borthakur et al., 2015). In the future, multi-object UV spectrographs on

observatories such as the conceptual LUVOIR telescope will posess a higher resolution

than Hubble’s COS and will benefit from larger telescope effective areas, facilitating the

study of far larger samples of absorbers with this technique.

While detections of the CGM around L? galaxies are eminently more feasible with this

technique than with the others already discussed, translating the observed column densi-

ties and covering fractions of various ion species into the physical properties of the CGM

presents serious challenges. One cannot ‘image’ individual extragalactic systems (though

some galaxies can be probed with multiple background sources, see e.g. Bechtold et al.,

1994; Dinshaw et al., 1995; Hennawi et al., 2006; Crighton et al., 2010; Lopez et al.,

2018), meaning that radial trends must be inferred from samples of absorbers with di-

verse impact factors (e.g. Stocke et al., 2013; Tumlinson et al., 2013; Turner et al., 2014;

Borthakur et al., 2015; Burchett et al., 2016; Bielby et al., 2019). The conversion from

observables to physical conditions requires many assumptions, particularly in relation

to the elemental abundances of, and ionisation conditions local to, the absorbing gas.

Many of the ions most readily observed in the CGM are influenced by both collisional

and radiative processes (e.g. Wiersma et al., 2009a) and can exhibit significant depar-

tures from ionisation equilibrium (e.g. Gnat & Sternberg, 2007; Oppenheimer & Schaye,

2013a,b; Segers et al., 2017; Oppenheimer et al., 2018). Interpretation of these observa-

tions is therefore challenging, and relies on sophisticated models, which I will discuss in

the next section.

1.3.2 The CGM in cosmological simulations

The strong, non-linear coupling between the processes of star formation, heavy element

synthesis, heating, radiative cooling and gas dynamics that are involved in the physical

state of the CGM necessitates the use of hydrodynamical simulations when interpret-

ing observations using any of the previously discussed methods. In simulations, the

temperatures, densities and chemical enrichment of circumgalactic gas can be followed

throughout cosmic time, enabling the X-ray emission, tSZ signal and absorption features

predicted by the simulation model to be readily extracted and compared with observa-

tions. The tSZ signal can be readily extracted from the simulated electron pressure,

while predictions of absorption and emission may be obtained by coupling the proper-

ties of the simulated CGM to photoionization and/or emission models such as CLOUDY
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(Ferland et al., 1998) in order to obtain the ionization balance and emission properties

of gas in certain phases, which can then be used to produce realistic mock observations.

The ability to trace the origin, history and dynamics of the circumgalactic gas in these

mock observations can produce valuable insights that would be impossible to obtain

from observations alone. For example, Crain et al. (2010) showed, by computing X-

ray luminosities of particles in the GIMIC simulations through coupling them with

the Astrophysical Plasma Emission Code (APEC, Smith et al., 2001), that the X-ray

luminosity of the CGM around star-forming galaxies is overwhelmingly dominated by

material recently ejected from the ISM (through stellar feedback), and hence that obser-

vations of such systems will be strongly biased to these outflows. Similarly, producing

mock spectra from simulated quasar sightlines can be used to determine the physical

origin of different absorption species observed around galaxies; low ions such as MgII

and SiIV have been shown to primarily trace gas close to the galaxy that is being ac-

creted onto the ISM, while higher ions such as OVI and NeVIII trace lower density

material further out in the halo that was previously ejected in an outflow (Ford et al.,

2013, 2014).

Simulations can also be used to help interpret observed connections between galaxy

and CGM properties. Both the EAGLE (Schaye et al., 2015; Crain et al., 2015) and

IllustrisTNG (Pillepich et al., 2018a; Nelson et al., 2018a; Springel et al., 2018) simula-

tion suites reproduce the positive correlation between the specific star formation rates

of galaxies and the column density in OVI observed by Tumlinson et al. (2011), and

the EAGLE simulations revealed that this correlation is predominantly caused by the

observed passive galaxies existing in more massive haloes than the active sample, and

that the higher virial temperature causes the column density of OVI to drop because it

is collisionally ionized to OVII and OVIII (Oppenheimer et al. 2016a, though ejection

of OVI by AGN feedback in IllustrisTNG may play a role, see Nelson et al., 2018a).

A recently-identified limitation in the use of simulations to interpret observations of

small-scale clouds and structure in the CGM is that their predictions regarding the

properties of the CGM on these scales appear highly sensitive to their resolution (van

de Voort et al., 2019; Peeples et al., 2019), though the average density and content of

the CGM is relatively insensitive to this issue. The most salient issue for the purposes

of this thesis is that the properties of the CGM (and indeed those of the IGM and the

intragroup/intracluster medium) are also impacted markedly by the feedback processes

that govern and regulate galaxy growth, which are the least well understood elements

of galaxy formation theory. Even in state-of-the-art simulations, these processes are

partially unresolved and must be treated with ‘subgrid’ routines, and choices relating

to their numerical implementation can significantly influence the resulting properties of



Introduction: This thesis 19

the CGM (e.g. van de Voort & Schaye, 2012; Hummels et al., 2013; Ford et al., 2016;

Rahmati et al., 2016; Sembolini et al., 2016).

In general, this sensitivity is greater than is the case for the stellar properties of the

galaxies, with the latter often used as the benchmark against which the parameters

of subgrid routines (particularly those describing feedback mechanisms) are calibrated.

Simulations that yield similar galaxies need not therefore yield similar circumgalactic or

intragroup gas distributions (see e.g. McCarthy et al., 2017), and at present the degree

of consensus between state-of-the-art models in this regard is unclear; this might be

termed the “degeneracy” in galaxy formation theory. Detailed observations of the CGM

are therefore an urgently-needed constraint for future generations of numerical models,

if this degeneracy is to be broken and a self-consistent model for galaxy formation,

which reproduces the observed properties of both the stellar and gaseous components of

galaxy-CGM systems, is to be found.

1.4 This thesis

As I have motivated throughout this chapter, a complete model of galaxy formation must

explain how star formation is regulated through inflows and feedback, and how this self-

regulation can be interrupted, leading to a quenching of the galaxy. To understand these

processes, one must understand the cycling of baryons through the CGM and answer

the three questions I posed at the start of this thesis:

1. How does the process of galaxy formation impact the environments of galaxies?

2. How do the properties of a galaxy’s environment affect its evolution?

3. How are the properties of galaxies linked to the underlying nature of the universe?

Finding conclusive answers to these questions through purely observational means is

currently near-impossible; to summarise Section 1.3.1 earlier in this chapter, X-ray and

tSZ methods lack both the sensitivity and resolution for detailed studies in all but

the most massive systems, and absorption line studies are limited by their inherently 1D

nature and the extensive assumptions required in their interpretation. For these reasons,

I endeavour to address these questions in this thesis using cosmological, hydrodynamical

simulations, which I introduce in Chapter 2.

Question 1 can be more succinctly phrased as “how does feedback affect the CGM”,

and this is where I begin my analysis. The sensitivity of the properties of the CGM in

cosmological simulations to the chosen prescription for feedback processes suggests that
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feedback has a significant impact on the CGM in the real Universe, though one might

argue that given this sensitivity, simulations are simply “getting out what they put in”.

The approach I take is to use the EAGLE simulations, which implement energetically

feasible prescriptions for feedback which are tailored only to produce a match to the

observed stellar properties of galaxies, leaving the nature of the CGM a prediction of

the simulation model. While not guaranteed to be a good representation of what happens

in the real Universe, the effects of feedback on the CGM in EAGLE are well-motivated in

that they result in the production of realistic galaxies, and the simulations can therefore

be used to guide our intuition towards answers for the above questions.

In addressing Question 1, I also aim to answer “where are the missing baryons in galactic

haloes?”. As I motivated in Section 1.3, feedback from growing SMBHs is likely able

to eject baryons from the CGM, thus fundamentally transforming it. In Chapter 3,

I show using the EAGLE simulations that the circumgalactic gas fractions of haloes

hosting ∼ L? galaxies are indeed regulated by the total integrated feedback injected

by their central black holes, with gas-poor haloes hosting more massive SMBHs than

gas-rich haloes at a fixed halo mass. I show that at fixed mass, gas-rich haloes tend to

host more actively star-forming galaxies than their gas-poor counterparts, implicating

this mechanism in quenching (Question 2), and show that the cosmological origin of this

diversity lies in the binding energy (and therefore assembly time) of the underlying dark

matter halo (Question 3). Finally, I demonstrate that these correlations are borne out in

the halo X-ray luminosity and tSZ “flux”, which are proxies for the CGM gas fraction,

paving the way for the testing of this picture with forthcoming instrumentation.

Chapter 4 is primarily focused on how this ejection of material from the CGM affects

the evolution of the central galaxy. I show that gas-poor haloes are not only more likely

to host quenched galaxies, but that they also tend to host galaxies with dispersion-

dominated kinematics, implicating the CGM in a morphological transformation of the

central. I show that AGN feedback acts to elevate the cooling time of the CGM, either

by removing the most rapidly-cooling material or by reconfiguring it at a lower density,

and that this inhibits the replenishment of the ISM, leading to quenching and facilitat-

ing morphological transformation. I demonstrate that this effect is stronger in haloes

where more feedback has been injected relative to the intrinsic binding energy of the halo

baryons (the system is pushed away from self-regulation), and that this occurs in the

earliest forming and most concentrated haloes. I therefore link the quenching of galaxies

to a cosmological origin via the effects of AGN feedback on the CGM, providing answers

for my three key questions. The analysis in this chapter will be performed for both the

EAGLE and IllustrisTNG simulation suites in parallel, to elucidate how the significant

differences in feedback scheme affect the above picture. Remarkably, the overall process

broadly remains the same, engendering confidence in the generality of my conclusions,
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though there are differences in detail for which I offer observationally distinguishable

predictions. Given that both EAGLE and IllustrisTNG produce broadly realistic galax-

ies, these differences highlight the “degeneracy” in galaxy formation models mentioned

previously in this chapter, and that observations of the CGM are best placed to break

it.

The results of Chapters 3 and 4 reveal a connection between the assembly histories of

dark matter haloes and the properties of their galaxy-CGM ecosystems. Inferring this

connection from correlations in large samples does, however, rely upon comparing dif-

ferent haloes, limiting my ability to control for other potential driving factors such as

environment. In Chapter 5, I resolve this issue and clearly demonstrate the connec-

tions revealed in this thesis by performing a controlled and systematic experiment in

which I adjust the assembly history of a single Milky Way-mass halo in an EAGLE zoom

simulation by “genetically modifying” its initial conditions, keeping all other variables

fixed. Shifting the halo assembly history to earlier times increases the integrated feed-

back injected by the AGN, ejecting a greater fraction of the CGM baryons and leading

to the quenching and morphological transformation of the central galaxy. These effects

can only have originated from differences in the assembly history of the halo, providing

clear evidence supporting my conclusions.

Finally, in Chapter 6, I present a summary of the work in this thesis, outline some

of the new questions it has raised, and suggest how future work might provide us with

deeper insight into the galaxy-CGM connection.



Chapter 2

A universe in a box: cosmological

simulations of galaxy formation

As motivated in the previous chapter, the difficulties involved in observationally char-

acterising the origin and properties of the CGM demand that one turn to cosmological,

hydrodynamical simulations of galaxy formation. In such simulations, there is no “miss-

ing baryons problem” - the evolution of the baryon content of a simulated universe can

be followed throughout cosmic time, providing an unambiguous (though not necessarily

authoritative) assessment of the fractions of the baryonic mass locked into stars, or dis-

tributed in the ISM, CGM or WHIM. Our confidence in the realism of hydrodynamical

simulations stems primarily from their ability to reproduce the observed characteristics of

the galaxy population, which has historically been poor. Over the past 5-10 years, how-

ever, the agreement between simulations and observations has dramatically improved.

Current state-of-the-art simulations now produce realistic galaxy populations through

the use of well-motivated physical prescriptions for sub-resolution non-linear processes,

and they are now widely used to guide our understanding of the formation and evolution

of galaxies and their CGM.

Prior to this revolution in the success of hydrodynamical simulations, the field of theo-

retical galaxy formation relied on the use of “semi-analytic” models, in which analytical

prescriptions for baryonic processes such as gas accretion, radiative cooling, star for-

mation, chemical evolution and feedback from star formation and growing black holes

are used to ‘embed’ galaxies within large-scale cosmological simulations of dark mat-

ter. Such simulations are relatively straightforward to run due to the dissipationless

nature of dark matter; one need only simulate the gravitational interactions of particles,

with the aid of an efficient gravity solver to reduce the computational cost of N -body

computation. The most notable large-scale simulations to be used for semi-analytical

22
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studies are the Millennium simulation (Springel, 2005) and its successors, which at the

time were the largest and most computationally expensive of their kind. From these

simulations, the formation histories of dark matter haloes can be extracted as “merger

trees”1, which can then be coupled to semi-analytical models such as GALFORM (Cole

et al., 2000; Lacey et al., 2016) and L-GALAXIES (Henriques et al., 2020) to produce

realistic galaxy populations.

The primary advantage of the semi-analytical approach is that it is (in principle) com-

putationally inexpensive relative to hydrodynamical simulations, allowing the creation

of mock galaxy catalogues and the interpretation of observations in the context of a

dark matter framework. The advantage of full hydrodynamics, however, is that the

co-evolution of baryons and dark matter is included, and accretion and feedback pro-

cesses between galaxies and the diffuse intergalactic medium can be followed, processes

that are fundamental to the evolution of galaxies and the CGM and cannot be self-

consistently modelled with semi-analytics. Recent improvements in the availability of

high-performance computing resources, along with significant improvements in the mod-

elling of feedback from supernovae and AGN, have recently allowed hydrodynamical

simulations to attain a similar level of realism to semi-analytical models within cosmo-

logically representative volumes (see e.g. Guo et al., 2016; Mitchell et al., 2018), and

they are now at the forefront of our theoretical modelling of the Universe.

The addition of baryons to dark matter-only simulations requires prescriptions for com-

plex multi-scale physics beyond N -body gravity, dramatically increasing their compu-

tational expense. This expense is significantly increased for larger simulation volumes,

and even more so when the resolution of the simulation is increased, as smaller-scale

baryonic physics must still be followed in detail. This naturally leads to two regimes

for hydrodynamical simulations, and the choice between them typically depends on the

desired use-case for the simulation.

The first regime is the large-scale periodic cosmological volume, in which the formation of

large populations of galaxies can be followed, from large samples of lower-mass galaxies

to small numbers of rarer objects such as galaxy groups and clusters. These simulations

are typically used for examining correlations within large statistical samples, and to

generate lightcones for comparison with galaxy surveys. They typically have volumes

of ∼ 25− 100 comoving Mpc and resolution, expressed in terms of the initial masses of

the simulated baryonic particles, of ∼ 106 M�. Examples of such simulations are OWLs

(Schaye et al., 2010), Illustris (Vogelsberger et al., 2014; Genel et al., 2014), HorizonAGN

1Such trees can also be computed analytically from extended Press-Schechter theory (e.g. Parkinson
et al., 2008).
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(Dubois et al., 2014), EAGLE (Schaye et al., 2015; Crain et al., 2015), MassiveBlack-

II (Khandai et al., 2015), MUFASA (Davé et al., 2016), IllustrisTNG (Pillepich et al.,

2018a; Nelson et al., 2018a; Springel et al., 2018) and SIMBA (Davé et al., 2019). Large-

scale simulations can also be tailored specifically for the study of large-scale structure

and cosmology, and for obtaining larger samples of groups and clusters, by significantly

increasing the simulation volume and reducing the resolution accordingly. Examples of

this technique include BAHAMAS (McCarthy et al., 2017) and the TNG300 simulation

(part of the IllustrisTNG suite).

The other regime is the so-called “zoom” simulation technique, in which small regions

are extracted from a large parent simulation and re-simulated at much higher reso-

lution. These simulations are typically used when a specific type of system must be

studied in great detail; examples include galaxy clusters and their environments in C-

EAGLE/Hydrangea (Barnes et al., 2017; Bahé et al., 2017), FABLE (Henden et al.,

2018), and the THREE HUNDRED project (Cui et al., 2018), the Local Group in

APOSTLE (Sawala et al., 2016), Milky Way-like galaxies in Eris (Guedes et al., 2011),

FIRE (Hopkins et al., 2014), FIRE-2 (Hopkins et al., 2018) and Auriga (Grand et al.,

2017), and larger regions of the Universe in GIMIC (Crain et al., 2009). Zoom sim-

ulations allow for far higher resolution than is possible in large periodic volumes, and

also permit the detailed study of rare objects such as rich galaxy clusters. The next

generation of hydrodynamical simulations will attempt to bridge the gap between the

resolution of zooms and the statistics of larger volumes, and simulations such as TNG50

(from the IllustrisTNG suite) have already made advances in this regard.

This thesis includes work in both of these regimes. The work in Chapter 3 was carried

out with the EAGLE simulation suite, and in Chapter 4 I will utilise both EAGLE and

IllustrisTNG (hereafter TNG) to assess the consensus on my conclusions between two

of the foremost models that are presently available. In Chapter 5, I will return to using

only the EAGLE model, but with zoom simulations whose initial conditions have been

“genetically modified” to enable a tightly-controlled, systematic experiment. To serve as

a technical reference for the rest of this thesis, this Chapter will detail the components

of the current state-of-the-art in hydrodynamical simulations of galaxy formation, in the

context of both the EAGLE and TNG simulation suites.

2.1 Initial conditions and background cosmology

In order to perform a cosmological simulation, the initial conditions of the dark matter

and gas content of the simulation must be specified. Large scale simulations are run with

periodic initial conditions, such that the mass distribution at one face of the cubic volume
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is contiguous with the distribution at the opposite face. In this way, the gravitational and

hydrodynamical forces acting on the material at the edge of the box are correct. Zoom

simulations simulate a zoomed, high resolution region in concert with a resimulation of

its parent periodic volume at lower resolution and without baryonic physics, in order to

preserve the correct large-scale forces acting on the zoom region.

The first ingredient in the initial conditions is the background cosmology, which will

define the content, primordial distribution and expansion of the simulated universe.

Both EAGLE and TNG adopt the cosmological parameters advanced by the Planck

Collaboration et al. (2014, for EAGLE, Planck Collaboration et al. 2016 for TNG). For

EAGLE (TNG) these are Ω0 = 0.307(0.310), Ωb = 0.04825(0.0486), ΩΛ = 0.693(0.691),

σ8 = 0.8288(0.8159), ns = 0.9611(0.9667), and h = 0.6777(0.6774). A transfer function

and power spectrum can then be generated from these parameters using software for

modelling anisotropies in the CMB (e.g. CAMB Lewis et al., 2000), which are used

in combination with a Gaussian white noise field such as Panphasia (Jenkins, 2013)

to create a random density field with the correct linear power spectrum for the input

cosmology. This field is then used to displace an initially unperturbed distribution of

mass tracer particles, and the growing mode of gravitational instability is used to set

their initial velocities.

Once these initial conditions have been generated, each particle is ‘split’ into a pair: a

dark matter particle and a gas particle in EAGLE, or a dark matter particle and a gas

cell in TNG. The co-ordinates of these particles are offset in opposite directions from

the original tracer particles in a random orientation, with the offset governed by the

mass ratio of the dark matter and gas elements. In concordance with the background

cosmology, the mass ratio of the dark matter and gas elements is 1 : Ωb/(Ω0 − Ωb).

These initial conditions now represent the state of a cosmological volume at z = 127,

and the simulations are evolved from this point following the model described in the

following sections.

In Chapter 5, I will make use of the genetic modification technique (Roth et al., 2016; Rey

& Pontzen, 2018), which makes alterations to the initial conditions of zoom simulations in

such a way that they are still consistent with ΛCDM, and do not represent an extremely

unlikely draw from the Gaussian white noise field. The method preserves the large-scale

structure in which the zoom region evolves, and creates a controlled experiment in which

the assembly history of the resimulated galaxy can be fine-tuned.

To evolve the simulation from its initial conditions, three sets of processes occur for

each simulation timestep. Firstly, the gravitational interactions between the simulated

particles are computed and the resulting accelerations are applied to them. This process

alone is sufficient for a dark matter-only simulation; for gas particles, the hydrodynamical
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forces acting on them must also be computed. Finally, the “subgrid” prescription for

processes acting below the resolution of the simulation must be implemented. In the

following sections I will give a brief overview of these processes.

2.2 Gravity solver

To compute the gravitational acceleration of a particle due to a simulated mass distri-

bution, the gravity solver must find the potential by solving Poisson’s equation. The

most direct method for this is to perform an N -body calculation, summing the interac-

tions of one particle with every other particle. The disadvantage of this method is its

O(N2) computational scaling, making it prohibitively expensive for modern simulations

following ∼ 109 particles or more.

The cost of N -body simulations can be significantly reduced through the use of an hi-

erarchical “octree”. As a result of the inverse-square scaling of gravitational forces, the

potential at a given point is dominated by the matter closest to it, with the contribu-

tion of more distant material being minor. Short-range interactions must therefore be

captured in detail, while the precision of interactions over a greater distance can be

sacrificed, and approximated as a single interaction. The octree method (e.g. Barnes

& Hut, 1986) therefore recursively splits the simulation volume into smaller cubes until

each cube contains a chosen maximum number of particles. This spatial grouping allows

the accurate calculation of short-range forces using the smallest cubes, while particles

at long-range can be grouped into larger nodes. This greatly reduces the number of

interactions which must be computed, reducing the complexity to O(N logN).

Another means to reduce the computational cost of simulating gravity is the particle-

mesh method, in which particles are assigned to nearby points on a continuous mesh,

producing a 3D mass distribution. The potential is then simple to obtain: performing a

Fast Fourier Transform to transfer the mesh into the spatial frequency domain converts

Poisson’s equation to a simple linear equation for the potential, which can then be inverse

transformed back to real space. The disadvantage of this method is its sensitivity to the

resolution of the mesh; to capture smaller-scale interactions, a finer mesh must be used,

increasing the memory footprint of the procedure. One solution to this is “adaptive mesh

refinement”, where a finer mesh is used where higher resolution is needed, however most

modern simulation codes, in particular the EAGLE solver gadget3(Springel, 2005) and

the TNG solver arepo (Springel, 2010), use a hybrid of the octree and particle-mesh

methods (TreePM), where shorter-range interactions are computed using an octree, while

those at longer range are computed from a mesh.
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When simulating the interaction of point-like particles due to gravity, the gravitational

force diverges as the distance between particles, r, goes to zero. To prevent spurious

gravitational forces, the 1/r gravitational potential is replaced with 1/
√
r2 + ε2, where

the parameter ε “softens” the gravitational interaction on small scales. At present, there

is no strong consensus on the most applicable softening scale (e.g. Ludlow et al., 2019),

and hence different simulations adopt different values: in EAGLE, the softening length

is εcom = 2.66 comoving kpc (ckpc), limited to a maximum proper length of εprop = 0.7

proper kpc (pkpc). In TNG, the softening length of dark matter and stellar particles

is εcom = 1.48 ckpc, limited to a maximum proper length of εprop = 0.74 pkpc, for gas

cells it is 2.5 times the effective cell radius, and for black hole particles it scales as

εBH = εDM(mBH/mDM)1/3.

2.3 Hydrodynamics

When simulating the evolution of baryons, the behaviour of a continuous distribution

of gas must be modelled in such a way that it follows the laws of fluid dynamics (i.e.

satisfies the Euler equations) and thermodynamics. There are two principal methods

for achieving this. Eulerian schemes discretise the fluid at a fixed volume, simulating

the fluid as a regular mesh of fluid elements between which mass can flow. Lagrangian

schemes instead discretise the fluid by mass; fluid elements are represented by particles

about which their density is distributed. Both methods have significant disadvantages:

Eulerian methods typically suffer from poorer conservation of thermodynamic quanti-

ties and are not invariant under Galilean transforms, while Lagrangian schemes conserve

mass by construction but suppress the formation of shocks and instabilities in the fluid.

Both EAGLE and TNG employ quasi-Lagrangian schemes which are designed to over-

come the typical shortcomings of both methods.

The EAGLE solver gadget3 is an example of a smoothed particle hydrodynamics

(SPH) scheme. In SPH, fluid elements are represented by particles about which their

mass is distributed according to a kernel function, defined such that the distribution

has a finite volume. This kernel is described by a smoothing length, h, usually defined

such that the kernel contains a fixed number of neighbours. In this way, the smoothing

adapts to the local particle number density. EAGLE utilises the Wendland C2 kernel

(Dehnen & Aly, 2012) with 58 nearest-neighbours. Following this smoothing of the fluid

quantities over particles, the properties of the fluid at any point in space are given by

the kernel-weighted sum over all nearby particles.

The primary issue with standard SPH is that particles must be assigned an artificial vis-

cosity in order to capture shocks (EAGLE implements this following Cullen & Dehnen,
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2010), and this, in combination with the pressure gradient at contact discontinuities,

causes unphysical surface tension which inhibits the development of instabilities and the

mixing of gas phases (e.g. Agertz et al., 2007). To overcome this, EAGLE uses the Hop-

kins (2013) formulation of SPH, which defines the thermodynamic state of particles in

terms of pressure and entropy and ensures that pressure varies smoothly across discon-

tinuities. SPH is non-diffusive, therefore to model the mixing of different phases of gas

and the transfer of heat between particles, EAGLE implements the thermal conduction

switch of Price (2010). To ensure that very sudden increases in the particle energy are

properly captured in the simulation, EAGLE limits the length of the timestep in such

cases following Durier & Dalla Vecchia (2012). These methods, referred to as “anarchy

SPH” greatly mitigate the issues inherent in traditional SPH schemes.

The TNG solver arepo attempts to find a compromise between SPH and Eulerian

schemes that inherits the advantages of both. arepo models the fluid as an unstruc-

tured, moving mesh defined by a Voronoi tesselation. Fluid elements are represented by

“cells” that track several conserved quantities: mass, momentum, energy and magnetic

field, and the evolution of these quantities is obtained by solving the Riemann problem at

cell boundaries. The inclusion of magnetic fields makes arepo a magnetohydrodynam-

ical (MHD) code. The code is “quasi-Lagrangian” because unlike in Eulerian schemes,

the generating points of the mesh can move as the simulation evolves, following the local

fluid velocity. The code therefore inherits the adaptive resolution and Galilean invari-

ance of SPH, while benefitting from the use of a mesh, eliminating the need for artificial

viscosity and capturing shocks and instabilities with high accuracy.

2.4 Characterising haloes and galaxies

Identifying haloes, subhaloes and galaxies in the simulation requires the use of algorithms

that identify structures within the simulation. While the simulations are running, the

friends-of-friends (FoF) algorithm (Davis et al., 1985) is applied to the dark matter

particle distribution, with a linking length of 0.2 times the mean interparticle separation.

This algorithm links structure together and identifies haloes based on purely spatial

information, making it computationally inexpensive to run on-the-fly, and is used to

seed black hole particles in haloes once they reach a threshold mass (see Section 2.5.4).

Gas, stars and BHs are associated with the FoF group, if any, of their nearest dark

matter particle.

Gravitationally-bound substructures within haloes are subsequently identified in post-

processing using the SUBFIND algorithm (Springel et al., 2001; Dolag et al., 2009),

which searches for self-bound regions within FoF haloes which are bounded by saddle
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points in the density distribution, now considering all particle types rather than solely

the dark matter. The structure, or “subhalo” containing the particle with the lowest

potential in the halo is designated the central subhalo, and others are considered satellite

subhaloes. The location of this particle is considered the centre of the halo, and we

characterise quantities such as halo mass and virial radius via the spherical overdensity

mass (M200, Lacey & Cole, 1994) about this location. This thesis is concerned almost

exclusively with central galaxies and their haloes.

2.5 Subgrid physics

Hydrodynamical simulations of galaxy formation inevitably require the modelling of

processes occurring on scales far smaller than can be resolved in the simulation (i.e.

smaller than the mean interparticle separation or the gravitational softening scale).

These processes govern some of the most vital aspects of galaxy formation: the radiative

cooling of gas, star formation and its associated feedback, the formation of supermassive

black holes, and the feedback associated with black hole growth. It is not possible to

implement these processes in the simulation directly, therefore the standard approach is

to use simplified “subgrid” prescriptions for their effect on the resolved elements in the

simulation, which are based on analytical predictions or empirical laws obtained from

observations. The chosen subgrid approach can significantly influence the outcome of

the simulation, and as such the implementation of subgrid physics is the most uncertain

aspect of modern models.

The subgrid approach shares similarities with semi-analytical modelling, and as such

is subject to similar caveats: it is not possible for a subgrid model in which feedback

energy is injected at a chosen efficiency to predict the properties of galaxies from first

principles. If, for example, a galaxy is self-regulating its formation with feedback from

star formation, the outflow rate will eventually balance the inflow rate, but the star

formation rate for which this balance is achieved (and thus the stellar mass formed by

the present day) is set by the chosen feedback efficiency. As motivated by Schaye et al.

(2015) in the design of the EAGLE subgrid model, the current approach is to calibrate

the parameters of the subgrid model in order to reproduce key properties of the observed

galaxy population. After such a calibration, these observables are not predictions of the

simulation, however the other emergent properties of the simulated universe are, and

can be used to guide our intuition in the field of galaxy formation. This has particular

relevance for the work in this thesis; the EAGLE subgrid model was not calibrated on the

gaseous properties of galaxies, and the properties of the CGM are therefore predictions

of the model.
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EAGLE and TNG share similarities in some aspects of their subgrid physics, but also

employ very different strategies in others. In this section I will briefly outline the methods

used in both simulations, and how they were calibrated.

2.5.1 Radiative cooling, photoheating and reionisation

To follow the radiative cooling and heating of gas, both EAGLE and TNG employ

the publicly available CLOUDY model (version 07.02, last described by Ferland et al.,

1998), which includes the important atomic processes in the typical temperature range of

gas the simulations (T ∼ 104-108 K). Following Wiersma et al. (2009a), the contributions

to cooling from 11 elements (H, He, C, N, O, Ne, Mg, Si, S, Ca and Fe), can be tabulated

as a function of hydrogen number density, nH, temperature, T , redshift, z and in the

case of the metal-free cooling contribution, the helium fraction nHe/nH. These tabulated

rates assume that the gas is in ionisation equilibrium, optically thin and dust free, and

that it is photoionised by the cosmic microwave background and a time-varying UV/X-

ray background from galaxies and quasars.

In the EAGLE simulations, the radiative cooling rates (per unit volume) of particles are

then computed by summing the element-by-element contributions,

Λ = ΛH,He +
∑
i>He

Λi,�
ne/nH

(ne/nH)�

ni/nH

(ni/nH)�
, (2.1)

where ΛH,He is the metal-free contribution, Λi,� is the contribution of element i for the

solar abundances assumed in CLOUDY, ne/nH is the particle electron abundance, and

ni/nH is the particle abundance in element i. The TNG simulations do not consider

element-by-element contributions to radiative cooling, instead assuming solar abundance

ratios and tabulating the net cooling rate for all 11 elements as a function of metallicity.

Despite both simulations adopting a cooling implementation based on that of Wiersma

et al. (2009a), there are differences in their cooling rates, owing primarily to the adoption

of different UV/X-ray background radiation models (EAGLE uses that of Haardt &

Madau 2001 while TNG uses Faucher-Giguère et al., 2009) and, in TNG, the assumption

of solar abundance ratios, the adoption of an HI self-shielding correction for high-density

gas, and the suppression of the cooling rate in gas close to accreting BHs.

2.5.2 Star formation

In the real Universe, stars form as the result of Jeans instabilities in molecular clouds.

This process cannot be directly implemented in the current generation of cosmological
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simulations, because they lack the resolution to model the cold molecular gas phase, and

because the physics of molecular clouds requires the inclusion of prohibitively expensive

numerical methods such as radiative transfer and non-equilibrium chemistry. The ap-

proach taken by both EAGLE and TNG to overcome this issue is to impose an effective

equation of state for the interstellar medium (ISM) and to implement star formation

stochastically according to an empirical law.

The EAGLE approach is to impose a density-dependent temperature floor, Teos(ρ),

which corresponds to an equation of state Peos ∝ ρ4/3, normalised to Teos = 8000 K

at nH = 0.1 cm−1, the approximate temperature and density of the warm ISM. In this

prescription, the temperature of the ISM is not physical, but reflects the pressurisation

of the ISM. For gas in this regime, star formation proceeds according to the observed

Kennicutt-Schmidt star formation law (Kennicutt, 1998),

Σ̇? = A

(
Σg

1 M� pc−2

)n
, (2.2)

where Σ̇? and Σg are the surface densities of stars and gas and A and n are free pa-

rameters. Following Schaye & Dalla Vecchia (2008), this can be written as a pressure

law,

ṁ? = mgA(1 M� pc−2)−n
( γ
G
fgP

)(n−1)/2
, (2.3)

where mg is the mass of the gas particle, γ = 5/3 is the heat capacity ratio, G is Newton’s

gravitational constant, fg is the gas mass fraction (assumed to be unity) and P is the

pressure. With the constants A and n determined from observations, star formation can

then be implemented stochastically; at each simulation timestep ∆t, the probability that

a gas particle is transformed into a star particle is min(ṁ?∆t/mg, 1). Star formation

occurs in cold, dense gas, so EAGLE implements a density threshold above which stars

can form,

n?H = 0.1 cm−3

(
Z

0.002

)−0.64

, (2.4)

where Z is the metallicity of the gas. This metallicity dependence accounts for the fact

that molecular gas can form at lower densities if the metallicity and dust content are

higher. The TNG simulations implement a similar prescription to this in order to convert

gas cells into star particles, but use a 3D Schmidt law rather than a 2D Kennicutt-

Schmidt law, utilise a two-phase equation of state and do not include a metallicity

dependence on their density threshold of n?H = 0.1 cm−3, following Springel & Hernquist

(2003).

Once star particles form in both simulations, they are treated as simple stellar popula-

tions with a Chabrier (2003) initial mass function and inherit the element abundances
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of their parent gas particles/cells. Stellar evolution and the chemical enrichment of the

ISM are implemented following Wiersma et al. (2009b); at each timestep, the fraction

of the initial mass reaching the end of the main sequence is computed, the production

of each of the 11 elements tracked in the simulations is obtained from pre-computed

yield tables, and the lost mass and metals are distributed among the surrounding gas

particles/cells.

2.5.3 Stellar feedback

As discussed earlier in this chapter, the recent improvement in the agreement between

hydrodynamical simulations and observations stems from improvements in the subgrid

treatment of feedback from both star formation and AGN. Neither EAGLE nor TNG

possess the resolution required to model the development of outflows from feedback

processes self-consistently, hence a subgrid treatment must be used to simulate the effect

of energy injection from these sources on resolved scales. The properties of galaxies and

their CGM are highly sensitive to the implementation and efficiency of feedback, and

adjustment of the chosen prescription is the primary means by which EAGLE and TNG

are calibrated.

The principal difficulty in implementing feedback lies in minimizing numerical losses and

ensuring that the injected energy is efficient enough to drive a wind. When injecting

the energy from Type II supernovae thermally, it is typically distributed over too much

mass (at least one resolution element, ∼ 106 M�) in comparison to the “real” ejecta

(usually . 1 M�), and the resulting increase in temperature is very small, giving a very

short cooling time for the particle. The injected energy is therefore radiated away before

it can be converted to kinetic energy and drive a wind. This overcooling problem can

be resolved by ensuring that the cooling time (i.e. the ratio of the internal energy of a

particle to its cooling rate) is substantially longer than the sound crossing time, either

by increasing the mass resolution of the simulation or ensuring that the temperature

increment for the heated particles is large.

To resolve this issue, the EAGLE simulations implement the stochastic thermal feedback

method of Dalla Vecchia & Schaye (2012), where a parameter fSF
2 is used to set the

probability that an SPH neighbour of a newly formed star particle is heated by a fixed

temperature increment of ∆T = 107.5 K after a delay of 30 Myr (corresponding to the

lifetime of the least massive progenitors of Type II supernovae). This large temperature

jump ensures that a pressure gradient is created which drives outflows without the need

to set an initial wind mass loading or velocity; the efficiency of the feedback can then

2This parameter is equivalent to fth in the EAGLE reference articles.
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be calibrated by adjusting fSF. There remains a maximum density for which feedback

is efficient in this prescription, an issue which can be mitigated by using a higher ∆T ,

however doing so will make individual feedback events less frequent, leading to poorer

sampling of the feedback cycle. The chosen value therefore represents a compromise

between these two regimes.

In this prescription, a value of fSF = 1 corresponds to an injected energy of 1.74 ×
1049 erg M−1

� of stellar mass formed, corresponding to 1051 ergs per supernova in a

Chabrier IMF, assuming stars of mass 6 − 100 M� explode as Type II supernovae.

To account for variations in the efficiency of supernova feedback induced by local gas

properties, fSF is a function of both the metallicity Z and density nH,birth of the parent

gas particle at the time it converted into a star particle,

fSF = fSF,min +
fSF,max − fSF,min

1 +
(

Z
0.1Z�

)nZ ( nH,birth

0.67 cm−3

)−nn
, (2.5)

where Z� = 0.0127 is the solar metallicity and nZ = nn = 2/ ln 10. The metallicity

dependence accounts for the stronger radiative losses expected at high metallicity, and

the density dependence prevents excessive losses at high density. The asymptotic values

fSF,min = 0.3 and fSF,max = 3 are the principal calibrated parameters which set the

efficiency of the feedback; they were chosen such that the simulation provides a good

match to the galaxy stellar mass function (GSMF) and to the sizes of galaxies as a

function of stellar mass (see Crain et al., 2015).

The TNG model adopts a different approach to the driving of winds from stellar feedback.

Rather than injecting the energy thermally, a kinetic wind scheme is used in which wind

particles are stochastically and isotropically launched from star-forming gas. These wind

particles have an assigned initial velocity which scales with the local one-dimensional

dark matter velocity dispersion and has a redshift-dependent minimum value which

makes the feedback more efficient in low-mass galaxies and at low redshift. To determine

the mass loading of the wind, the energy must be specified, which is subject to an

efficiency parameter that is a function of the metallicity of the stellar population’s natal

gas, fSF(Z)3. Here fSF = 1 corresponds to an expectation value of the injected energy

1.08×1049 erg M−1
� , which is lower than is the case for EAGLE since here the progenitors

of core-collapse SNe are assumed to be those with mass 8− 100 M�. Ninety per cent of

this energy is injected kinetically, with the remaining ten per cent injected into the wind

particles via a thermal dump. To prevent overcooling, these particles are temporarily

decoupled from the hydrodynamics scheme, enabling them to escape the galaxy without

interacting with the ISM. The thermal energy injected prevents spurious star formation

3This parameter is equivalent to the dimensionless prefactors in the expression for ew in the TNG
reference articles.
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on recoupling with the hydrodynamics. Further details on the parameterisation and

implementation of this scheme are given in Pillepich et al. (2018b).

2.5.4 Black hole seeding, growth and feedback

Just as feedback from star formation is essential in obtaining a good match to the low-

mass end of the GSMF, feedback from growing supermassive black holes (SMBHs) at the

centres of galaxies is essential for preventing the overproduction of very massive galaxies.

The formation of SMBHs and the detailed physics of their accretion disks, growth and

associated feedback occur on scales well below the resolution of cosmological simulations

and must be treated with subgrid prescriptions.

Both EAGLE and TNG follow Springel et al. (2005) and seed BH “sink” particles in

haloes identified on-the-fly with FOF that attain a certain mass (1010 M�h
−1 in EAGLE,

7.38 × 1010 M� in TNG) and do not already contain a BH. The particles are seeded

with an initial mass of 105 M�h
−1 in EAGLE and 1.18 × 106 M� in TNG, and grow

according to an Eddington-limited Bondi-Hoyle rate for spherically symmetric accretion,

which depends on the BH mass, and the local gas temperature and density. The accretion

rate is given by the minimum of the Eddington rate,

ṁEdd =
4πGmBHmp

εrσTc
, (2.6)

and

ṁacc =

ṁBondi ×min(C−1
visc(cs/Vφ)3, 1) for EAGLE

ṁBondi for TNG
(2.7)

where ṁBondi is the Bondi & Hoyle (1944) rate,

ṁBondi =


4πG2m2

BHρ

(c2
s + v2)3/2

for EAGLE

4πG2m2
BHρ

c3
s

for TNG.

(2.8)

Here mBH is the BH mass, mp is the proton mass, εr is the radiative efficiency of the

BH accretion disk (0.1 in EAGLE, 0.2 in TNG), σT is the Thomson cross-section, c is

the speed of light, ρ and cs are density and sound speed of the gas around the BH and

v is the relative velocity of the BH to its surrounding gas. The extra term for EAGLE
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in Equation 2.7 incorporates the rotation speed of the gas around the BH, Vφ and a free

parameter related to the viscosity of the accretion disk, Cvisc = 2π, following Rosas-

Guevara et al. (2015). The mass growth rate of the black hole in both simulations,

accounting for the radiative efficiency of the accretion, is given by

ṁBH = (1− εr)ṁacc. (2.9)

The injection of energy as a result of BH growth (AGN feedback) proceeds at a rate given

by fAGNṁaccc
2 in both simulations, with fAGN encoding the efficiency of the feedback.

The mechanism through which this energy is injected is, however, very different for each

simulation. In analogy with feedback from star formation, EAGLE injects AGN feedback

energy thermally and stochastically, with a temperature increment of ∆TAGN = 108.5

K. BHs in the simulation carry a reservoir of feedback energy, EBH, to which ∆EBH =

fAGNṁaccc
2∆t of energy is added at each timestep ∆t. When enough energy has been

accumulated to heat at least 1 particle by ∆TAGN, the BH is allowed to stochastically

heat each of its SPH neighbours by that temperature increment with a probability

P =
EBH

∆εAGNNneighbours〈mg〉
, (2.10)

where ∆εAGN is the energy change per unit mass corresponding to ∆TAGN, Nneighbours

is the number of SPH neighbours and 〈mg〉 is their mean mass. The efficiency of this

process is regulated by fAGN = εrεf , where εf = 0.15 is the calibrated parameter in

the EAGLE model. Over a very wide range of non-zero values, this parameter only

affects the BH mass (see e.g. Booth & Schaye, 2010), with the resulting outflow rate

and reduction of star formation being insensitive to this choice; self regulation causes

the accretion rate to adjust until inflows balance outflows. As such, this parameter is

calibrated only on the BH mass - stellar mass relation. The most important factor in

terms of the effects of the feedback is the choice of ∆TAGN; as with the EAGLE stellar

feedback prescription, a balance must be found between the prevention of overcooling

and a sufficient sampling of the feedback. A higher value is adopted for AGN feedback

because the typical densities around SMBHs are much higher than is typical of the ISM.

In TNG, the energy injection rate is the same as for EAGLE, but here the feedback is

injected in one of two modes. Feedback associated with high accretion rates (relative to

the Eddington rate) is injected via a thermal dump, heating gas cells neighbouring the

BH with an efficiency fAGN,thm = εf,thmεr, where εf = 0.1 is the calibrated parameter and

εr = 0.2. At low accretion rates, energy is injected kinetically in a direction that is chosen

randomly for each injection event, with an efficiency fAGN,kin that scales with the local

gas density up to a maximum of 0.2. In contrast to stellar feedback, gas cells which
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receive energy from kinetic AGN feedback do not decouple from the hydrodynamics

scheme. Here the injection velocity is governed by the mass of gas within the injection

region and, in analogy to the stochastic heating used by EAGLE, a minimum injection

energy is accumulated between individual injection events. This minimum injection

energy is a function of the gas mass within the injection region, the one-dimensional

dark matter velocity dispersion and a free parameter governing the “burstiness” of the

feedback. Note that such a threshold is not implemented for the thermal AGN mode,

where the energy is injected continuously. To prevent kinetic feedback from becoming a

runaway process, the coupling efficiency fAGN,kin is reduced when the surrounding gas

is at very low densities. The threshold separating the two injection modes is specified

in terms of the Eddington ratio and scales as a function of the of the BH mass,

χ = min[0.1, χ0(mBH/108 M�)2], (2.11)

where χ0 = 0.002. As discussed by Weinberger et al. (2017), this approach in principle

allows for any BH, regardless of its mass, to deliver feedback in the thermal mode if the

accretion rate is sufficiently high. However, this becomes rare once the BH reaches the

pivot mass, effectively making the choice of 108 M� a calibrated parameter that governs

when AGN feedback switches from thermal to kinetic injection.

2.6 Coupling to plasma emission models

Once hydrodynamical simulations have been run, they can be used to create mock

observables for comparison with observational data. One such observable which has

particular relevance to this thesis is the X-ray luminosity of gas in dark matter haloes,

which is a proxy for the gas mass. In this section I will briefly outline my method for

computing the X-ray luminosities of fluid elements (gas particles/cells) in EAGLE and

TNG.

The calculation of X-ray emission from gas in the simulations involves the integration

of emission spectra generated by a plasma emission code. To obtain these spectra,

I interpolate a pre-computed cooling table generated using the Astrophysical Plasma

Emission Code (APEC, Smith et al., 2001), which assumes that the gas is an optically

thin plasma in collisional ionisation equilibrium. The cooling table gives emission spectra

at temperatures ranging from 104 to 109 K for the 11 chemical elements (H, He, C, N,

O, Ne, Mg, Si, S, Ca, Fe) which are tracked in EAGLE and TNG. To begin computing

the radiative cooling rate of a fluid element, the table is linearly interpolated to provide

spectra corresponding to the temperature of the fluid element. Figure 2.1 shows example

APEC spectra for six chemical elements at a temperature of 107 K, with the solar
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abundances ratios of Anders & Grevesse (1989), which the APEC table assumes. These

spectra highlight the importance of metal line cooling to emission in the soft, 0.5-2.0

keV X-ray passband (grey dashed lines), which matches that of ROSAT and will be

used in Chapter 3.

The selected spectra for each chemical element are then integrated over the appropriate

passband to obtain a set of cooling functions, λ. These cooling functions represent the

radiative cooling rate per unit volume divided by nenH, the product of the number

densities in electrons and hydrogen, and hence have units of erg cm3 s−1. I rescale

these cooling functions to the individual abundances in the fluid element (using the

smoothed abundances in EAGLE); the computed luminosities therefore do not assume

solar abundance ratios. The total cooling function Λj for a fluid element j is then given

by the sum of the cooling functions. Once the total cooling function for a fluid element

has been computed, the X-ray luminosity is given by

LX,j = ne,jnH,jVjΛj (2.12)

=
Xe,j

(Xe,j +Xi,j)
2

ρj
µjmH

mgas,j

µjmH
Λj , (2.13)

where ni is the number density in ions, Xe = ne/nH, Xi = ni/nH, µ is the mean

molecular weight, and ρ, m and V are the density, mass and volume respectively.
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Figure 2.1: APEC emission spectra for H, O, Ne, Mg, Si and Fe at a temperature of
T = 107 K. Grey dashed lines indicate the ROSAT soft X-ray band.



Chapter 3

Black hole feedback and the gas

content of dark matter haloes

3.1 Introduction

The primary goals of this thesis are to understand how the properties of circumgalactic

haloes are affected by the process of galaxy evolution occurring at their centres, and to

then understand the role the CGM plays in regulating the evolution of galaxies. In this

Chapter I will focus on the first of these goals.

The most fundamental property of the CGM is simply “how much of it there is”, which

is described by the circumgalactic gas fraction: the mass in gas within the halo virial

radius relative to the mass of the halo. As I discussed in 1.3, this fraction is observed

to fall well below the cosmic average in all but the most massive (cluster-scale) haloes,

with only ∼ 5% of the cosmic budget existing in the form of stars, leading to the

notion of a “missing baryons problem”. Feedback processes are the likely culprit for this

baryon defecit, yet the effects of feedback on the CGM remain poorly-constrained by

observations and their physical efficiencies cannot (yet) be predicted from first principles,

meaning that ab initio prediction of the relationship between the gas fraction and total

mass of haloes is not yet feasible. Given that the gas fractions of haloes below the mass

scale of galaxy groups remain essentially unconstrained, one must turn to cosmological

simulations to examine the effects of feedback on the content of the CGM.

In this Chapter I examine the influence of galaxy properties on the present-day gas

fractions of haloes in the EAGLE simulations of galaxy formation. EAGLE adopts the

pragmatic approach of calibrating feedback efficiencies to ensure the reproduction of key

properties of the galaxy population, such as their stellar and central BH masses and the

39
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sizes of disc galaxies1, and has been shown to reproduce a diverse range of observable

properties of the galaxy population (e.g Furlong et al., 2015, 2017; Trayford et al., 2015,

2017; Segers et al., 2016; Crain et al., 2017) and intergalactic gas, as probed by X-

ray emission (e.g. Schaye et al., 2015) and absorption features in quasar sightlines (e.g.

Oppenheimer et al., 2016a; Rahmati et al., 2015, 2016; Turner et al., 2017). The suite

is therefore well suited to the study of the co-evolution of galaxies and their gaseous

environments.

In Section 3.2 I briefly describe the simulations and my techniques for identifying and

characterising galaxies and their haloes. In Section 3.3 I present the scaling relation

between the halo gas fraction and halo mass, and examine the origin of scatter about it,

whilst in Section 3.4 I investigate means by which these predictions of the simulations can

be confronted with observational measurements. I summarise and discuss my findings in

Section 3.5. In Appendix A I briefly compare the X-ray and thermal Sunyaev-Zel’dovich

fluxes of my simulated haloes with current observational measurements. Throughout, I

adopt the convention of prefixing units of length with ‘c’ and ‘p’ to denote, respectively,

comoving and proper scales, e.g. cMpc for comoving megaparsecs.

3.2 Methods

Throughout this Chapter I will use the EAGLE simulations, which were introduced in

detail throughout Chapter 2, to which I refer the reader for details of the simulations

and the employed subgrid physics. I would however like to reiterate that the efficiency

of stellar feedback was calibrated to reproduce the present-day stellar masses of galaxies

and the sizes of galaxy discs, whilst the efficiency of AGN feedback was calibrated

to reproduce the present-day scaling relation between the stellar mass of galaxies and

that of their central BH. The gaseous properties of galaxies and their haloes were not

considered during the calibration and may be considered predictions of the simulations.

I analyse four simulations from the EAGLE suite, focusing primarily on the simulation

with the largest volume and greatest particle number, Ref-L100N1504, which evolves

with the EAGLE Reference model a periodic cube of side L = 100 cMpc, populated

with N = 15043 collisionless dark matter particles with mass 9.70 × 106 M� and an

(initially) equal number of baryonic particles with mass 1.81 × 106 M�. In order to

compute the intrinsic binding energy of haloes in this simulation, i.e. that which emerges

in the absence of the dissipative physics of galaxy formation, I also analyse a simulation

starting from identical initial conditions but considering only collisionless gravitational

dynamics, DMONLY-L100N1504. I briefly examine NOAGN-L050N0752, a simulation

1Section 2.5 motivates this approach.
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following a smaller L = 50 cMpc cubic volume at the same resolution, using a variation

of the Reference model in which AGN feedback is disabled. To ensure that comparisons

with this simulation are made on an equal footing I use Ref-L050N0752, a simulation

of the same L = 50 cMpc volume using the EAGLE Reference model. In all cases a

Plummer-equivalent gravitational softening length of εcom = 2.66 ckpc was used, limited

to a maximum proper length of εprop = 0.7 pkpc.

Haloes are identified by applying the friends-of-friends algorithm to the dark matter

particle distribution, with a linking length of 0.2 times the mean interparticle separation.

Gas, stars and BHs are associated with the FoF group, if any, of their nearest dark

matter particle. Bound substructures are subsequently identified within haloes using

the SUBFIND algorithm (Springel et al., 2001; Dolag et al., 2009). I consider in my

analysis present-day haloes with M200 > 1011.5 M�, with each halo thus being resolved

by at least ∼ 105 particles. The typical present-day stellar mass of central galaxies

hosted by haloes with M200 ' 1011.5 M� is M? ' 109.5 M�; as shown by Schaye et al.

(2015), present-day galaxies in EAGLE with at least this mass exhibit a passive fraction

that broadly agrees with observational measurements.

I compute the spherical overdensity mass (M200, Lacey & Cole, 1994) of each halo

about its most-bound particle, such that the mean density enclosed within a sphere

of radius r200 is 200 times the critical density, ρc. More generally, halo properties

are computed by aggregating the properties of all particles of the relevant type that

reside within an appropriate aperture. I compute the inner halo binding energy by

summing the binding energies of all particles within r2500 that comprise each halo’s

counterpart in the DMONLY-L100N1504 simulation. In common with a number of

other studies based on the analysis of EAGLE (e.g. Schaller et al., 2015a; Matthee &

Schaye, 2019), I use this ‘intrinsic’ binding energy, E2500
DMO, in order to eliminate the

influence of dissipative baryonic processes. The dissipation of baryons in, and their

ejection from, the progenitors of haloes throughout their formation and assembly can

markedly influence their structure, potentially masking or exaggerating the influence

of the intrinsic properties of the haloes. I pair haloes with their counterparts using

the bijective particle matching algorithm described by Schaller et al. (2015a), which

successfully pairs 3411 of the 3543 haloes (96 percent) satisfying M200 > 1011.5 M� in

Ref-L100N1504. Unpaired haloes are discarded, thus ensuring the same sample of haloes

is used throughout.

Following Schaye et al. (2015), I compute the properties of central galaxies by aggregating

the properties of the relevant particles that reside within 30 pkpc of the halo centre. I

equate the BH mass of galaxies, MBH, to the mass of their most-massive BH particle,

which is almost exclusively coincident with the halo centre.
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Figure 3.1: Present-day halo gas fractions, fCGM, as a function of halo mass, M200.
Histograms of M200 and fCGM are shown above and to the right of the main panel,
respectively. The solid curve denotes the running median, whilst the dashed curve
denotes the running median of the total stellar fraction of the halo, f?. The shaded
region shows the 10th − 90th percentile scatter of f?. Symbols are coloured by the
residuals of the relationship between f? and M200, ∆ log10 f?. The lower panel shows
the running value of the Spearman rank coefficient, ρ, for the ∆fCGM − ∆ log10 f?
relation. Shading denotes where the recovered correlation is not significant (p > 0.01).

3.3 The origin of scatter in halo gas fractions

In Fig. 3.1 I show, as a fraction of their mass M200, the circumgalactic gas fraction,

fCGM ≡Mgas(r < r200)/M200, normalised by the cosmic baryon fraction, of present-day

haloes in the Ref-L100N1504 simulation2. This definition includes the contribution of

interstellar gas, but this is in general a small fraction of the halo gas mass. The solid

black line shows the running median of the gas fraction, f̃CGM(M200), computed via

the locally-weighted scatterplot smoothing method (LOWESS, e.g. Cleveland, 1979).

There is considerable scatter in fCGM in relatively low-mass haloes, which declines for

M200 & 1013 M�.

2The baryon and stellar fractions of EAGLE haloes were presented and discussed by Schaller et al.
(2015a).
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For reference, the running median of the total stellar mass fraction of the halo, f̃?(M200)

is also shown as a dashed black curve, where f? ≡M?(r < r200)/M200. The shaded region

about this curve denotes the 10th−90th percentile scatter of f?. The LOWESS curves are

plotted within the interval for which there are at least 10 measurements at both higher

and lower M200; in poorly-sampled high-mass bins, halo stellar fractions are plotted as

individual black dots. Histograms of M200 and fCGM are shown above and to the right,

respectively, of the main panel. Gas fractions transition from ' 0.3Ωb/Ω0 below M200 '
1012.5 M�, rising steadily towards ' 0.9Ωb/Ω0 at M200 ' 1014 M�, beyond which the

trend flattens. This interval therefore represents a transition regime between EAGLE’s

relatively gas-poor, low-mass haloes and their gas-rich, high-mass counterparts. Present-

day ∼ L? galaxies, with stellar mass similar to that of the Milky Way (M? ' 6×1010 M�,

e.g. Bland-Hawthorn & Gerhard, 2016) are thought to be hosted by haloes with mass

M200 ' 1012.5 M� (e.g. Moster et al., 2013)

Symbols are coloured by the residuals of the relationship between the stellar mass frac-

tion and the halo mass, i.e for the ith halo, ∆ log10 f?,i = log10 f?,i − log10 f̃?(M200,i).

Haloes denoted by red (blue) points therefore have a greater (lower) stellar mass frac-

tion than is typical for their halo mass. Inspection of the symbol colours indicates

that ∆fCGM and ∆ log10 f? are not strongly correlated at any mass scale. I quantify

the strength of the correlation with the Spearman rank correlation coefficient, ρ. Since

the correlations can in principle exhibit a strong dependence on halo mass, I compute

‘running’ correlation coefficients from halo-mass ordered sub-samples. For bins whose

median halo mass exhibits M200 < 1012 M�, I use samples of 300 haloes with starting

ranks separated by 50 haloes (i.e. 1-300, 51-350, 101-400 etc), otherwise I obtain supe-

rior sampling of the high-mass range with bins of 100 haloes separated by 25 haloes3.

This diagnostic is shown in the bottom panel of Fig. 3.1. In this and subsequent figures

I shade regions where the p-value exceeds 0.01, corresponding to < 2.3σ confidence, to

highlight where the recovered correlation is not significant. The correlation coefficient

for the ∆fCGM − ∆ log10 f? is relatively low (|ρ| . 0.3) at all halo masses, and is re-

covered with low confidence for much of the halo mass range. The coefficient for the

106 haloes in a 0.1 dex window about M200 = 1012.5 M� can however be recovered with

significance, and its value, which for reference I denote ρ′, is 0.34. This constitutes a

weak-to-moderate correlation for a narrow range in M200, but more broadly it is evident

that the diversity of the gas fractions exhibited by present-day ∼ L? haloes does not

emerge primarily as a consequence of some haloes converting more of their gas into stars

than others. I note however that, as one approaches the ‘closed box’ regime of massive

haloes with near-unity baryon fractions, one should expect a correlation between the

scatter in fCGM(M200) and f?(M200) to emerge (Farahi et al., 2018).

3The resulting coefficients are not strongly sensitive to these choices.
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Figure 3.2: Present-day halo gas fractions, fCGM, as a function of halo mass, M200,
with the solid curve denoting the running median. In each of the main panels, the
symbols are coloured by residuals about the relationships of various properties as a
function of halo mass: the accretion rate of the central BH (ṀBH, top left), the mass of
the central BH (MBH, top right), the intrinsic binding energy of the inner halo (E2500

DMO,
bottom-left), and the star formation rate of the central galaxy (Ṁ?, bottom-right). Be-
neath the main panels I show the running value of the Spearman rank correlation coef-
ficient for the relationships between these residuals and ∆fCGM, the residuals about the
fCGM−M200 relation. The red curve in the upper-left plot corresponds to the running
ρ recovered when smoothing the BH accretion rate over a 100 Myr window. Shading
denotes regions for which the correlation is recovered at low significance (p > 0.01). In
the cases where correlations are significant, I quote the Spearman coefficient, ρ′, of the
correlation computed for haloes within a 0.1dex window about log10M200[ M�] = 12.5.

The rest-mass energy liberated throughout the growth of central BHs is comparable to

the gravitational binding energy of the halo (Silk & Rees, 1998a, see also Oppenheimer

2018), and is thus expected to foster the expulsion of gas from galaxies and their haloes.

It is reasonable to surmise then that AGN feedback should have a significant influence

on the gas fraction of haloes (e.g. Puchwein et al., 2008; Bower et al., 2008; McCarthy

et al., 2010, 2011; Bocquet et al., 2016; Pillepich et al., 2018a). In Fig. 3.2 I again show

the present-day fCGM−M200 relation of Ref-L100N1504, with the symbols in the top row

coloured by the residuals about the median relation between the characteristics of central

BHs and halo mass. In the top-left panel they are coloured by the residuals about the

running median of the BH accretion rate as a function of halo mass, ∆ log10 ṀBH. As in
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the case of the ∆ log10 f? correlation shown in Fig. 3.1, the Spearman rank correlation

coefficient is relatively low (|ρ| < 0.3) at all halo masses, and is recovered with low

confidence for much of the sampled mass range, including at M200 = 1012.5 M�, hence

I am unable to quote a significant value of ρ′ for this diagnostic. Scatter in halo gas

fractions is therefore not strongly correlated with scatter in the BH accretion rate at any

M200. McAlpine et al. (2017) recently showed that the accretion rate of BHs in EAGLE

can vary by orders of magnitude on very short timescales (. 105 yr), so I have repeated

this test after time-averaging the BH accretion rate over the preceding 100 Myr. I find

similar results with this definition of ṀBH, as is evident from its running value of ρ,

shown as a red curve.

Prior analyses of the EAGLE simulations (Bower et al., 2017; McAlpine et al., 2018) have

revealed that the development of a hot (T & 106 K), quasi-hydrostatic CGM in haloes

with mass M200 & 1012 M� inhibits the buoyant transport away from the galaxy of gas

ejected from the interstellar medium (ISM) in stellar feedback-driven outflows. The

resulting build-up of gas triggers non-linear growth of the BH, which accretes rapidly

until the feedback associated with its growth becomes the dominant means of regulating

the inflow of gas onto the galaxy. McCarthy et al. (2011) argue that the expulsion of gas

from the progenitors of group- and cluster-scale haloes, which accompanies this onset of

BH feedback, occurs primarily at early cosmic epochs (1 . z . 3) when their central BHs

accreted most of their mass. I therefore colour the symbols of the top-right panel of Fig.

3.2 by the residuals about the running median of the BH mass as a function of halo mass,

∆ log10MBH. In this case, the colouring reveals a striking negative correlation between

the gas fraction (at fixed halo mass) and the BH mass, such that haloes whose central

galaxies host atypically-massive central BHs exhibit systematically low gas fractions,

and vice versa. The visual impression is corroborated by the Spearman rank correlation

coefficient, which is significant and negative for all 1011.5 < M200 . 1013 M�. The

coefficient for haloes with M200 ' 1012.5 M� is very strong, ρ′ = −0.75. These results

indicate that the halo gas fractions of ∼ L? galaxies are regulated primarily by the

evolutionary stage of their central BHs.

I turn next to the origin of the diversity of BH masses at fixed M200. This question was

explored by Booth & Schaye (2010, 2011) using the OWLS simulations (Schaye et al.,

2010), who concluded that BH mass is governed primarily by the binding energy of the

inner halo. I therefore colour the symbols of the bottom-left panel of Fig. 3.2 by the

residuals about the running median of the binding energy of the halo as a function of

halo mass. As motivated in Section 3.2, I use the intrinsic binding energy, E2500
DMO, i.e.

that recovered from each halo’s counterpart in the DMONLY simulation measured within

r2500. This eliminates the effects of dissipative physical processes, which could potentially

mask or exaggerate any correlations induced by the intrinsic binding energy of the halo.
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The colouring reveals a striking negative correlation between the scatter in fCGM and

that of the binding energy of the inner halo4. The Spearman rank correlation coefficient

is significant and negative for all 1011.5 < M200 . 1013 M�, and exhibits a broad, strong

minimum (characterised by ρ < −0.5 recovered at p < 0.01) for M200 . 1012.5 M�. The

coefficient for haloes with M200 ' 1012.5 M� is strong, with ρ′ = −0.62. At fixed mass,

more tightly-bound haloes require more energy to unbind gas from the inner halo, so their

central BHs must grow to be more massive, reaching a higher peak luminosity, and thus

they ultimately eject a greater fraction of the halo gas beyond r200
5. More tightly-bound

haloes at fixed mass also tend to be those with a higher concentration and an earlier

formation time (e.g. Navarro et al., 2004); indeed Booth & Schaye (2010, 2011) found

that halo concentration correlates with MBH at fixed M200. I have therefore examined

the relationships between the scatter in gas fractions at fixed halo mass and the scatter

in the Navarro et al. (1997, ‘NFW’) concentration and the halo assembly lookback time

(computed as per Qu et al., 2017) of each halo’s counterpart in the DMONLY-L100N1504

simulation, and recover negative correlations that are again significant, albeit slightly

weaker than is the case for E2500
DMO.

The binding energy of the halo in the DMONLY simulation is effectively encoded within

the phase-space configuration of the initial conditions, and residuals of fCGM correlate

with similar strength, but over a wider range in halo mass, to those of E2500
DMO than with

those of MBH. Scatter in E2500
DMO at fixed M200 might reasonably then be considered as

the fundamental cosmological origin of the scatter in fCGM at fixed M200. However,

the influence of the binding energy is physically ‘transmitted’ to the gas fraction by

ejective feedback. The necessity of this conduit can be demonstrated using the NOAGN-

L050N0752 EAGLE simulation, in which AGN feedback is disabled. Examination of the

relationship between ∆fCGM and ∆ log10E
2500
DMO in this simulation reveals a significantly

weaker correlation than in the Reference simulation, which is driven largely by the

lowest-mass haloes in the sample. The origin of the correlation here differs with respect

to the Reference simulation; haloes with greater binding energy (at fixed mass) exhibit

lower gas fractions in the NOAGN simulation because the positive correlation of the ∆f?

- ∆ log10E
2500
DMO relation is much stronger than in the Reference simulation. The halo

gas fraction is therefore depleted because of the condensation of gas into stars rather

than its ejection by feedback.

4Using E500
DMO or E200

DMO instead yields similar results.
5This effect underpins the importance of using E2500

DMO rather than E2500
Ref . In general the dissipation

of gas into stars results in E2500
Ref > E2500

DMO, but crucially the fractional difference in the two measures at
fixed halo mass anti-correlates strongly with E2500

DMO, because the formation of more massive BHs at the
centres of haloes with greater E2500

DMO enables them to eject a greater fraction of their gas. The use of
E2500

Ref therefore partially masks the underlying correlation between the inner binding energy and fCGM.
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Figure 3.3: Present-day halo baryon fractions, fb, as a function of halo mass, M200, in
the Ref-L050N0752 (top) and NOAGN-L050N0752 (bottom) simulations. In each case
the solid curve denotes the running median, and the symbols are coloured by the resid-
uals about the running median of the E2500

DMO−M200 relation, ∆E2500
DMO. Sub-panels show

the running value of the Spearman rank correlation coefficient, ρ, for the relationships
between these residuals and ∆fb, the residuals about the fb −M200 relation. Shading

denotes regions for which the correlation is recovered at low significance (p > 0.01).
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The transmission of the influence of halo binding energy via AGN feedback can be more

concisely demonstrated by examination of the halo baryon fraction, fb ≡ [Mgas(r <

r200) + M?(r < r200)]/M200. In Fig. 3.3 I show the present-day fb −M200 relations

for Ref-L050N0752 (top) and NOAGN-L050N0752 (bottom), and colour the symbols by

∆ log10E
2500
DMO. Using the halo baryon fraction rather than the halo gas fraction takes

account of the aforementioned additional condensation of gas into stars in the NOAGN

simulation. In the absence of AGN feedback, haloes with M200 & 1012 M� retain a

significantly greater fraction of their baryons, as stellar feedback is unable to expel gas

from massive haloes. In Ref-L050N0752, the ∆fb −∆ log10E
2500
DMO correlation for haloes

with M200 = 1011.5 − 1013 M� is strong, significant and negative for M200 > 1011.8 M�,

with ρ′ = −0.666. In NOAGN-L050N0752, the correlation is again mildly negative

for M200 . 1012 M�, but becomes moderately positive for more massive haloes, with

ρ′ = 0.43. Therefore, in the absence of AGN feedback, the intrinsic binding energy of

the inner region of haloes has a markedly different influence on the baryon fractions for

M200 & 1012 M�. This notwithstanding, I reiterate that residuals about the fCGM−M200

relation in the Reference model correlate strongly with those about the E2500
DMO −M200

relation over a broader range in halo mass than with those about the MBH − M200

relation, indicating that the binding energy may also influence halo gas fractions via

other mechanisms, such as formation time.

It is interesting to note that the correlations between ∆fCGM and each of ∆ log10MBH

and ∆ log10E
2500
DMO change sign for M200 & 1013 M�, and become positive. The reversal

of these correlations is likely a consequence of the declining efficiency of gas expulsion

by AGN feedback in the most-massive haloes; as feedback becomes unable to eject gas

from the assembling halo, a greater central binding energy only serves to inhibit gas

expulsion.

Matthee & Schaye (2019) recently demonstrated that the star formation histories of

EAGLE galaxies hosted by haloes with earlier formation times (at fixed halo mass) are

systematically shifted to earlier cosmic epochs. A consequence of this effect is that these

galaxies exhibit systematically lower present-day star formation rates (SFRs, Ṁ?). Since

haloes with early formation times generally exhibit greater central binding energies, one

might expect that scatter about the fCGM −M200 relation will correlate with the SFR.

Returning briefly to Fig. 3.2, I show in the bottom-right panel the fCGM−M200 relation

with symbols coloured by the residuals about the running median of the SFR as a

function of halo mass, ∆ log10 Ṁ?, which indeed reveals a striking positive correlation

between the residuals about the running medians of the fCGM −M200 and Ṁ? −M200

relations. The running coefficient of the Spearman rank correlation is positive for all

6I compute ρ′ for L = 50 cMpc simulations within the larger window of 0.5 dex around M200 =
1012.5 M�, to maintain adequate sampling.
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halo masses, and for M200 . 1013 M� it resembles the inverse of that of the ∆fCGM −
∆ log10MBH correlation. The coefficient for haloes with M200 ' 1012.5 M� is ρ′ = 0.65,

highlighting the strength of this correlation. More gas-rich haloes at fixed mass, besides

exhibiting relatively undermassive BHs, therefore also exhibit an elevated SFR.

A close connection between the SFR of galaxies and their interstellar gas content is

well established by observations (e.g. Kennicutt, 1998), a finding whose reproduction

and interpretation continues to attract considerable analytic and numerical effort (e.g.

Thompson et al., 2005; Krumholz & Tan, 2007; Semenov et al., 2016; Orr et al., 2018).

To my knowledge, however, a correlation between the gas fractions of haloes (of similar

mass) and the SFR of their central galaxies has not been demonstrated previously. The

correlation of both the SFR and the BH mass with the halo gas fraction at fixed halo

mass is helpful from the perspective of scrutinizing the predictions advanced here, as the

SFR can be inferred from a diverse range of photometric and spectroscopic diagnostics;

I turn to this scrutiny in the next section.

The correlation is also of intrinsic interest. Surveys of galaxies and associated absorp-

tion systems have revealed a positive correlation between the SFR of galaxies and the

column density of the absorbers (e.g. Chen et al., 2010; Lan et al., 2014; Rubin et al.,

2018), and a popular interpretation of this correlation is that the absorption column

densities are enhanced by outflows driven by stellar feedback. The analysis presented

here suggests that the correlation may not be causal, but rather a consequence of the

negative correlation of both the halo gas fraction, and the SFR, with the halo binding

energy at fixed halo mass. The first correlation is a consequence of more tightly-bound

haloes requiring more massive BHs to unbind gas from their inner regions, whilst the

second is due to more tightly-bound haloes collapsing earlier, shifting the growth of their

central galaxy and BH (and the associated expulsion of their halo gas) to earlier times.

Alternatively, the star formation activity of the central galaxy could be fundamentally

tied to the expulsion of halo gas; I investigate this hypothesis in detail in Chapter 4.

3.4 Testing via complementary observables

The influence of the central BH mass on the scatter of halo gas fractions at fixed halo

mass is an unambiguous prediction of the EAGLE simulations. However, it is not

one that is trivial to confront with observations, since one requires measurements of

fCGM and M200, and dynamical measurements of BH masses, for a large sample of

galaxies. I therefore briefly explore in this section whether it might be possible to test

the predictions of Section 3.3 with complementary observational diagnostics provided

by extant or forthcoming facilities.
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Figure 3.4: Present-day diffuse soft X-ray luminosity (LX, top) and thermal Sunyaev-
Zel’dovich effect flux (Y d2A, bottom), as a function of halo mass, M200. Histograms of
LX and Y d2A are shown to the right of the main panel. The solid curve denotes the
running median of each quantity. In each column the symbols are coloured by the
residuals about the running median of fCGM (left), MBH (centre) and Ṁ? (right) as a
function of M200. Beneath the main panels I show the running value of the Spearman
rank correlation coefficient for the relationships between these residuals and ∆fCGM,
the residuals about the fCGM −M200 relation. Shading denotes regions for which the
correlation is recovered at low significance (p > 0.01), whilst ρ′ denotes the value of the
Spearman rank correlation coefficient computed for haloes with mass M200 ' 1012.5 M�.
The grey curves on the upper row show the median of the LX −M200 relations of the
halo sub-samples comprising the upper and lower quartiles of the diagnostic used for

the symbol colouring.

I require diagnostics for which scatter about their running median as a function of halo

mass correlates with scatter about the fCGM−M200 relation. I first consider the diffuse,

soft (0.5 . EX . 2.0 keV) X-ray luminosity of the hot (T & 106 K), collisionally-ionized

component of halo gas. Characterisation of the properties of the gas in haloes less mas-

sive than those of galaxy groups (M500 ∼ 1013 M�, kT ∼ 1 keV) remains challenging,

with the extended hot CGM of only a handful of galaxies having been convincingly

detected and characterised beyond the optical envelope of the galaxy (e.g. Dai et al.,

2012; Bogdán et al., 2013b, 2017; Li et al., 2016, 2017), but forthcoming and proposed

X-ray observatories such as Athena and Lynx promise to make such detections more
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commonplace. Moreover, stacking low spatial resolution ROSAT All-Sky Survey X-ray

maps about the coordinates of local, optically-selected galaxies has proven an effective

means of characterising the relationship between galaxies and their gas content (Ander-

son et al., 2015; Wang et al., 2016). I therefore compute the soft X-ray luminosity of

each halo by coupling the physical properties of its constituent gas particles (i.e. those

within r200) to the Astrophysical Plasma Emission Code (APEC, Smith et al., 2001),

using the techniques described in Section 2.6.

Stacking about the coordinates of optically-selected galaxies has also recently been used

to characterise the hot gas content of haloes via measurement of the thermal Sunyaev-

Zel’dovich (tSZ) effect, the inverse Compton scattering of cosmic microwave background

(CMB) photons by energetic electrons within the hot, ionized CGM (e.g. Planck Collab-

oration et al., 2013; Greco et al., 2015). The tSZ ‘flux’ can be defined as the Compton-y

parameter integrated over the solid angle of the halo and is thus proportional to the

total energy of the hot gas:

Y (< r200)dA(z)2 =
σT

mec2

∫ r200

0
4πPe(r, z)r

2dr, (3.1)

where dA is the angular diameter distance to the halo, σT is the Thomson cross-section,

me the electron rest mass, and Pe = nekBTe is the electron pressure with kB being the

Boltzmann constant. The flux therefore scales with the density of the hot gas, rather

than the square of its density, as is the case for the collisional mechanisms that dominate

the X-ray emissivity of diffuse plasmas. I compute Y by summing the contributions of

the gas particles associated with each halo, as per McCarthy et al. (2017). Star-forming

gas particles (i.e. those comprising the ISM) are assumed to be neutral and do not

contribute to the flux.

The rows of Fig. 3.4 show the present-day LX −M200 (top) and Y d2
A −M200 (bottom)

relations7. Histograms of LX and Y d2
A are shown to the right of the main panel. In

each panel the solid black line denotes the LOWESS running median. In the left-hand

column symbols are coloured by their residuals with respect to the running median of

the fCGM−M200 relation. In both cases the colouring highlights that elevated values of

the observable correspond to elevated values of fCGM. The running values of the Spear-

man rank correlation coefficient demonstrate that scatter about both proxies correlates

strongly, significantly and positively with that about fCGM for all M200. The X-ray

luminosity is somewhat noisier than the tSZ flux, which is unsurprising since it is also

7Since I am concerned with the response of LX and Y d2A to deviations from the median scaling re-
lations relating the properties of galaxies and their gaseous haloes to halo mass, precise correspondence
between the properties of the simulated haloes and observational measurements is not crucial. Rea-
sonable correspondence is however necessary to engender confidence in the realism of the simulations;
I therefore compare the simulated scaling relations of LX and Y d2A as a function of halo mass with
observational measurements in Appendix A.
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sensitive to the metallicity of the halo (see e.g. Crain et al., 2013), and is more sensitive

than the tSZ flux to the structure of the CGM.

The X-ray luminosity remains an attractive observable however, owing in particular to

the dynamic range it displays: for haloes with M200 ' 1012.5 M� the 10th−90th percentile

range spans 1.54 decades in LX. Measurements of the X-ray luminosity therefore afford

the opportunity to highlight readily the diversity of halo properties at fixed M200. I

demonstrate this quantitatively by showing, as grey curves, the median LX of the subsets

of haloes representing the upper and lower quartiles of the fCGM −M200 relation, in 10

bins of halo mass in the interval 1011.5 < M200 < 1013 M�. The separation of the subsets

peaks at M200 = 1012.2 M�, with the gas-rich subset of haloes exhibiting a median LX

that is 1.5 dex greater than that of the gas-poor subset.

To use LX and Y d2
A to test the influence of BH mass on halo gas fractions, they must

respond to scatter about the MBH − M200 relation in a similar fashion to fCGM. In

the centre column of Fig. 3.4, the symbols are coloured by ∆ log10MBH. Similar to

the top-right panel of Fig. 3.2, residuals about the relations can be seen to correlate

negatively with ∆ log10MBH. The running values of the Spearman rank correlation

coefficient, shown below the main panels, behave similarly and become more strongly

negative from relatively low masses to a peak at M200 ' 1012.4 M�. Therefore, the haloes

of galaxies with central BHs that are more (less) massive than is typical for their mass

are systematically ‘faint’ (bright) in both LX and Y d2
A. I again highlight the dynamic

range of the X-ray luminosity and show as grey curves in the upper-centre panel the

median LX of the subsets representing the upper and lower quartiles of the MBH−M200

relation. The subsets are again most strongly separated at M200 = 1012.2 M�, with the

subset of haloes with under-massive BHs exhibiting a median LX = 1.2 × 1040 ergs−1,

which is 1.4 dex greater than that of the over-massive BH subset, LX = 4.5×1038 ergs−1.

At present dynamical measurements of the masses of BHs are available for only ∼ 102

galaxies (e.g. Kormendy & Ho, 2013; McConnell & Ma, 2013), presenting an obstacle

to observational scrutiny of the influence of BH mass on halo gas fractions. However,

as noted in Section 3.3, the correlations of ∆fCGM with ∆MBH and ∆Ṁ? are of similar

strength (but opposite sign). Identification of this correlation in observations would

therefore corroborate EAGLE’s predictions concerning the origin of scatter in the fCGM−
M200 scaling relation, hence it is important to establish how the proxies for fCGM respond

to scatter in SFR at fixed M200.

In the right-hand column of Fig. 3.4 the symbols are coloured by ∆ log10 Ṁ?. Encour-

agingly, I find that the residuals about the Ṁ? −M200 relation correlate positively with

the residuals about both the LX−M200 and Y d2
A−M200 relations, with the correlations

being strong and significant for M200 . 1012.7 M�. Therefore, the haloes of galaxies
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that exhibit a SFR that is high (low) for their halo mass are systematically ‘bright’

(faint) in both proxies. The grey curves of the upper-right panel show the median LX

of the subsets representing the upper and lower quartiles of the Ṁ? −M200 relation.

The subsets are again most strongly separated at M200 = 1012.2 M�, for which the up-

per quartile (Ṁ? > 1.8 M� yr−1) exhibit a median LX = 1.8 × 1040 ergs−1, which is

1.7 dex (a factor of ' 50) greater than that of the lower quartile (Ṁ? < 0.2 M� yr−1),

LX = 3.8× 1038 ergs−1.

3.5 Summary and discussion

I have examined the origin of scatter in the relationship between gas fraction, fCGM, and

mass, M200, of the haloes with mass similar to those that host present-day ∼ L? central

galaxies (1011.5 < M200 < 1013 M�) in the EAGLE simulations. I quantify the scatter

by computing the difference between each halo’s gas fraction and the running median of

the fCGM−M200 relation, f̃CGM(M200), constructed using the LOWESS locally-weighted

scatterplot smoothing method.

My results are drawn primarily from the largest EAGLE simulation Ref-L100N1504,

and its counterpart considering only collisionless gravitational dynamics, DMONLY-

L100N1504. The parameters of the subgrid models governing feedback in the EAGLE

Reference model were calibrated to ensure reproduction of key present-day properties of

the galaxies, but the gaseous properties of galaxies and their haloes were not considered

during the calibration and can be considered predictions of the simulations. I have also

briefly studied the NOAGN-L050N0752 simulation in which AGN feedback is disabled,

and its Reference model counterpart Ref-L050N0752.

My findings can be summarized as follows:

1. Scatter about the fCGM −M200 relation is not strongly correlated with residuals

of the relationship between the stellar mass fraction of haloes and M200. Low

(high) halo gas fractions are therefore not generally a consequence of haloes having

converted more (less) of their gas into stars throughout their assembly (Fig. 3.1).

2. Similarly, the scatter is neither strongly nor significantly correlated with the resid-

uals of the relationship between the gas accretion rate of central BHs (whether

measured instantaneously or time-averaged over 100 Myr) and M200. Low (high)

halo gas fractions are therefore not a consequence of relatively strong (weak) on-

going AGN feedback (Fig. 3.2, top-left).
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3. The scatter correlates strongly, significantly and negatively with the residuals of

the relationship between the present-day mass of central BHs and M200. At M200 =

1012.5 M� the Spearman rank correlation coefficient is ρ′ = −0.75. At fixed M200

therefore, galaxies that host more-massive central BHs reside within relatively gas-

poor haloes, and vice versa. This suggests that the main cause of scatter in fCGM

at fixed M200 is differences in the mass of halo gas expelled by AGN feedback

throughout the assembly of the halo (Fig. 3.2, top-right).

4. A corollary of (ii) is the implication that the scatter about the fCGM − M200

relation might be driven by a more fundamental process that fosters scatter in the

MBH −M200 relation. Booth & Schaye (2010, 2011) previously highlighted with

cosmological simulations that this scatter is driven by differences in the binding

energy of haloes at fixed mass. I find that scatter about the fCGM−M200 relation

indeed correlates strongly, significantly and negatively with the residuals of the

E2500
DMO−M200 relation, where E2500

DMO is the intrinsic binding energy of the halo, i.e.

that which emerges in the absence of the dissipative physics of galaxy formation,

measured within r2500. This correlation is strong and significant over a broad range

in M200, and at M200 = 1012.5 M� the correlation coefficient is ρ′ = −0.62. (Fig.

3.2, bottom-left).

5. Although reasonably interpreted as the fundamental origin of the scatter in fCGM,

the influence of the intrinsic binding energy of haloes is communicated via AGN-

driven gas expulsion for M200 & 1012 M�. This is succinctly demonstrated by

examination of the residuals about the fb−M200 and E2500
DMO−M200 relations (where

fb is the halo baryon fraction) in simulations with and without AGN feedback.

In the Reference model simulation these residuals are strongly, significantly and

negatively correlated for all M200, whilst in the NOAGN model the correlation is

weaker for relatively low-mass haloes (M200 . 1012 M�), and becomes positive for

more massive haloes (Fig. 3.3).

6. The scatter in fCGM(M200) correlates strongly, significantly and positively with the

residuals of the relationship between the present-day SFR of central galaxies and

M200. The correlation is similar to that with ∆MBH, but with opposite sign. At

M200 = 1012.5 M� the correlation coefficient is ρ′ = 0.65. Haloes with high (low)

gas fractions for their mass therefore typically host central galaxies with high (low)

SFRs. (Fig. 3.2, bottom-right).

7. I consider the diffuse soft X-ray luminosity of the hot component of halo gas (LX)

and the ‘flux’ of the thermal Sunyaev-Zel’dovich effect (Y d2
A) as proxies for fCGM.

Scatter about the relation of these observables with M200 correlates positively with

residuals of the fCGM−M200 relation, such that variations in the halo gas fraction
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at fixed halo mass are echoed by the two observables. Residuals about the running

median of both proxies also correlate negatively with scatter about the median BH

mass at fixed M200. At M200 = 1012.5 M� the associated correlation coefficients

for LX and Y d2
A are ρ′ = −0.62 and ρ′ = −0.51, respectively. This highlights that

they respond to variations in BH mass in a similar fashion to fCGM (Fig. 3.4, left

and centre columns).

8. Scatter about the LX −M200 and Y d2
A −M200 relations also correlates strongly

and positively with scatter about the median SFR at fixed M200. At M200 =

1012.5 M� the associated correlation coefficients for LX and Y d2
A are ρ′ = 0.68 and

ρ′ = 0.43, respectively. These correlations afford a route to observational scrutiny

of the predictions of the simulations advanced here, without the need to acquire

dynamical BH mass measurements for a large sample of galaxies. The simulations

indicate that, for galaxies hosted by haloes of M200 ' 1012.2 M�, the median X-ray

luminosity of those with Ṁ? > 1.8 M� yr−1 (the upper quartile in SFR) is a factor

' 50 higher than for those comprising the lower quartile (Ṁ? < 0.2 M� yr−1, Fig.

3.4, right-hand column).

The discovery of scaling relations connecting central BHs (with optical accretion discs

of scale ∼ 10−2 pc) with the properties of galaxies (on scales ∼ 103 pc, e.g. Magorrian

et al., 1998; Kormendy & Ho, 2013) has focussed intense interest on the possibility of an

intimate physical connection between the two. The release of rest mass energy from the

accretion of gas onto BHs has long been advocated as a means to regulate cooling flows

onto massive galaxies (e.g. Silk & Rees, 1998a) at the centres of groups and clusters

(on scales ∼ 105 − 106 pc, e.g. Binney & Tabor, 1995). Cosmological simulations still

lack the physics and resolution required to capture the full complexity of the coupling

between these phenomena across such a broad dynamic range, but my findings nonethe-

less indicate that central BHs can also have a significant influence on the structure and

content of the CGM. It is an unambiguous prediction of the EAGLE simulations that

scatter in the central BH mass, at fixed halo mass, markedly influences the gas fractions

of the haloes that host present-day ∼ L? central galaxies.

My findings also suggest that it is possible to corroborate or falsify EAGLE’s predictions

for the origin of scatter about the fCGM −M200 relation, using extant or forthcoming

observations. I posit that the locally-brightest galaxy (LBG) sample from the New

York University Value Added Galaxy Catalogue (Blanton et al. 2005, VAGC), based

on the seventh data release of the Sloan Digital Sky Survey (SDSS/DR7, Abazajian et

al. 2009), is well-suited to this purpose. It has been used previously as the basis for

stacked measurements of both diffuse X-ray luminosity (Anderson et al., 2015) from the

ROSAT All-Sky Survey and the tSZ flux (Planck Collaboration et al., 2013; Greco et al.,
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2015) from Planck maps. The acquisition of well-characterised rotation curves for this

sample would further enable the identification of sub-samples with similar dynamical

masses. At present, X-ray luminosity remains the preferred proxy for fCGM, as the ∼ 10

arcmin beam of Planck ’s 100 GHz maps corresponds to a scale comparable to or larger

than r200 for the majority of the LBG sample. However, characterisation of the tSZ

flux within lower-mass haloes may soon be possible with the advent of next-generation,

high-resolution, ground-based CMB experiments.

A further, complementary means of assessing variations in fCGM is to search for vari-

ations in the column densities of absorption systems, revealed by the intersection of

bright quasars with the CGM of a sample of nearby galaxies. Such an approach would

be similar in spirit, but different in detail, to the COS-AGN survey (Berg et al., 2018).

Extending the COS-Halos survey (Tumlinson et al., 2013), COS-AGN enabled a con-

trolled comparison of the absorption systems associated with galaxies with and without

AGN. Consistent with my finding that the present-day BH accretion rate has little

impact on halo gas fractions at fixed M200, Berg et al. (2018) found no significant dif-

ferences between these samples when examining the equivalent width distributions of

absorption systems tracing the inner CGM. To probe the scenario advanced here, it is

necessary instead to compare COS-Halos with a sample of galaxies with similar halo

masses but diverse central BH masses (or a suitable proxy). Such a survey would also

enable scrutiny of EAGLE’s prediction that gas-rich (gas-poor) haloes exhibit higher

(lower) SFRs than is typical for their halo mass, as a consequence of the negative cor-

relation of scatter about both the fCGM −M200 relation (due to the feedback history of

the central BH) and the Ṁ?−M200 relation (due to the shift of the SF history to earlier

times) with scatter about the E2500
DMO−M200 relation. In a companion study to the work

included in this Chapter (which was published as Davies et al., 2019), Oppenheimer

et al. (2020) showed that such a study would be feasible, using the column densities

and covering fractions of circumgalactic Civ, a readily-accesible absorption species in

the local Universe.



Chapter 4

The role of circumgalactic gas

expulsion in galaxy evolution

4.1 Introduction

The findings of Chapter 3 suggest a close coupling between BH-driven feedback and

the CGM in the regulation (and quenching) of galaxy growth by star formation. In a

companion study following the work in Chapter 3, Oppenheimer et al. (2020, hereafter

O20) used high-cadence ‘snipshot’ outputs to show that the CGM mass fraction declines

in response to expulsive outflows driven by episodes of BH-driven feedback, and that

galaxies whose central BH injects, over its lifetime, an energy that is a greater fraction

of the binding energy of its halo baryons, tend to exhibit lower gas fractions and redder

colours. They further showed that the covering fraction of Civ and Ovi absorption sys-

tems can be used as an effective observational proxy for the circumgalactic gas fraction.

In a recent paper, Mitchell et al. (2019) presented outflow rates from galaxies and their

haloes in the EAGLE simulations, showing that more gas leaves the halo than leaves

the galaxy, indicating that circumgalactic gas is entrained in, and expelled by, galactic

outflows.

In this Chapter I build on these studies by examining in detail how BH-driven feedback

influences the CGM, and why this subsequently impacts the star formation activity of

galaxies. I further examine whether the influence of the BH-CGM connection extends

beyond star formation activity and might also be reflected in related properties such as

galaxy morphology. In an effort to generalise my findings I present results throughout

based on analyses of simulations from the EAGLE and IllustrisTNG (hereafter TNG)

projects, both of which have released their particle data to the community (see McAlpine

et al. 2016 and Nelson et al. 2019, respectively). These models broadly reproduce a

57
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diverse range of properties of the observed galaxy population, in the local Universe and

at earlier cosmic epochs, but they differ significantly in many respects, notably in terms

of their hydrodynamics solvers and their subgrid routines for the injection of feedback

energy from star formation and from the accretion of gas onto BHs. Comparison of the

outcomes of these suites therefore represents a meaningful test of the degree to which

there is consensus between state-of-the-art simulations in this challenging regime.

This Chapter will be structured as follows. In Section 4.2 I briefly describe the simula-

tions, my techniques for identifying and characterising galaxies and their haloes, and the

calculation of CGM cooling rates. In Section 4.3 I examine the correlation between the

CGM mass fraction of present-day haloes and the properties of their central BHs, and

between the CGM mass fraction and the both the specific star formation rate (sSFR)

and the kinematic morphology of their central galaxies. In Section 4.4 I examine the

influence of feedback on the cooling time of circumgalactic gas, and the consequent effect

on galaxy properties. In Section 4.5 I explore the origin of differences in the efficiency

of feedback in haloes of fixed present-day mass. I summarise my findings in Section

4.6. Throughout, I adopt the convention of prefixing units of length with ‘c’ and ‘p’ to

denote, respectively, comoving and proper scales, e.g. cMpc for comoving megaparsecs.

4.2 Methods

My analyses are based on the EAGLE Ref-L100N1504 and TNG-100 cosmological hy-

drodynamical simulations of the formation and evolution of the galaxy population in

a Λ-Cold Dark Matter (CDM) cosmogony. The simulations follow periodic comoving

cubic volumes of similar side length (' 100 cMpc), with comparable resolution in terms

of both the mass of baryonic fluid elements (∼ 106 M�) and the gravitational softening

scale (∼ 1 pkpc). They both therefore adequately resolve present-day galaxies of mass

M? & 109.5 M� (∼ 0.1L?), whilst following a sufficiently large sample to allow examina-

tion of trends at fixed galaxy or halo mass. Hereon, for brevity I simply refer to these

simulations as the ‘EAGLE’ and ‘TNG’ simulations. The simulations and their respec-

tive subgrid physics models were described in Chapter 2, to which I refer the reader for

any details. Of particular relevance for this Chapter are the subgrid prescriptions for

stellar and AGN feedback, and the differences in their efficiencies and injection mecha-

nisms. These are detailed in Sections 2.5.3 and 2.5.4. In this Section I will detail further

methods that are relevant to this particular study, including the process of selecting

galaxies and their haloes, and the computation of cooling rates, cooling timescales, and

feedback energetics.
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4.2.1 Identifying and characterising haloes and galaxies

As in Chapter 3, haloes and galaxies in both simulation suites are identified via a two-

step process, beginning with the application of the friends-of-friends (FoF) algorithm

to the dark matter particle distribution, with a linking length of 0.2 times the mean

interparticle separation. Gas, stars and BHs are associated with the FoF group, if any, of

their nearest dark matter particle. Bound substructures within haloes are subsequently

identified using the SUBFIND algorithm (Springel et al., 2001; Dolag et al., 2009),

and I characterise halo mass via the spherical overdensity mass (M200, Lacey & Cole,

1994) about the coordinates of each halo’s most-bound particle. More generally, halo

properties are computed by aggregating the properties of all particles of the relevant type

that reside within an appropriate aperture. Following Schaye et al. (2015), I compute

the properties of central galaxies in both simulations by aggregating the properties of

the relevant particles that reside within 30 pkpc of the halo centre. I equate the BH

mass of galaxies, MBH, to the mass of their most-massive BH particle, which is almost

exclusively coincident with the halo centre.

Throughout, I consider present-day haloes with M200 > 1011.5 M�, such that haloes are

sampled in both simulations by at least ∼ 105 particles. The central galaxies hosted

by the least massive haloes I examine have a typical mass of M? & 1010 M�, ensuring

that they are sampled by at least ∼ 104 stellar particles. As noted above, I match

haloes in the Ref-L100N1504 and TNG100 simulations with their counterparts formed

in the associated collisionless simulations, in order to compute the intrinsic properties

of the haloes in the absence of the physics of galaxy formation. In both cases bijective

matching algorithms are used, as discussed by Schaller et al. (2015b) and Nelson et al.

(2015) for EAGLE and TNG, respectively. In Ref-L100N1504, this recovers matches for

3411 of the 3543 haloes satisfying my selection criterion, whilst in TNG100 5457 of the

5460 haloes are matched. I discard unpaired haloes from my analyses, irrespective of

whether quantities drawn from the collisionless realisations are used, to ensure that a

consistent sample from each simulation is used for all analyses.

For both simulations, I consider fluid elements (i.e. SPH particles in EAGLE and Voronoi

cells in TNG) with a non-zero SFR to be the ISM, and non-star-forming fluid elements

within r200 of the galaxy centre to be the CGM. Since EAGLE adopts a metallicity-

dependent star formation threshold, I have explicitly checked the influence of adopting

instead the fixed density threshold used by TNG (nH = 0.1cm−3), and I find no signifi-

cant differences in any of the results presented hereafter.
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4.2.2 Cooling rates and timescales

I use the radiative cooling time of circumgalactic gas as a diagnostic quantity in Sections

4.3 and 4.4. I compute cooling times both for individual fluid elements and integrated

over all circumgalactic gas associated with haloes. The former I compute based on their

internal thermal energy, u, and their bolometric luminosity, Lbol, via tcool = u/Lbol.

The bolometric luminosity is computed as Lbol = n2
HΛV , where nH is the fluid element’s

hydrogen number density, Λ is the (volumetric) cooling rate corresponding to its density,

temperature and element abundances, in addition to the incident flux from the meta-

galactic UV/X-ray and cosmic microwave background radiation fields, and V = mg/ρ

where ρ is the mass density of the fluid element1. In analogy with observational esti-

mates of coronal cooling times, I equate integrated CGM cooling times to the ratio of

the total internal thermal energy of the CGM and its total bolometric luminosity:

tCGM
cool =

∑
i ui∑

i Lbol,i
, (4.1)

where the sum runs over all fluid elements, i, comprising the CGM of a given halo.

Volumetric net radiative cooling rates are specified in the publicly-available TNG snap-

shots, but were not stored in EAGLE snapshots. I therefore recompute them for EAGLE

using the Wiersma et al. (2009a) tabulated rates for each of the 11 tracked elements (H,

He, C, N, O, Ne, Mg, Si, S, Ca and Fe), which were computed using CLOUDY version

07.02 (Ferland et al., 1998). The rates are tabulated as a function of hydrogen num-

ber density, nH, temperature, T , and redshift, z. I interpolate these tables in log10 nH,

log10 T , z, and, in the case of the metal-free cooling contribution, the helium fraction

nHe/nH. I then compute contributions to the net cooling rate per unit volume element-

by-element,

Λ = ΛH,He +
∑
i>He

Λi,�
ne/nH

(ne/nH)�

ni/nH

(ni/nH)�
, (4.2)

where ΛH,He is the metal-free contribution, Λi,� is the contribution of element i for the

solar abundances assumed in CLOUDY, ne/nH is the particle electron abundance, and

ni/nH is the particle abundance in element i.

Despite both simulations adopting a cooling implementation based on that of Wiersma

et al. (2009a), there are differences in their cooling rates, owing primarily to the adoption

of different UV/X-ray background radiation models and, in TNG, the assumption of solar

abundance ratios when computing the cooling rate, the adoption of an HI self-shielding

1As discussed by Schaye et al. (2015, their Appendix A1), the use of a pressure-entropy SPH scheme
(as in EAGLE) introduces a ‘weighted density’, ρ, used in the conversion between thermodynamical
quantities. For consistency with the rates used in the simulation, I use the physical density, ρ, rather
than the weighted density, when computing the radiative cooling rate.
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correction for high-density gas, and the suppression of the cooling rate in gas close to

accreting BHs.

4.2.3 Feedback energetics

I use the integrated energy injected by feedback from star formation (ESF) and black

hole growth (EAGN) as a diagnostic quantity in Section 4.5. Following the nomenclature

introduced in Section 2.5.3, the total energy injected by stellar particle i in EAGLE is:

ESF,i = 1.74× 1049 erg

(
m?,init,i

1 M�

)
fSF,i(nH,i, Zi), (4.3)

and in IllustrisTNG it is:

ESF,i = 1.08× 1049 erg

(
m?,init,i

1 M�

)
fSF,i(Zi), (4.4)

where m?,init,i is the initial mass of the particle and the differing prefactors result from

differences in the assumed mass range for the progenitors of core-collapse SNe. The

total stellar feedback energy injected into a galaxy and its progenitors is therefore the

sum of ESF,i over its constituent stellar particles. Comparison of the characteristic

values of ESF in both simulations highlights that the difference in specific feedback

energies is compensated by differences in the values of fSF. This calculation includes

the contribution of feedback injected by stars formed ex-situ to the main progenitor; I

choose to include this contribution since it directly influences the CGM of the descendant

galaxy.

Since EAGLE implements AGN feedback in a single mode, I compute the total feedback

energy injected by the central BH of a galaxy via:

EAGN =
fAGN

1− εr
MBHc

2, (4.5)

following the nomenclature of Section 2.5.4. This translates to 1.67% of the rest mass

energy of the BH being coupled to the CGM. I note that this definition is an approxi-

mation, since it includes the contribution to the BH mass from seeds but, as shown by

Booth & Schaye (2009), contribution of seed mass BHs to the cosmic BH mass density is

small. IllustrisTNG implements AGN feedback in two modes, however the total energy

injected through the thermal mode (EAGN,thm) and the kinetic mode (EAGN,kin) are

each recorded by the snapshots, and do not need to be computed in post-processing. In

analogy to the calculation of the stellar feedback energies, the value of EAGN for both

simulations explicitly includes the contribution of progenitor BHs that merged with the

central BH at z > 0.



The role of CGM expulsion in galaxy evolution 62

log10(M200) [M�]
0.0

0.2

0.4

0.6

0.8

1.0

f C
G

M
/(

⌦
b
/⌦

0
)

EAGLE

log10(M200) [M�]

EAGLE

11.5 12 12.5 13 13.5 14 14.5

log10(M200) [M�]

0.0

0.2

0.4

0.6

0.8

1.0

f C
G

M
/(

⌦
b
/⌦

0
)

11.5 12 12.5 13 13.5 14 14.5

log10(M200) [M�]

-1

0

1

⇢

⇢0 = �0.75

-0.75

-0.375

0

0.375

0.75

�
lo

g
1
0
(M

B
H
)

⇢0 = �0.75

11.5 12 12.5 13 13.5 14 14.5

log10(M200) [M�]

-1

0

1

⇢

-3

-1.5

0

1.5

3

�
lo

g
1
0
(Ṁ
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Figure 4.1: Present-day CGM mass fractions, fCGM ≡MCGM/M200, of haloes in the
EAGLE Ref-L100N1504 (left column) and the TNG-100 (right column) simulations as
a function of their mass, M200. Fractions are normalised to the cosmic average baryon
fraction, Ωb/Ω0. Black curves denote running medians, f̃CGM(M200). Symbols are
coloured by the residuals about the running median, with respect to M200, of (log10 of)
the mass of most-massive BH of the halo’s central galaxy (MBH; upper row) and of (log10

of) its instantaneous present-day accretion rate (ṀBH; lower row). Below each panel,
I show running values of the Spearman rank correlation coefficient, ρ, of the ∆fCGM

versus ∆ log10MBH and ∆fCGM versus ∆ log10 ṀBH relations, and shade regions where
the correlation has low significance (p > 0.01). Where significant, I quote the correlation

coefficients, ρ′, for haloes within a 0.1 dex window about M200 = 1012.5 M�.

4.3 The correlation of galaxy and BH properties with the

CGM mass fraction

I begin by examining, for both simulations, the relationship between the CGM mass frac-

tion and halo mass, and the dependence of scatter about this relation on the present-day

properties of the most-massive BH of the central galaxy. Fig. 4.1 shows, for both EA-

GLE Ref-L100N1504 (left column) and TNG-100 (right column), the circumgalactic

gas mass fractions, fCGM, of present-day haloes, normalised by the cosmic baryon frac-

tion, as a function of halo mass, M200. As noted in Section 4.2.1, and in contrast to

the work in Chapter 3, I exclude the ISM from my definition of the CGM, such that

fCGM ≡MCGM/M200, where MCGM is the mass of all gas within r200 of the halo centre

that is not star forming. The solid black line denotes the running median of the CGM
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mass fraction, f̃CGM(M200), computed via the locally-weighted scatter plot smoothing

method (LOWESS, e.g. Cleveland, 1979) and plotted within the interval for which there

are at least 10 measurements at both higher and lower M200. The points and median

curves are identical in the upper and lower rows; I return to the differences between the

rows shortly. Since the ISM generally constitutes only a small fraction of the halo gas

mass, the f̃CGM(M200) curve in the panels of the left-hand column of Fig. 4.1 closely re-

semble those in Chapter 3 and the gas fraction plots presented by Schaller et al. (2015b).

The CGM gas mass fractions of central galaxies in TNG, as a function of stellar mass,

were presented by Nelson et al. (2018b, their Fig. 20).

Inspection of the two columns enables a comparison of the present-day CGM gas frac-

tions that emerge in the two simulations. For haloes M200 & 1012.5 M� the behaviour is

qualitatively similar in both simulations, insofar that f̃CGM(M200) rises monotonically

with increasing mass, though the fractions rise more quickly in EAGLE and asymp-

tote towards a higher fraction: ' 0.9Ωb/Ω0 (the value expected in the absence of ef-

ficient feedback, e.g. Crain et al., 2007) for M200 & 1013.7 M�. However, the CGM

fractions of less massive haloes differ markedly between the simulations. In EAGLE

f̃CGM(M200) is a monotonic function for all M200, such that the least-massive haloes I

examine (M200 = 1011.5 M�) typically exhibit low CGM mass fractions, f̃CGM < 0.2. By

contrast, haloes of M200 < 1012 M� in TNG have f̃CGM ' 0.55, the CGM mass fraction

declines abruptly to a minimum of f̃CGM ' 0.25 at M200 ' 1012.5 M�, before increasing

again in massive haloes. There is also significantly greater diversity in fCGM for low-

mass haloes in TNG than in EAGLE: the interquartile range of fCGM for haloes with

M200 ' 1012−12.5 M� is 0.15 for EAGLE and 0.37 for TNG. The haloes that host sub-L?

central galaxies are in general therefore significantly more gas-rich in TNG than in EA-

GLE. I note that neither scenario is ruled out by current observational measurements,

and that both simulations exhibit cold gas (HI + H2) fractions that are reasonably

consistent with present constraints (Crain et al., 2017; Stevens et al., 2019).

In Chapter 3 I demonstrated that the residuals of the log10(MBH) − log10(M200) rela-

tion, ∆ log10MBH, correlate strongly, negatively and significantly with the residuals of

the fCGM − log10(M200) relation, ∆fCGM, in EAGLE, such that at fixed mass, haloes

with a more-massive central BH therefore tend to exhibit systematically-lower CGM

mass fractions. The sub-panels here confirm the impression given by inspection of the

colouring of symbols in the upper row, namely that this correlation is exhibited by both

simulations for M200 . 1013 M�. The Spearman rank correlation coefficient between

∆fCGM and ∆ log10MBH for haloes within a 0.1 dex window centred on M200 = 1012.5

M�, which I denote as ρ′, has a value of −0.75 for EAGLE and −0.61 for TNG, indi-

cating a strong correlation for ∼ L? galaxies, which are thought to be hosted by haloes

of approximately this mass (e.g. Moster et al., 2013).



The role of CGM expulsion in galaxy evolution 64

I also demonstrated in the previous Chapter that there is no analogous correlation for

the instantaneous present-day BH accretion rate, i.e. between ∆ log10 ṀBH and ∆fCGM,

in EAGLE2, a result that is reiterated by the lower-left panels of Fig. 4.1. However,

inspection of the lower-right panels reveals that this is not the case for TNG. Here, I find

a strong, positive correlation for haloes with mass in the range M200 ' 1011.7−12.7 M�,

which peaks at M200 ∼ 1012 M�, the halo mass at which the characteristic CGM mass

fraction declines abruptly in TNG. The peak value of the Spearman rank correlation

coefficient is particularly high, ρmax = 0.79, and the value at M200 = 1012.5 M� is

ρ′ = 0.43. The marked difference of the characteristic CGM mass fractions as a function

of halo mass, f̃CGM(M200) exhibited by the two simulations, and the dissimilarity of

the correlation of scatter about it with respect to the present-day accretion rate of the

central BH, signals significant differences in the means by which circumgalactic gas is

expelled from haloes, and the epoch at which the expulsion takes place. I explore the

origin of this dissimilarity further in Section 4.5.

I next turn to the connection between the CGM mass fraction of haloes and the prop-

erties of their central galaxies. Fig. 4.2 shows the same fCGM versus M200 relation for

EAGLE and TNG shown in Fig. 4.1, but here the symbols are coloured by residuals

of the LOWESS median relationship between (log10 of the) specific star formation rate

(sSFR) and halo mass in the upper row, and between that of the co-rotational stellar

kinetic energy fraction (κco) and halo mass in the panels of the lower row. To sup-

press noise in the sSFR, I average it over the preceding 300 Myr. I consider quenched

galaxies to be those with sSFR < 10−11 yr−1. The parameter κco denotes the fraction

of a galaxy’s stellar kinetic energy invested in co-rotation. Correa et al. (2017) showed

that EAGLE galaxies with κco above (below) a value of 0.4 are typically star-forming

discs (quenched ellipticals). I compute κco for galaxies in both EAGLE and TNG us-

ing the publicly-available routines of Thob et al. (2019), who also presented a detailed

characterisation of the morphology and kinematics of EAGLE galaxies.

It is apparent from inspection of Fig. 4.2 that, despite the significant differences in

f̃CGM(M200) for EAGLE and TNG, in both simulations gas-rich haloes preferentially

host galaxies that are both more actively star forming, and exhibit greater rotational

support. Inspection of the sub-panels confirms that ∆ log10(sSFR) correlates strongly,

positively and significantly with ∆fCGM for M200 . 1013 M� in both simulations, with

the correlation being strongest at M200 ' 1012.3 M� (ρmax = 0.85) in EAGLE and at

M200 ' 1012.2 M� (ρmax = 0.88) in TNG. The correlation coefficient of the relation

between ∆fCGM and ∆ log10(sSFR) for haloes within a 0.1 dex window centred on

M200 = 1012.5 M� has a value of ρ′ = 0.66 for EAGLE and 0.67 for TNG, indicating

2Since ṀBH can vary by orders of magnitude on short timescales (e.g. McAlpine et al., 2017), I re-
peated this analysis with the BH accretion rate time-averaged over 100 Myr, again finding no correlation.
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Figure 4.2: Present-day CGM mass fractions, fCGM ≡ MCGM/M200, of haloes in
EAGLE (left column) and TNG (right column) as a function of their mass, M200.
Fractions are normalised to the cosmic average baryon fraction, Ωb/Ω0. Black curves
denote running medians, f̃CGM(M200). Symbols are coloured by the residuals about the
running median, with respect to M200, of the specific star formation rate (sSFR; upper
row), and the fraction of stellar kinetic energy invested in co-rotation, (κco; lower row).
Below each panel, I show running values of the Spearman rank correlation coefficient,
ρ, of the ∆fCGM versus ∆ log10 sSFR and ∆fCGM versus ∆κco relations, and shade
regions where the correlation has low significance (p > 0.01). I quote the correlation
coefficients, ρ′, for haloes within a 0.1 dex window about M200 = 1012.5 M�. Green
curves correspond to the Spearman rank correlation coefficients recovered if one instead
measures fCGM within 0.3r200. Inset panels show the quenched fraction (upper row)
and the fraction with κco < 0.4 (lower row). Black curves correspond to all central
galaxies, and blue and red curves show the fractions for the subsets of galaxies with

CGM mass fractions greater than, or lower than, f̃CGM(M200), respectively.



The role of CGM expulsion in galaxy evolution 66

a particularly strong correlation for ∼ L? galaxies. The ∆fCGM versus ∆κco relation

is also strong and significant for ∼ L? galaxies, albeit for a narrower range in M200

than is the case for the ∆fCGM versus ∆ log10(sSFR) relation and, consistent with the

impression given by the symbol colouring, the correlation is weaker: I recover Spearman

rank correlation coefficients at M200 = 1012.5 M� of ρ′ = 0.49 (EAGLE) and ρ′ = 0.41

(TNG).

In order to obtain a sense of the connection between the CGM mass fraction on the one

hand, and the sSFR and κco of the galaxies in an absolute sense on the other hand, the

plots inset to the upper panels of Fig. 4.2 show the quenched (i.e. sSFR < 10−11 yr−1)

fraction as a function of M200, whilst those in the lower panels show the fraction with an

elliptical-like kinematic morphology, i.e. κco < 0.4. The curves are plotted over the same

mass range for which there is a LOWESS measurement, sampled by 10 bins of equal

size in ∆ log10M200. Black curves show the fractions considering all central galaxies,

whilst the blue and red curves show the fractions for the subset of galaxies with CGM

mass fractions that are greater than or less than f̃CGM(M200), respectively (where fCGM

is measured within r200). These plots show that for a given M200, in both simulations

central galaxies with low CGM mass fractions exhibit an elevated probability of being

quenched and of being weakly rotation supported. The converse is also true: central

galaxies with high CGM mass fractions exhibit an elevated probability of being actively

star forming, and of being strongly rotation supported.

I stress that the existence of correlations between both ∆fCGM and ∆SSFR on the

one hand, and ∆fCGM and ∆κco on the other, does not imply that both correlations

necessarily emerge as a direct response to the same physical mechanism (e.g. AGN

feedback). The connection between the evolution of galaxy colour and morphology in

EAGLE galaxies was recently explored by (Correa et al., 2019), who reported only a

weak connection. This suggests that the connection between the morphology of galaxies,

their star formation rate, and their CGM mass fraction is more complex.

4.4 The influence of feedback on the cooling time of cir-

cumgalactic gas

Having demonstrated a connection between the properties of central galaxies and their

CGM mass fractions in Section 4.3, I now turn to an examination of the effect of expulsive

feedback on the properties of the CGM. I term such feedback ‘expulsive’ because O20

showed that periods of rapid BH growth are immediately followed by a decline in fCGM

using high-cadence ‘snipshot’ outputs from the EAGLE simulations, hence the strongly
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negative ∆fCGM−∆ log10MBH correlation originates from the ejection of CGM gas be-

yond r200. However I note that feedback also heats and pressurises the remaining CGM,

potentially inhibiting the further accretion of gas from the IGM, or the re-accretion of

gas expelled by feedback (so-called ‘preventative feedback’).

I start by showing that present-day haloes (of fixed mass) with high (low) CGM frac-

tions have relatively short (long) CGM cooling times (Section 4.4.1), indicating that the

cooling time is elevated by the expulsion of circumgalactic gas. I then show that the

properties of the central galaxies of haloes correlate significantly with the CGM cooling

time (Section 4.4.2).

4.4.1 The effect of feedback on the CGM cooling time

In order to examine the influence of gas expulsion on the properties of the CGM, I isolate

haloes within a 0.1 dex window about M200 = 1012.5 M�, broadly the range for which

the correlations shown in Fig. 4.2 are strongest. This yields 114 haloes for EAGLE

and 111 for TNG. I rank the haloes according to their CGM mass fraction, fCGM, and

stack those in the upper and lower quartiles, respectively, to form CGM-rich and CGM-

poor samples for each simulation. The CGM-rich stacks are thus comprised of haloes

with fCGM > 0.36 (EAGLE) and fCGM > 0.33 (TNG), and the CGM-poor stacks are

comprised of haloes with fCGM < 0.21 (EAGLE) and fCGM < 0.17 (TNG). Fig. 4.3

shows the cumulative mass distribution functions (CDFs) of the radiative cooling times,

log10(tcool), of fluid elements comprising the stacks, i.e. MCGM(< tcool)/M
tot
CGM. Here

M tot
CGM is the total mass of CGM fluid elements in each stack, such that each distribution

asymptotes to unity. I normalise in this fashion to highlight differences in the relative

distributions of cooling times in each stack, rather than differences between their CGM

mass fractions. Blue and red curves correspond to the CGM-rich and CGM-poor stacks,

respectively, for EAGLE (solid curves) and TNG (dotted curves). Vertical lines denote

the median cooling time of each distribution.

The distributions are significantly different in EAGLE and TNG, with EAGLE haloes in

this mass window exhibiting proportionately less circumgalactic gas with cooling times

tcool . 0.1 Gyr than is the case for their counterparts in TNG. This difference is likely

a direct reflection of the different feedback implementations in the two simulations; I

explore this in more detail in Section 4.5. This difference notwithstanding, an aspect

common to both simulations is the paucity of gas with short cooling times in the CGM-

poor haloes relative to their gas-rich counterparts. In both simulations, the CGM-poor

haloes exhibit a relative paucity of efficiently-cooling gas with short-to-intermediate

cooling times. This is the gas that would otherwise cool onto the ISM and replenish the
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Figure 4.3: The cumulative distribution function of the radiative cooling times of fluid
elements comprising the CGM of present-day haloes within a 0.1 dex window about
M200 = 1012.5 M�, in EAGLE (solid curves) and TNG (dotted curves). In each case, the
haloes are ranked by their CGM mass fraction, fCGM, and those comprising the upper
and lower quartiles are stacked to form CGM-rich (blue curves) and CGM-poor (red
curves) samples. Vertical lines denote the median cooling time of each stack. Despite
the two simulations exhibiting significantly different CGM cooling time distributions
for haloes of this mass, an aspect in common is the relative paucity of rapidly-cooling

gas in the CGM-poor samples.
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Figure 4.4: Present-day characteristic CGM radiative cooling time, tCGM
cool , of haloes

in the EAGLE (left) and TNG (right) simulations, as a function of halo mass, M200.
The dotted line shows the present-day Hubble time, tH. Black curves denote running
medians, t̃CGM

cool (M200). Symbols are coloured by residuals about the running median of

the CGM mass fraction, f̃CGM(M200). The lower panels show the running Spearman
rank correlation coefficient, ρ, of the ∆ log10 t

CGM
cool versus ∆fCGM relation. Grey shading

denotes mass ranges where the correlation is not formally significant (p > 0.01). The
quantity ρ′ denotes the Spearman rank correlation coefficient for haloes within a 0.1
dex window about M200 = 1012.5 M�. These panels highlight a strong and significant
negative correlation over all masses sampled, such that haloes with low CGM mass

fractions have systematically-longer CGM cooling times.

interstellar gas that is consumed by star formation or expelled by feedback. The paucity

of efficiently-cooling gas is also highlighted by the significantly greater median tcool of

the CGM-poor haloes: in EAGLE, the median cooling time of the CGM-rich and CGM-

poor stacks is, respectively, 22 Gyr and 80 Gyr. The corresponding values for TNG are

3.6 Gyr and 62 Gyr. The differing cooling times of the gas-rich and gas-poor samples

stem almost entirely from their necessarily different characteristic CGM densities (since

Λ ∝ n2
H).

I next seek to establish whether this behaviour is general, i.e. whether the CGM cooling

time is elevated in response to the expulsion of circumgalactic gas in haloes of all masses

probed by my sample. I therefore show in Fig. 4.4 the CGM cooling times (defined as

per Eq. 4.1) as a function of M200, and colour the symbols by residuals about the median

CGM mass fraction, ∆fCGM/(Ωb/Ω0). The t̃CGM
cool (M200) relation is qualitatively similar

in both simulations; in both cases it is generally a monotonically-increasing function of

M200
3, but there are differences in detail that stem largely from the differences in the

3The CGM cooling time is a monotonic function of halo mass in TNG, despite the median CGM
mass fraction exhibiting a minimum at M200 ' 1012.5 M�. As shown by Nelson et al. (2018b), the CGM
associated with TNG galaxies below this mass scale is dominated by cool gas (T � 106 K), whilst that
of more-massive haloes is dominated by hotter gas. Since the cool gas is rapidly cooling and the hot gas
is quasi-hydrostatic, a monotonic relationship between CGM cooling time and halo mass still emerges.
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f̃CGM(M200) relation. As presaged by the CDFs presented in Fig. 4.3, the characteristic

CGM cooling time of present-day low-mass haloes is longer in EAGLE than in TNG: for

the lowest-mass haloes in my sample, M200 = 1011.5 M�, t̃CGM
cool ' 1 Gyr in EAGLE and

' 0.13 Gyr in TNG, and at M200 = 1012.5 M� the difference is greater still, t̃CGM
cool ' 4 Gyr

in EAGLE and ' 1.5 Gyr in TNG. The CGM cooling time becomes similar to the

Hubble time for haloes of M200 ' 1013 M� in EAGLE, whilst in TNG this threshold is

reached at M200 ' 1013.8 M�. As is clear from the symbol colouring, the particularly

significant differences between the two simulations in low-mass haloes, whilst partly

influenced by the structure and metallicity of the CGM, largely reflect differences in

their CGM mass fractions. The latter are themselves a consequence of the different

feedback implementations of the two simulations, which I return to in Section 4.5.

In both simulations, scatter about the t̃CGM
cool (M200) relation correlates strongly and

negatively with the CGM gas fraction, fCGM, over a wide range in halo mass. The

∆ log10 t
CGM
cool versus ∆fCGM relation is particularly strong over the halo mass range cor-

responding to the abrupt decline of fCGM in TNG, and at M200 ' 1012.5 M� I recover

ρ′ = −0.68 for EAGLE and ρ′ = −0.84 for TNG. The expulsion of a greater mass

fraction of the CGM by feedback therefore unambiguously leads to an elevation of its

cooling time in both simulations.

It is tempting to infer from comparison of the tcool CDFs of the CGM-rich and CGM-poor

populations shown in Fig. 4.3 that feedback processes preferentially eject circumgalactic

gas with short cooling times. I note however that even in the case of CGM expulsion

being agnostic to cooling time, the median cooling time of the remaining gas would

increase in response to its reconfiguration at a lower density. An explicit demonstra-

tion that feedback preferentially expels rapidly-cooling gas would require the detailed

tracking of fluid elements with high temporal resolution, which is beyond the scope of

this study. Nonetheless, I posit that this is a plausible scenario, and note that it bears

similarities to that advanced by McCarthy et al. (2011), who showed that the entropy

excess of the IGrM associated with galaxy groups in the OWLS simulations (Schaye

et al., 2010) is not primarily a consequence of heating of the observable IGrM, but

rather the preferential expulsion of low-entropy intragroup gas (mostly from the pro-

genitors of the present-day halo) by AGN feedback. The use of entropy as a diagnostic

quantity is commonplace in the study of the IGrM and ICM, particularly by the X-ray

astronomy community (e.g. Voit et al., 2003, 2005), but it is not so widely used by the

galaxy formation community (though see e.g. Crain et al., 2010). For my purposes here

it suffices to note that the cooling time and entropy of the CGM are very strongly and

positively correlated: the Spearman rank correlation coefficient of the residuals about

the t̃CGM
cool (M200) and S̃(M200) relations at M200 = 1012.5 M� are ρ′ = 0.71 in EAGLE

and ρ′ = 0.91 in TNG. Here, S = T/n
2/3
e , where ne is the electron number density.
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Figure 4.5: Present-day specific star formation rates (sSFR; upper row) and frac-
tions of stellar kinetic energy invested in co-rotation (κco; lower row), of the central
galaxies of haloes in the EAGLE (left) and TNG (right) simulations, as a function of
halo mass, M200. Black curves denote running medians, ˜sSFR(M200) and κ̃co(M200).
Symbols are coloured by residuals about the running median of the characteristic CGM
radiative cooling time, t̃cool(M200). Below each panel I show the running values of the
Spearman rank correlation coefficient, ρ, of the ∆ log10 sSFR versus ∆ log10 tcool (upper
row) and ∆κco versus ∆ log10 tcool (lower row) relations, which are shaded where the
correlation has low significance (p > 0.01). The quantity ρ′ denotes the Spearman rank
correlation coefficient for haloes within a 0.1 dex window about M200 = 1012.5 M�. All
four panels exhibit negative correlations that are significant in particular halo mass
regimes, with the ∆ log10 sSFR versus ∆ log10 tcool correlation being particularly strong

at intermediate mass.

This quantity is related to the specific thermodynamic entropy, s, via s ∝ lnS and is

therefore also conserved by adiabatic processes.

4.4.2 Quenching and morphological evolution in response to elevation

of the CGM cooling time

The depletion of efficiently-cooling circumgalactic gas by feedback processes provides a

potential explanation for the origin of the correlations shown in Fig. 4.2, which connect

the properties of central galaxies to their CGM mass fraction. I therefore turn to an

examination of the relations between the sSFR and kinematic morphology of galaxies,

and the characteristic cooling time of their CGM. The upper row of Fig. 4.5 shows the
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log10 sSFR(M200) relation of central galaxies for EAGLE (left) and TNG (right). For

clarity, galaxies with log10 sSFR [yr−1] < −13 are randomly and uniformly assigned a

value in the range [−13.5, 13]. The black curve denotes the running median of log10 sSFR

as a function of M200. Symbols are coloured by the residuals of the relationship between

the (log10 of the) CGM radiative cooling time, t̃CGM
cool (M200).

The central galaxies hosted by low-mass haloes (M200 . 1012 M�) in both simulations

exhibit log10 sSFR [yr−1] ' −10. In EAGLE, the characteristic sSFR of central galaxies

hosted by more massive haloes declines gradually, reaching log10 sSFR [yr−1] ' −11 for

M200 ∼ 1014 M�, whilst in TNG there is a steep and sudden decline to a minimum of

log10 sSFR [yr−1] ' −12 at M200 ∼ 1012.5 M�, followed by a mild increase up to haloes

of M200 ' 1014 M�. Despite these significant differences, in both simulations there is

a significant and negative ∆ log10 sSFR versus ∆ log10 t
CGM
cool relation of similar strength

(ρ′ = −0.71 in EAGLE, ρ′ = −0.69 in TNG), such that low sSFRs are associated with

long CGM cooling times. In EAGLE this correlation is strong and significant for all

haloes examined, whilst in TNG the correlation appears abruptly at M200 ' 1012 M�,

coincident with the sharp decline in the sSFR. The cessation of star formation in central

galaxies in concert with the expulsion of efficiently-cooling circumgalactic gas is therefore

common to both simulations.

The lower row of Fig. 4.5 shows the κco(M200) relation of central galaxies, with symbols

again coloured by ∆ log10 t
CGM
cool . The two simulations exhibit qualitatively similar trends,

with the characteristic rotational support peaking in the central galaxies hosted by

haloes with M200 ' 1012 M� (see also Clauwens et al., 2018), with peak median values

of κco ' 0.4 in EAGLE and κco ' 0.45 in TNG. In both cases there is a significant

and negative ∆κco versus ∆ log10 t
CGM
cool correlation, such that low rotation support in

central galaxies is associated with long CGM cooling times. The expulsion of rapidly-

cooling circumgalactic gas is therefore also implicated in the morphological evolution of

the broader population of central galaxies in both simulations.

Consistent with the trends with ∆fCGM shown in Fig. 4.2, the sSFR is more strongly

correlated with the CGM cooling time than κco is; I recover ρ′ = −0.39 (EAGLE) and

ρ′ = −0.37 (TNG) for ∆κco versus ∆ log10 t
CGM
cool . This finding is consistent with the

conclusions of Correa et al. (2019), who identified only a weak connection between the

evolution of colour and morphology in EAGLE galaxies. However, whilst the feedback-

driven expulsion of circumgalactic gas is unlikely to influence the morphological evolution

of central galaxies directly, a causal physical link between them is nevertheless plausible.

It is well-established from numerical simulations that the presence of (cold) gas during

mergers stabilises galaxy discs against transformation into spheroids, and enables the re-

growth of disrupted discs (see e.g. Robertson et al., 2006; Hopkins et al., 2009; Font et al.,
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2017). Since the expulsion of the efficiently-cooling component of the CGM suppresses

the replenishment of cold interstellar gas in discs, this mechanism likely boosts the

susceptibility of disc disruption via gravitational instability and mergers and inhibits

the regrowth of a disc component in quenched galaxies, thus facilitating morphological

evolution and yielding the positive correlation between ∆fCGM and ∆κco.

4.5 The origin of the diversity in CGM mass fractions at

fixed halo mass

I now turn to an examination of why there is significant diversity in the CGM mass

fractions of present-day haloes at fixed mass in both simulations. As discussed in Sec-

tion 4.3 and shown in Fig. 4.1, EAGLE and TNG exhibit similar relations between the

scatter about fCGM(M200) and MBH(M200) at z = 0, but markedly different relations

between the scatter about fCGM(M200) and ṀBH(M200). Given that both simulations

were calibrated to reproduce key stellar properties of the galaxy population (and also

some properties of the intragroup/intracluster gas in the case of TNG), this is a sig-

nificant outcome, because it illustrates that reproduction of the calibration diagnostics

does not isolate a truly unique ‘solution’ to the implementation of feedback processes in

galaxy formation models.

In Chapter 3 I showed that, in EAGLE, the scatter in fCGM at fixed M200 correlates

strongly and negatively with the mass of the halo’s central BH. Their interpretation was

that scatter in the binding energy of haloes (at fixed M200) drives scatter in the mass

of the central BH (see also Booth & Schaye, 2010, 2011). Haloes with more tightly-

bound centres therefore foster the growth of more massive central BHs4, injecting more

feedback energy into the CGM and thus lowering their CGM mass fraction. In a follow-

up study, O20 showed that scatter in fCGM correlates with the ratio of the cumulative

BH feedback energy injected throughout the formation history of the galaxy, EAGN, to

the binding energy of the baryons in its halo, Eb
bind. Moreover, they showed that this

ratio is an effective means of separating red, quenched galaxies from blue, star-forming

galaxies in EAGLE. Here I seek to test these conclusions more forensically, and establish

a sense of their generality.

Fig. 4.6 shows the fCGM(M200) relation of present-day haloes, in both EAGLE (left) and

TNG (right). In the upper row, symbols coloured by the residuals about the running me-

dian, with respect to M200, of the quantity V max
DMO/V

200
DMO, where V max

DMO is the maximum of

the radial circular velocity profile, Vc(r) = [GM(< r)/r]1/2, of the halo’s counterpart in

4The same interpretation applies to lower-mass haloes if I replace MBH with M? (Matthee et al.,
2017).
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Figure 4.6: Present-day CGM mass fraction, fCGM ≡ MCGM/M200, of haloes in
the EAGLE (left) and TNG (right) simulations, as a function of halo mass, M200.
Fractions are normalised to the cosmic average baryon fraction, Ωb/Ω0. Black lines
correspond to running medians, f̃CGM(M200). In the upper row, symbols are coloured
by residuals about the running median of the quantity V max

DMO/V
200
DMO, which is a proxy for

the concentration, formation time and binding energy of haloes of fixed mass (see text
for details). In the lower row, they are coloured by residuals about the running median
of the quantity log10EFB/E

b
bind, where EFB is the total feedback energy liberated by

the galaxy and its progenitors, and Eb
bind is the binding energy of the halo’s baryons.

Sub-panels show with black curves the running values of the Spearman rank correlation
coefficient of the relations between residuals about the plotted running medians, and the
colour-coded quantity. These are shaded where the correlation has low significance (p >
0.01). For the lower row I also show the running Spearman rank correlation coefficient
if one considers the individual contributions to EFB from star formation and AGN, i.e.
for EAGLE ESF (blue) and EAGN (red) and for TNG ESF (blue), EAGN,thm (grey)
and EAGN,kin (red). The quantity ρ′′ is the equivalent of ρ′ = ρ(M200 = 1012.5 M�)
but considering only the main expulsive feedback mode in each simulation, i.e. AGN

feedback in EAGLE and kinetic AGN feedback in TNG.
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the respective DMONLY simulation5 (DMONLY-L100N1504 for EAGLE and TNG100-

Dark for TNG), and V 200
DMO is the counterpart’s virial circular velocity, Vc(r = r200). The

quantity V max
DMO/V

200
DMO is a simple and direct proxy for the intrinsic halo concentration,

and hence correlates strongly and positively with the halo binding energy6 and forma-

tion time (e.g. Navarro et al., 2004). This test reveals that there is a negative correlation

between this proxy for the concentration of haloes, and their CGM mass fraction. The

correlation is significant over a wide range in halo mass (M200 . 1012.8 M�) for both

simulations, though the strength of the correlation is weaker in EAGLE than in TNG,

with Spearman rank correlation coefficients of ρ′ = −0.31 (EAGLE) and ρ′ = −0.63

(TNG) at M200 = 1012.5 M�. My earlier finding that the early collapse of haloes (of

fixed present-day mass) results in the expulsion of a greater fraction of their baryons

therefore applies not only to EAGLE, but also (and more strongly) to TNG.

In the lower row of Fig. 4.6, the symbols are coloured by the residuals about the running

median of the cumulative energy injected by feedback relative to the CGM binding

energy, log10(EFB/E
b
bind), where EFB = ESF + EAGN. Recall that for TNG the latter

term has contributions from the thermal and kinetic modes, which have differing subgrid

efficiencies, fAGN,thm and fAGN,kin. I equate Eb
bind to the intrinsic binding energy of

the halo (i.e. that of the halo’s counterpart in the matched collisionless simulation),

normalised by the cosmic baryon fraction, Eb
bind = (Ωb/Ω0)E200

DMO, where the superscript

denotes that I consider the binding energy of the halo within r200. I compute E200
DMO by

summing the binding energies of all particles within this radius, and thus self-consistently

account for variations in halo structure at fixed mass.

Previous studies have shown that, in both simulations, it is AGN feedback that dom-

inates the expulsion of gas from (massive) haloes (Bower et al., 2017; Nelson et al.,

2018b), and this conclusion is not specific to EAGLE and TNG (see e.g. Tremmel et al.,

2017). In sub-panels of the lower row, therefore, I also show the running Spearman rank

correlation coefficient that one recovers if considering the individual contributions to

EFB from star formation and the growth of BHs, i.e. for EAGLE ESF (blue) and EAGN

(red) and for TNG ESF (blue), EAGN,thm (grey) and EAGN,kin (red). The quantity ρ′′

is the equivalent of ρ′ but considering only the main expulsive feedback mode in each

simulation, i.e. AGN feedback in EAGLE and kinetic AGN feedback in TNG.

5I use ‘intrinsic’ measurements from the DMONLY simulation, because the expulsion of baryons from
haloes in the simulations including baryon physics can induce systematic changes of their properties (e.g.
the central binding energy or concentration) of a magnitude comparable to the intrinsic scatter. This
can mask genuine underlying correlations between the properties of the haloes, and those of their central
galaxies and the CGM.

6V max
DMO/V

200
DMO correlates strongly and positively with the intrinsic binding energy of haloes used in

Chapter 3, EDMO, over the full range of halo masses I explore in both simulations (ρ > 0.88).
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These panels reveal both similarities and differences between the simulations. At first

glance, it appears that the origin of diversity in fCGM(M200) is different in the two

simulations. As previously reported by O20, in EAGLE there is a strong, negative

correlation between ∆fCGM and ∆ log10(EFB/E
b
bind), over a wide range in halo mass

(M200 . 1013 M�), with a Spearman rank correlation coefficient of ρ′ = −0.50 at M200 =

1012.5 M�. I recover an even stronger correlation when considering only the contribution

to EFB from AGN feedback, with ρ′′ = −0.69, indicating that the overall correlation is

driven primarily by AGN feedback. In TNG, there is no significant correlation between

∆fCGM and ∆ log10(EFB/E
b
bind) for M200 & 1012 M�. However, I do recover a strong,

negative correlation between these quantities, over a wide halo mass range (M200 .

1013 M�), if I consider only the contribution to EFB from the kinetic mode of AGN

feedback. In this case, the Spearman rank correlation coefficient is ρ′′ = −0.55 at

M200 = 1012.5 M�. This marked difference between the overall trend and that for only

kinetic AGN indicates that for TNG haloes with M200 & 1012 M�, fCGM is governed

almost exclusively by kinetic AGN feedback, despite this mode not dominating the

overall feedback energy budget. In both simulations then, it appears that the diversity

in fCGM(M200) is driven primarily by halo-to-halo differences in the energy ‘budget’ of

feedback that effectively couples to the gas (i.e. AGN feedback in EAGLE and kinetic

AGN feedback in TNG), relative to the binding energy of the halo baryons.

I examine the energetics of feedback in greater detail in Fig. 4.7, which shows EFB/E
b
bind

as a function of M200 for EAGLE (left) and TNG (right). Black curves show running

medians. I also show the running median contributions from the individual energy in-

jection mechanisms as secondary lines, i.e. for EAGLE SF feedback (blue) and AGN

feedback (red), and for TNG SF feedback (blue), kinetic AGN feedback (red) and ther-

mal AGN feedback (grey). I stress that EFB, being a cumulative measure of energy

injection throughout the formation and assembly of the galaxy, need not closely reflect

the dominant energy injection mechanism at the present day.

The functional form of the overall relationship is broadly similar in both simulations, but

there are differences. In EAGLE, galaxies hosted by haloes M200 . 1012.5 M� typically

inject EFB ' 5Eb
bind over their lifetime. For haloes M200 . 1012 M�, this energy is

dominated by the contribution of stellar feedback injected throughout the formation

and assembly of the central galaxy’s main progenitor. In more massive haloes, the ratio

declines gradually and monotonically, such that the ratio approaches unity for haloes of

M200 ∼ 1013.5 M�. For haloes M200 & 1012.7 M�, the energy injected over the lifetime

of the galaxy by AGN feedback dominates marginally over that from SF feedback. I

note that, since the growth of massive galaxies is dominated by mergers rather than

in-situ star formation (e.g. Qu et al., 2017), the latter was primarily injected prior to

the central galaxy becoming massive. As noted in Section 4.2.3, my calculation of EAGN
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Figure 4.7: Present-day ratio of the total energy injected by feedback processes to
the binding energy of halo baryons, EFB/E

b
bind, as a function of M200. Black lines cor-

respond to the running median of this quantity considering all contributions to EFB,
blue lines correspond to the contribution from stellar feedback. Red lines correspond
to the running median of AGN feedback in EAGLE and kinetic-mode AGN feedback in
TNG, and grey lines correspond to thermal mode AGN feedback in TNG. Symbols are
coloured by residuals about the running median of the quantity V max

DMO/V
200
DMO which is a

proxy for the concentration, and inner binding energy, of the halo (see text for details).
Sub-panels show with black curves the running values of the Spearman rank correlation
coefficient of the relations between residuals about the plotted running medians, and
that denoted by the colouring. These are shaded where the correlation has low signifi-
cance (p > 0.01). I also show the running Spearman rank correlation coefficient if one
considers the individual contributions to EFB, i.e. for EAGLE ESF (blue) and EAGN

(red) and for TNG ESF (blue), EAGN,thm (grey) and EAGN,kin (red). The quantity ρ′′

is the equivalent of ρ′ = ρ(M200 = 1012.5 M�) but considering only the main expulsive
feedback mode in each simulation, i.e. AGN feedback in EAGLE and kinetic-mode

AGN feedback in TNG.

for EAGLE haloes includes the contribution of seed mass BHs to the mass of the central

BH; in haloes of mass M200 � 1012 M�, these contributions may dominate (see e.g.

Bower et al., 2017) and hence in this regime EAGN should be considered an upper limit.

The decline of EFB/E
b
bind towards greater halo masses reflects the decreasing ‘ability’ of

feedback mechanisms to unbind a large fraction of the baryons associated with group-

and cluster-scale haloes. However, I remark that the regulation of the growth of the

central galaxies hosted by these haloes does not require the majority of the IGrM/ICM

to become unbound since, as is clear from Fig. 4.4, the majority of this gas has a cooling

time significantly longer than the present-day Hubble time.

In TNG, galaxies hosted by haloes of M200 . 1012 M� typically inject EFB ' 50Eb
bind

over their lifetime, i.e. an order of magnitude more than for EAGLE, the majority of

which is contributed by the thermal AGN mode. The ratio declines gradually and mono-

tonically towards greater halo masses, reaching unity for the central galaxies hosted by

haloes of M200 ∼ 1014 M�. For all haloes examined, the thermal AGN mode dominates
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the injection of feedback energy over the lifetime of the galaxy. However, as shown by

the significantly stronger correlation (at fixed mass) of the gas fraction with EAGN,kin

than with EFB (see Fig. 4.6), it is the kinetic AGN mode that governs the CGM gas frac-

tion. Weinberger et al. (2018, see also Henden et al. 2018), notes that the thermal dump

implementation of AGN feedback in TNG leads to the injected energy being distributed

over a relatively large mass of gas, producing only a small heating increment. Such small

increments often lead to numerical losses, as the heated gas radiates the injected energy

on a timescale shorter than a sound crossing time across a resolution element (Dalla

Vecchia & Schaye, 2012). It is therefore plausible that, despite the thermal AGN mode

being the dominant channel by which energy is injected into haloes in TNG, numerical

losses result in this mode having little impact on the evolution of the CGM. In contrast,

the pulsed kinetic AGN mode imposes a minimum injection energy per feedback event

to ensure that individual injection events are numerically, as well as physically, efficient.

In this sense, this scheme is similar to the stochastic thermal heating method of Booth

& Schaye (2009), used by the OWLS and EAGLE simulations to overcome numerical

losses.

The use of a calibrated7 pivot mass in the expression that governs the transition of

AGN feedback from thermal to kinetic mode in TNG (see Section 2.5.4 in Chapter 2)

effectively imprints a mass scale at which expulsive feedback becomes efficient. This is

clear from inspection of the red curve in the right-hand panel of Fig. 4.7, which shows a

sharp transition in the energetics of kinetic-mode AGN feedback for present-day haloes

in the mass range M200 = 1012−12.5 M�. This mass scale corresponds closely to that for

which the CGM mass fraction reaches a minimum in TNG, and is likely the cause of

the significantly greater diversity of fCGM at this mass scale in TNG than in EAGLE.

The contribution of kinetic-mode AGN feedback becomes greater than that of stellar

feedback at M200 ' 1012.3 M�, and for more massive haloes it dominates strongly over

stellar feedback, with EAGN,kin ' 4.4ESF at M200 = 1014 M�. At this mass scale,

EAGN,thm ' 2.5EAGN,kin, but I reiterate that the thermal injection took place prior

to the central galaxy’s BH (and hence the galaxy itself) becoming massive, and that

thermal mode AGN feedback appears to be numerically inefficient in TNG. I remark

that the sum of the energies injected by stellar and kinetic AGN in TNG is comparable

to the total energy injected into EAGLE haloes, making it likely that the energy injected

by these efficient mechanisms is a reasonable estimate of the energy required to regulate

galaxy growth to the observed level.

7The AGN feedback model in EAGLE also includes a parameter, Cvisc, which modulates the BH
accretion rate. Although this parameter was calibrated (see Crain et al., 2015), it does not influence the
(subgrid) AGN feedback efficiency and, as shown by Bower et al. (2017), its value has little bearing on
when galaxies quench.
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Symbols in Fig. 4.7 are coloured by the residuals about the running median, with respect

to M200, of V max
DMO/V

200
DMO. In sub-panels, I show the running Spearman rank correlation

coefficients for the relations between the residuals about the medians of EFB/E
b
bind and

V max
DMO/V

200
DMO. As per Fig. 4.6, I show values for the total energy injected (black) and

also those recovered for the individual feedback mechanisms, i.e. for EAGLE ESF (blue)

and EAGN (red) and for TNG ESF (blue), EAGN,thm (grey) and EAGN,kin (red). The

quantity ρ′′ is again the equivalent of ρ′ but considering only AGN feedback in EAGLE

and only kinetic AGN feedback in TNG.

The curves in the sub-panels highlight revealing differences between the simulations.

In EAGLE, residuals about the median of EFB/E
b
bind as a function of M200 correlate

significantly with those about the median of V max
DMO/V

200
DMO for, effectively, haloes of all

masses. The Spearman rank correlation coefficient at M200 = 1012.5 M� is ρ′ = 0.44.

The trend is dominated by SF feedback at low halo masses, and by AGN feedback for

M200 & 1012.3 M�, such that in this case the Spearman rank correlation coefficient at

M200 = 1012.5 M� is ρ′′ = 0.46. The behaviour is markedly different in TNG. There is

a positive overall correlation for M200 . 1012 M�, but at higher masses the EFB/E
b
bind

ratio is effectively independent of V max
DMO/V

200
DMO. However, if one again focuses only

on the expulsive kinetic AGN feedback, a positive correlation similar to that seen in

EAGLE is recovered, with Spearman rank correlation coefficient at M200 = 1012.5 M�

of ρ′′ = 0.27. Massive haloes that are more tightly-bound than is typical for their mass

therefore appear to foster the formation of central BHs that are slightly more massive

than is typical, resulting in the injection of more energy from the efficient feedback

mechanisms in both EAGLE and TNG. I stress that this fact alone does not guarantee

that such haloes will foster a higher EFB/E
b
bind ratio at fixed M200, since it is necessary to

inject more feedback energy in such haloes simply to offset their higher binding energy.

However, my findings indicate that BH growth in tightly-bound haloes results in the

‘overshoot’ of EFB relative to Eb
bind.

I speculate that the cause of this overshoot differs in the two simulations. Since EAGLE

adopts a fixed subgrid efficiency for AGN feedback (fAGN = 0.015), the energy injection

rate is simply proportional to the BH accretion rate, i.e. ĖAGN ∝ ṀBH, where the

latter is the minimum of the Bondi-Hoyle (∝ M2
BH) and Eddington (∝ MBH) rates.

Early growth of the BH therefore enables it to reach higher accretion rates, and hence

higher AGN energy injection rates, sooner. The expulsion of circumgalactic gas in

EAGLE therefore occurs at z ∼ 1 − 3 when BH accretion rates peak, resulting in the

absence of a strong correlation between CGM gas fractions and the BH accretion rate

at z = 0 (Fig. 4.1, bottom-left). In TNG, early growth of the BH enables it to reach

the calibrated ‘pivot’ mass scale, at which AGN feedback switches from the numerically

inefficient thermal mode, to the efficient kinetic mode, sooner. CGM expulsion in TNG
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is thus driven by high efficiency, low accretion rate kinetic-mode AGN feedback at later

epochs, imprinting a strong, positive present-day ∆fCGM versus ∆ṀBH relation (Fig. 4.1,

bottom-right). I note that not all of the ‘additional’ energy is likely to be used to expel

gas from the halo, because the characteristic density of circumgalactic gas is greater at

high redshift (nH ∝ (1 + z)3), thus influencing the cooling rate (Λ ∝ n2
H ∝ (1 + z)6), and

hence the cooling time (tcool ∝ (1+z)−3) of gas. Feedback energy injected at early times

is therefore likely to be more strongly influenced by physical radiative losses. However,

as is clear from Figs. 4.6 and 4.7, the early growth of BHs in tightly-bound haloes at

fixed mass results in the expulsion of a greater CGM mass fraction in both simulations.

4.6 Summary and Discussion

I have investigated the connection between the properties of the circumgalactic medium

(CGM) and the quenching and morphological evolution of galaxies in two state-of-the-

art cosmological hydrodynamical simulations of the galaxy population. This study was

motivated by the discovery in the EAGLE simulations of several strong correlations

linking the properties of the CGM mass fraction, fCGM, of dark matter haloes of fixed

present-day halo mass with the properties of the central galaxy and its central BH,

and the intrinsic properties of the halo itself, presented in Chapter 3 of this thesis and

in Oppenheimer et al. (2020, O20). These correlations are indicative of an important

physical role for the CGM in quenching galaxy growth and potentially also in mediating

their morphological evolution.

My results are based on analyses of the EAGLE (Ref-L100N1504) and IllustrisTNG

(TNG-100) simulations, both of which follow a periodic comoving cubic volume of side

length ∼ 100 cMpc, with gravitational force softening scales of ∼ 1 pkpc and bary-

onic mass resolution ∼ 106 M�. They offer sufficiently large samples of well-resolved

galaxy+CGM systems to allow the examination of correlations in properties at fixed

halo mass. The ill-constrained parameters governing the efficiency of feedback mecha-

nisms in both simulations were calibrated to ensure the reproduction of key present-day

galaxy properties (the gas mass fractions of group-scale haloes were also considered dur-

ing the calibration of TNG). Both simulations have been shown to reproduce a diverse

range of galaxy properties, at the present-day and earlier times, that were not considered

during the calibration.

The simulations are therefore similar in aims and scope, but they differ significantly in

many aspects of their implementation. They adopt markedly different hydrodynamics

solvers, and the subgrid treatments governing a number of unresolved physical processes
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in the simulations, most notably feedback, are implemented in very different ways. Com-

parison of the relationships between the properties of galaxies, the CGM and the dark

matter haloes that emerge from EAGLE and TNG therefore offers a meaningful and

revealing test of the degree to which there is consensus between state-of-the-art simula-

tions, in a regime for which their outcomes were not calibrated.

My findings can be summarised as follows:

1. The relation between the present-day CGM mass fraction of dark matter haloes,

fCGM, and their mass, M200, differs significantly in the EAGLE and TNG simu-

lations. Low-mass haloes (M200 = 1011.5 M�) are typically gas-poor in EAGLE

(fCGM < 0.2), whilst they are relatively gas-rich in TNG (fCGM ' 0.55). The

CGM mass fraction is a monotonically-increasing function of halo mass in EA-

GLE, reaching fCGM ' 0.3 at M200 = 1012.5 M� and then steepening to asymp-

tote to fCGM ' 0.9 for M200 & 1013.7 M�. In contrast, the relation in TNG

initially declines with increasing halo mass, reaching a minimum of fCGM ' 0.25

at M200 ' 1012.5 M�, before reverting to a monotonically-increasing function of

halo mass that reaches fCGM ' 0.8 for M200 & 1014 M� (Fig. 4.1).

2. There is significantly greater scatter about the present-day median fCGM for rela-

tively low-mass haloes in TNG than in EAGLE. This scatter is particularly strong

in the host haloes of ∼ L? galaxies in TNG, corresponding to the mass scale for

which AGN feedback becomes injected primarily in the kinetic mode. For haloes

of M200 ' 1012−12.5 M� the 10th − 90th percentile ranges are 0.15 (EAGLE) and

0.37 (TNG) (Fig. 4.1).

3. In both simulations, this scatter about the present-day median fCGM correlates

strongly, negatively and significantly with scatter in the mass of the halo’s central

BH, MBH. Haloes of fixed mass whose central galaxy has a more massive BH

than is typical therefore exhibit systematically lower CGM mass fractions. In

EAGLE, scatter about the median fCGM is uncorrelated with the present-day

accretion rate of the central BH, and hence with AGN luminosity, but in TNG these

quantities are predicted to be strongly and positively correlated, particularly so

at the halo mass at which the characteristic CGM mass fraction declines abruptly

(M200 ' 1012 M�), such that BHs hosted by CGM-rich haloes are accreting rapidly

at z = 0. This indicates dissimilarity in the means by which circumgalactic gas is

expelled in the two simulations, and the epoch at which it occurs (Fig. 4.1).

4. In both simulations, scatter about the median fCGM correlates strongly, positively

and significantly with scatter in the central galaxy’s specific star formation rate

(sSFR), and with the fraction of its stellar kinetic energy invested in co-rotation,
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κco. Galaxies with higher-than-typical CGM mass fractions have an elevated prob-

ability of being star-forming (sSFR > 10−11 yr−1) and having strong rotational

support (κco > 0.4), whilst galaxies with lower-than-typical CGM mass fractions

have an elevated probability of being quenched and having low rotational sup-

port. These correlations are indicative of a causal connection between the internal

properties of central galaxies and the state of their CGM (Fig. 4.2).

5. The circumgalactic gas associated with central ∼ L? galaxies has significantly

different radiative cooling time distributions in EAGLE and TNG, with haloes in

the latter exhibiting more gas with cooling times tcool . 0.1 Gyr. Nonetheless,

in both cases comparison of present-day haloes with high and low CGM mass

fractions highlights that the latter have elevated characteristic cooling timescales

as a consequence of expulsion of efficiently-cooling gas (Fig. 4.3).

6. The relation between the characteristic cooling time of the CGM at the present

day, tCGM
cool , and halo mass, M200, is qualitatively similar in the two simulations,

but with differences in detail that stem largely from differences in their respective

fCGM(M200) relations. In both cases tCGM
cool is a monotonically-increasing function

of M200, but for haloes of M200 = 1011.5 M�, tCGM
cool ' 1 Gyr in EAGLE and '

0.13 Gyr in TNG, reflecting the higher fCGM of low-mass haloes in the latter. The

CGM cooling time becomes similar to the Hubble time in present-day haloes of

M200 & 1013 M� in EAGLE, and M200 & 1013.8 M� in TNG. (Fig. 4.4).

7. Scatter about the median tCGM
cool (M200) correlates strongly and negatively with

scatter about the median CGM gas fraction, fCGM(M200), in both simulations.

Therefore, the elevation of the CGM cooling time in response to the expulsion

of circumgalactic gas, shown in Fig. 4.3 for ∼ L? galaxies, is a mechanism that

applies to haloes of all masses explored here (Fig. 4.4).

8. In both simulations, scatter about the running medians (as a function of M200)

of both the sSFR and κco of central galaxies correlates negatively with scatter in

tCGM
cool (M200), i.e., central galaxies in haloes with shorter cooling times tend to have

higher sSFRs and greater rotational support. This suggests that the long-term

evolution of both of these quantities is linked to the expulsion from the CGM of gas

that would otherwise cool and replenish interstellar gas. The correlation is stronger

for the sSFR than for κco, likely reflecting that the physical connection between

CGM expulsion and morphological evolution is indirect. It is plausible that CGM

expulsion facilitates morphological evolution by suppressing the replenishment of

the ISM, making discs more susceptible to disruption by mergers and gravitational

instability, and by inhibiting the regrowth of a disc component in quenched galaxies

(Fig. 4.5).
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9. In both simulations, scatter about the running median of fCGM(M200) correlates

strongly and negatively with the ratio V max
DMO/V

200
DMO, for M200 . 1012.8 M�. Here,

V max is the maximum of the halo’s circular velocity profile, V 200 is the circular

velocity at the virial radius, and the DMO subscript denotes that the measurement

applies to the halo’s counterpart identified in a simulation with identical initial

conditions but considering only collisionless dynamics. This ratio is a proxy for

the halo concentration and thus correlates strongly with the halo formation time

(Fig. 4.6).

10. In EAGLE, scatter about the median fCGM(M200) correlates negatively with scat-

ter about the median of the ratio EFB/E
b
bind(M200). Here EFB is the total energy

injected into the halo by feedback from the central galaxy and its progenitors, and

Eb
bind is the binding energy of the halo’s baryons. For haloes of M200 & 1012 M�

the overall relation is driven by energy injection from AGN feedback. In TNG,

these quantities do not correlate, but this is a consequence of the feedback energy

budget being dominated by thermal mode AGN feedback, which suffers from nu-

merical overcooling in TNG. If one considers only the contribution to EFB from

the efficient kinetic AGN mode, a negative correlation is recovered, similar to that

in EAGLE. In both simulations, diversity in fCGM is therefore driven primarily

by variations in the energy injected by efficient feedback processes, relative to the

binding energy of the halo’s baryons (Fig. 4.6).

11. The functional form of the relationship between EFB/E
b
bind and M200 is broadly

similar in the two simulations, but there are differences. In EAGLE, galaxies

hosted by haloes M200 . 1012.5 M� typically inject EFB ' 5Eb
bind, and for haloes

M200 . 1012.0 M�, the energy is dominated by feedback from star formation (SF).

In more massive haloes, the ratio declines gradually and monotonically, approach-

ing unity for haloes of M200 ' 1013.5 M�. For haloes of M200 & 1013 M�, AGN

feedback marginally contributes more to the cumulative energy budget than SF

feedback. In TNG, haloes with M200 . 1012 M� typically inject EFB & 50Eb
bind,

i.e. an order of magnitude more than for EAGLE, and for more massive haloes

this declines monotonically, reaching EFB ' Eb
bind at M200 = 1014 M�. For all

M200, thermal mode AGN feedback dominates the energy budget. Kinetic-mode

AGN becomes important abruptly in haloes M200 ' 1012.3 M�, and dominates

strongly over SF feedback in massive haloes. Despite these differences, the sum of

the energies injected as feedback that efficiently couples to the gas in TNG (SF

feedback and kinetic-mode AGN) is comparable to the total energy injected into

EAGLE haloes (Fig. 4.7).
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12. Scatter about the running median of EFB/E
b
bind(M200) correlates positively with

residuals about the running median of V max
DMO/V

200
DMO(M200) in EAGLE. In TNG,

these quantities do not correlate for M200 & 1012 M�, however if one considers

only the contribution to EFB from the efficient kinetic AGN feedback mode, a

positive correlation is also recovered. This indicates that central galaxies hosted

by high-concentration haloes inject relatively more energy via efficient feedback,

relative to the binding energy of their haloes, providing a plausible explanation

for the negative correlation of the CGM mass fraction with halo concentration at

fixed M200 in both simulations (Fig. 4.7).

I noted in Chapter 3 that a key prediction stemming from the EAGLE simulations is

that the present-day CGM gas fraction of haloes is connected to the intrinsic properties

of their haloes, such as their binding energy or concentration, an effect that is physically

‘transmitted’ by AGN feedback. Here I have shown that the same holds for TNG. I

note that Terrazas et al. (2019) recently concluded that galaxies in TNG are quenched

when the energy injected by their central BH in the kinetic mode exceeds the binding

energy of gas within the effective radius. The correlations presented here, from both the

EAGLE and TNG simulations, indicate that these intrinsic halo properties also influence

readily-observable properties of present-day galaxies, such as their star formation rate

and morphology. These halo properties are effectively encoded within the phase-space

configuration of the initial conditions; if the growth of BHs and their influence on the

CGM is sufficiently realistically captured by the current generation of state-of-the-art

cosmological simulations, it appears that galaxies may be affected by halo assembly bias

as a consequence of efficient AGN feedback.

In both EAGLE and TNG, the influence of halo properties on central galaxies is pri-

marily a consequence of the expulsion of circumgalactic gas (or a reconfiguration of

intragroup/intracluster gas in the inner halo). In both simulations, the expulsion of

circumgalactic gas leads to the elevation of the characteristic CGM cooling time, and

depletes haloes of gas that would otherwise replenish interstellar gas consumed by star

formation or expelled by feedback processes. Efficient feedback also heats and pres-

surises the remaining CGM, possibly also contributing to the elevated cooling time by

inhibiting the accretion of gas from the IGM, or the re-accretion of gas expelled by

feedback, onto the CGM (so-called ‘preventative feedback’). The paucity of efficiently-

cooling circumgalactic gas leads to the preferential quenching of central galaxies hosted

by high-concentration haloes. On longer timescales, it also facilitates their evolution to-

wards an early-type morphology. In both simulations, the CGM is modulated by AGN

feedback at a similar mass scale for which galaxies become quenched: the corollary of the
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results presented here is therefore that the feedback-driven expulsion of circumgalactic

gas is predicted to be a crucial, but largely over-looked, step in these processes.

It is encouraging that the same trends are seen in both the EAGLE and TNG simulations,

two state-of-the-art cosmological hydrodynamical simulations of galaxy formation with

significantly different hydrodynamics solvers and subgrid implementations of unresolved

physical processes, as this signals consensus in regard to this conclusion. However, there

are two significant caveats. Firstly, it is important to recognise that the two suites share

significant similarities; in particular, the fashion by which BHs are seeded, and then grow

and merge, is similar in both cases, being based on the scheme introduced by Springel

et al. (2005). BHs are thus seeded at similar stages of the formation and assembly of

haloes in the two simulations.

Secondly, and perhaps more importantly, the physical origin of the correlation between

scatter about the CGM mass fraction and the halo concentration (at fixed mass) is

different in the two simulations. Although in both simulations scatter in fCGM at fixed

halo mass appears to be a consequence of halo-to-halo variations in the amount of

energy injected via efficient feedback relative to the binding energy of the halo baryons,

the cause of these variations differs. In EAGLE, which adopts a fixed AGN feedback

efficiency, the expulsion of the CGM is simply a response to high BH accretion rates.

In TNG, it is a response to the onset of kinetic AGN feedback. Therefore, the CGM

mass fraction is depleted in early forming, high-concentration haloes in EAGLE because

the central BH is able to reach high BH accretion rates sooner, and in TNG because

the central BH reaches the calibrated pivot mass for the transition between thermal and

kinetic feedback sooner. Typically, high BH accretion rates in EAGLE occur at earlier

epochs than the BH pivot mass is reached in TNG, leading to marked difference in the

present-day ∆fCGM −∆ṀBH relations exhibited by the two simulations.

These differences lead to significant, and in principle testable, differences in scaling

relations involving, for example, the relationship between the column density of CGM

Ovi absorbers and the specific star formation rate of central galaxies at fixed halo mass

(see e.g. Oppenheimer et al., 2016b; Nelson et al., 2018b), and the relationship between

the present-day CGM mass fraction of haloes and the accretion rate of their central

BHs, and hence the luminosity of their AGN (as shown in Fig. 4.1). In particular,

while TNG predicts a strong anti-correlation between the CGM mass fraction and the

AGN luminosity of haloes with M200 ∼ 1012 M�, EAGLE predicts no such relation. I

anticipate that the question of which of these scenarios is the more realistic might also

be meaningfully addressed with observations of diffuse circumgalactic gas enabled by

future X-ray observatories such as Athena and Lynx. I emphasise, however, that despite

these differences, both EAGLE and TNG predict that the ejection of circumgalactic
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gas by AGN feedback is a crucial step in the quenching and morphological evolution of

galaxies.



Chapter 5

The galaxy-CGM connection in

dark matter haloes with

controlled assembly histories

5.1 Introduction

The central result of Chapters 3 and 4 is that the assembly history of a dark matter halo

(set only by cosmology) can be directly connected to the quenching of its central galaxy,

and may also be implicated in a morphological transformation from late-type to early-

type. Differences in the integrated energy from BH feedback (induced by variations in

assembly history) regulate the baryon content of the CGM, and in doing so modulate

the ability of CGM gas to cool onto the ISM, leading to quenching and facilitating

morphological transformation.

These conclusions were reached through the identification of correlations at fixed halo

mass in large periodic simulation volumes, which contain diverse populations of ∼ L?

galaxies. Using these simulations permits the comparison of haloes with markedly differ-

ent assembly histories, and following my results, very different present-day CGM mass

fractions and central galaxy properties. In examining these correlations, however, I am

ultimately comparing different haloes, which limits my ability to conclusively link the

assembly histories of dark matter haloes to the properties of galaxies and their CGM as

other driving factors, such as the environment of the halo, may be important.

One might perform increasingly large-volume simulations with populations that can be

sub-sampled ever more finely to control for these effects, however this would be very

costly and inefficient. An alternative method, which yields a far ‘cleaner’ test of these

87
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conclusions, is to modify the initial conditions of an individual halo, such that the assem-

bly history is tightly-controlled, but the large-scale environment of the system remains

fixed, thus eliminating any potentially confounding variables. This is the approach I

take in this chapter, in which I utilise the “genetic modification” technique described

by Roth et al. (2016), Pontzen et al. (2017) and Rey & Pontzen (2018) to modify the

initial conditions of a zoom simulation of a single dark matter halo, thus creating a con-

trolled experiment in which the effects of assembly history on the evolution of a single

galaxy-CGM ecosystem can be directly tested.

This chapter will be structured as follows: in Section 5.2 I outline the rationale by

which my candidate dark matter halo was selected, describe how the initial conditions

were generated and genetically modified, give details on the simulation model, explain

how the progenitors of the system are tracked through the simulation, and explain how

certain diagnostic quantities were calculated. In Section 5.3 I evaluate the properties

and assembly histories of the modified haloes, before examining the effects of a modified

assembly history on the galaxy-CGM ecosystem in Section 5.4. Within the latter section,

I examine the effects of assembly history on the CGM mass fraction (Section 5.4.1), on

the growth of supermassive BHs and their associated AGN feedback (Section 5.4.2) and

on the properties of the central galaxy (Section 5.4.3). Finally, in Section 5.5 I examine

the effects of the ejection of baryons from the CGM on its thermodynamic state. I

summarise my results in Section 5.6. Throughout, I adopt the convention of prefixing

units of length with ‘c’ and ‘p’ to denote comoving and proper scales respectively, e.g.

ckpc for comoving kiloparsecs.

5.2 Methods

5.2.1 Construction of the initial conditions

My analyses are based on a suite of simulations that follow the formation and evolu-

tion of the environment of an individual central galaxy, including its dark matter halo

and circumgalactic medium, in its full cosmological context. This is most efficiently

achieved via the adoption of ‘zoomed’ initial conditions (see e.g. Katz & White, 1993;

Bertschinger, 2001), whereby only the object of interest is followed at the high resolution

and with hydrodynamics, whilst the remainder of the periodic volume is followed with

purely collisionless dynamics and at reduced resolution.

To obtain a fiducial case of a present-day ∼ L? galaxy with a broadly typical specific

star formation rate and circumgalactic gas fraction, I identify candidate galaxies for

resimulation from a parent volume evolved with a detailed galaxy formation model,
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rather than following the more common practice of identifying candidate dark matter

haloes from a simulation evolved with purely collisionless dynamics. I identify candidate

galaxies from a periodic simulation of uniform resolution whose initial conditions were

generated with the genetIC software; use of this simulation rather than, for example,

simulations from the EAGLE suite, simplifies the later process of applying modifications

to multi-resolution zoom initial conditions. This ‘parent’ simulation adopts the cosmo-

logical parameters advocated by the Planck Collaboration et al. (2016), h = 0.6727,

Ω0 = 0.3156, ΩΛ = 0.6844, σ8 = 0.831 and ns = 0.9645. It is L = 50 cMpc on a side,

and is populated with N = 5123 collisionless dark matter particles of mass 3.19×107 M�

and an (initially) equal number of baryonic particles of mass 5.6 × 106 M�. The cos-

mological parameters and particle masses are therefore sufficiently similar to those of

the standard-resolution EAGLE simulations (i.e. those of the same resolution as its

largest-volume run, Ref-L100N1504) such that simulating the volume with the EAGLE

Reference model yields a galaxy population of similar realism to those simulations.

In Chapter 4, I noted that in both EAGLE and TNG, the influence of efficient AGN

feedback on the mass fraction of the CGM, and by extension the properties of galaxies,

is most apparent in haloes of present day mass M200 ∼ 1012.5 M�. I therefore sought

central galaxies hosted by haloes of this mass, and identified as my resimulation target a

present-day central galaxy of stellar mass M? = 4.3× 1010 M�, hosted by a halo of mass

M200 = 3.4 × 1012 M� and virial radius r200 = 318 kpc, as my exemplar galaxy. The

galaxy exhibits an extended stellar disc, has a stellar half-mass radius of r?,1/2 = 7.5 kpc,

and is quiescently star-forming (sSFR = 10−10.2 yr−1). The CGM mass fraction of the

host halo, fCGM, normalised by the cosmic baryon fraction, Ωb/Ω0, is 0.31. Following

the methods in Chapter 4, I define fCGM ≡MCGM/M200, where MCGM is the total mass

of all gas within the virial radius that is not star-forming. The centre of the nearest

halo of at least equal mass is 3.3 Mpc from the centre of the target halo, a separation of

more than 6 times the virial radius of the more massive halo. This is advantageous as it

yields a compact and simply-connected Lagrangian region when the matter comprising

the halo is traced back to the initial conditions, and thus improves the efficiency of the

zoomed resimulation in terms of both compute time and memory footprint.

To construct the multi-resolution zoom initial conditions, I first identify all dark matter

particles at z = 0 residing within a sphere of radius r = 3r200, centred on the potential

minimum of the halo, and trace them to their coordinates in the unperturbed (effec-

tively z =∞) particle distribution, which is achieved in practice by tracing the particles

to their coordinates in the initial conditions at z = 99 and then subtracting the linear

Zel’dovich displacement. The zoomed initial conditions of the halo, corresponding to

the unmodified assembly history, are then constructed by masking the Lagrangian re-

gion defined by this particle selection in the unperturbed mass distribution; the enclosed
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mass distribution is then resampled at higher resolution with a factor of 8 more particles

(which represent both baryonic and dark matter), whilst the remainder of the volume is

resampled with a factor of 8 fewer particles, which act as low-resolution boundary parti-

cles to provide the correct large-scale gravitational forces. The Zel’dovich displacements

corresponding to the original phases and power spectrum (the latter now sampled to

the higher and lower Nyquist frequencies of the high-resolution and boundary particles,

respectively) are then reapplied.

I then apply the linear genetic modification technique of Roth et al. (2016) and Pontzen

et al. (2017)1 to these initial conditions (the ‘Fiducial’ case) to construct a pair of

complementary initial conditions, designed to yield modified halo assembly histories

whilst maintaining approximately the same present-day halo mass. I have modified the

initial conditions to yield assembly histories shifted, with respect to the Fiducial case, to

both an earlier time (‘GM-early’) and a later time (‘GM-late’). Specifically, the initial

conditions were adjusted such that at z = 99, the matter that will eventually comprise

the halo’s main progenitor at z = 2 has a mean overdensity differing from the Fiducial

case by factors of 1.05 and 0.95 respectively. The adjustments simultaneously ensure

that the mean overdensity (at z = 99) of the matter that ultimately constitutes the halo

at z = 0 remains unchanged.

In common with the construction of the EAGLE initial conditions (see Appendix B4 of

Schaye et al., 2015), the final step is to replace the high-resolution particles in each case

with a pair of particles consisting of a gas particle and a dark matter particle, with a gas-

to-dark matter mass ratio of Ωb/(Ω0−Ωb). The masses of the gas, dark matter and low-

resolution mass tracer particles are therefore mg = 7.35×105 M�, mdm = 3.98×106 M�,

and mlr = 3.02 × 108 M�. The particle pairs are positioned such that their centre of

mass corresponds to the position of the replaced particle, with the gas and dark matter

particles moved in the (1, 1, 1) and (−1,−1,−1) coordinate directions, respectively.

5.2.2 The EAGLE model

To evolve the genetically-modified initial conditions in time, I utilise the EAGLE simu-

lation code, which is described in detail in Chapter 2. The particle mass resolution of

the initial conditions is higher than that of the simulations studied previously in this

thesis, resulting in a reduction of numerical losses in both stellar and AGN feedback.

The galaxy population evolved with the EAGLE Reference model falls below the ob-

served galaxy stellar mass function (GSMF) at the mass scale of my selected system

(Schaye et al., 2015), indicating that feedback is too efficient; an increase in resolution

1Further information on the technique is also given in Rey & Pontzen (2018).
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will only exacerbate this issue. I therefore utilise the recalibrated (RECAL) parameter

values for EAGLE’s subgrid feedback prescriptions, described by Schaye et al. (2015,

their Table 3), which provide a better match to the GSMF at higher resolution. For

each set of GM initial conditions, I have also run counterpart simulations containing

only collisionless gravitational dynamics (DMONLY), “non-radiative” simulations im-

plementing hydrodynamics, but no star formation, BH formation, feedback or radiative

cooling (NONRAD), and full-physics simulations where no black holes are seeded and

no AGN feedback occurs (NOAGN).

The subgrid prescriptions for both star formation and feedback in the EAGLE model

are stochastic in nature. The conversion of star-forming gas particles to star particles

proceeds according to a probability set by the Kennicutt-Schmidt law, and the feedback

energy liberated by processes associated with star formation or BH growth is used to

set the probability that neighbouring gas particles are heated by a fixed temperature

increment. These probabilities are governed by a preset ‘seed’ for star formation and

feedback, defined before the simulation is run. To test the influence of this stochasticity

on my simulations evolved with the RECAL model, I evolve the three sets of initial

conditions with nine different seeds each (including the standard EAGLE seed), for a

total of 27 simulations. Performing these simulations has the added benefit of improving

the sampling of particle-based measurements through stacking, without the need to

increase the resolution of the simulation, which would require recalibration of the subgrid

model.

5.2.3 Identifying haloes, galaxies and their progenitors

As in Chapters 3 and 4, haloes are identified in the simulations through the application

of the friends-of-friends (FoF) algorithm to the dark matter distribution, with a linking

length of 0.2 times the mean interparticle separation. Gas, star and BH particles are

then assigned to the FoF group (if any) of their nearest dark matter particle. The

SUBFIND algorithm (Springel et al., 2001; Dolag et al., 2009) is then used to identify

bound substructures within haloes. Throughout this chapter, the properties of haloes,

such as the spherical overdensity mass (M200) and CGM mass fraction (fCGM), are

computed within a radial aperture r200 about the halo’s most bound particle which

encloses a mean density equal to 200 times the critical density, ρcrit. Galaxy properties,

such as the specific star formation rate, are computed by aggregating the properties of

the relevant particles within 30pkpc of the halo centre, following Schaye et al. (2015).

For the wider EAGLE population in the Ref-L100N1504 simulation, I construct a sample

of present-day haloes of mass M200 > 1011.5 M� matching that of Chapters 3 and 4.
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To obtain the merger history of the genetically-modified galaxy-halo system, I first

identify the 100 most bound dark matter particles2 in the fiducial, unmodified system

(using the standard EAGLE feedback seed) at z = 0. The main progenitor of the

system in each prior snapshot is then defined as the subhalo (as defined by SUBFIND)

containing the greatest number of these particles, yielding a fiducial merger history. At

each snapshot output, I wish to compare the system with the same object in the other

simulations which either have GM initial conditions, or employ different physical models

(NOAGN/DMONLY), however applying this technique to each simulation individually

can result in the tracing of different objects to the fiducial case. With the fiducial merger

history in hand, I therefore cross-match the 100 most bound dark matter particles in the

subhalo in each snapshot with particles in every other simulation, in order to identify

the counterpart subhalo containing the greatest number of these particles. This method

yields a reliable tracking of the same object across all simulations, though I highlight

where the identification of the system is ambiguous throughout this chapter.

5.2.4 Feedback energetics and cooling timescales

I use the total energy injected by AGN feedback relative to the binding energy of the

halo baryons as a diagnostic quantity in Section 5.4.2. The total energy injected over

the lifetime of a BH of mass MBH at time t is given by

EAGN(t) =
εfεr

1− εr
(MBH(t)−MBH,seed)c2, (5.1)

where MBH,seed = 105 M�/h is the seed mass of the black hole, c is the speed of light,

εr = 0.1 is the radiative efficiency assumed for the BH accretion disk, and εf = 0.15 is a

calibrated parameter regulating the coupling of feedback energy to the surrounding gas.

Approximately 1.67% of the rest mass energy of gas accreted by the BH is therefore

coupled to the CGM. I subtract off the contribution from the BH’s seed mass, since it

has not been injected into the gas in the simulation. The “intrinsic” binding energy of

the baryons at time t, Eb
bind(t), is obtained by calculating the binding energy of the halo

in an equivalent, collisionless, dark-matter only simulation3, and multiplying this by the

cosmic baryon fraction: Eb
bind(t) = (Ωb/Ω0)E200

DMO(t).

I investigate the distribution of the radiative cooling times of circumgalactic gas particles

in Section 5.5, which I compute based on their internal thermal energy, u, and their

bolometric luminosity, Lbol, via tcool = u/Lbol. The bolometric luminosity is given

2The obtained merger history is not strongly sensitive to this choice.
3I utilise ‘intrinsic’ binding energy measurements from the DMONLY simulation, because the in-

clusion of baryonic physics can systematically alter the binding energy of the underlying dark matter
structure to a degree comparable with the intrinsic scatter at a given M200.
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by Lbol = n2
HΛV , where nH is the hydrogen number density of the gas particle, Λ

is its (volumetric) radiative cooling rate specified by its temperature, density, element

abundances, and the incident flux from the CMB and metagalactic UV/X-ray radiation

fields, and V = mg/ρ where mg is the particle mass and ρ is its mass density.

Following the subgrid prescription for radiative cooling in EAGLE, I compute the vol-

umetric net radiative cooling rates using the Wiersma et al. (2009a) tabulated rates,

which were computed using CLOUDY version 07.02 (Ferland et al., 1998). The tables

specify the cooling rate as a function of hydrogen number density, nH, temperature, T ,

and redshift, z for each of the 11 tracked elements (H, He, C, N, O, Ne, Mg, Si, S, Ca

and Fe) in EAGLE, and I interpolate them in log10 nH, log10 T , z, and, in the case of the

metal-free cooling contribution, the helium fraction nHe/nH. The element-by-element

contributions are then used to compute the net cooling rate for the particle:

Λ = ΛH,He +
∑
i>He

Λi,�
ne/nH

(ne/nH)�

ni/nH

(ni/nH)�
, (5.2)

where ΛH,He is the metal-free contribution, Λi,� is the contribution of element i for the

solar abundances assumed in CLOUDY, ne/nH is the particle electron abundance, and

ni/nH is the particle abundance in element i.

5.3 Evaluation of modified haloes and their assembly his-

tories

I begin with an evaluation of the assembly histories and present-day properties of the

haloes yielded by my application of the genetic modification scheme to the initial con-

ditions of the Fiducial case. Recall that my aim is to systematically shift the assembly

of the halo to earlier or later times, but without inducing strong changes to the mass of

the halo at z = 0. The cleanest assessment of the success of the technique comes from

a comparison of the DMONLY haloes, in the absence of baryon physics.

Fig. 5.1 shows maps of the dark matter surface density of the GM-early (left column),

Fiducial (centre column) and GM-late (right column) haloes in the DMONLY simula-

tions, at the present day (upper row) and at z = 2 (lower row). The white circle on

each panel denotes the virial radius, r200(t). The field of view in each case is 1.31 cMpc,

which corresponds to 4r200 for the Fiducial case at z = 0. The images present a striking

representation of the effect of the technique: the structure of the Fiducial and modi-

fied haloes at the present day is broadly similar, but at z = 2 major differences in the

structure of the halo’s main progenitor are evident, with the assembly of the GM-early
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Figure 5.1: Surface density maps of the dark matter distribution for the GM-early (left
column), Fiducial (centre column) and GM-late (right column) haloes in the DMONLY
simulations, at z = 0 (upper row) and at z = 2 (lower row). The white circle on each
panel denotes the virial radius, r200. The field of view in each case is 1.31 cMpc, which
corresponds to 4r200 for the Fiducial case at z = 0. The halo mass, M200, is quoted on

each panel.

(GM-late) case being significantly advanced (delayed) with respect to the Fiducial case.

The present-day halo masses of the GM-early and GM-late cases deviate with respect

to Fiducial by +0.08 dex and −0.09 dex. In contrast, at z = 2 the GM-early case has

formed ' 40% of its final mass, in comparison to ' 20% for the Fiducial case and only

' 3% for the GM-late case.

For completeness, Fig. 5.2 repeats the dark matter surface density maps of Fig. 5.1,

but with a much larger field of view of 25 cMpc and considering also the low-resolution

boundary particles, to show the present-day large-scale structure of the halo in the three

simulations. In these figures, the white circles denote a scale corresponding to 5r200(t).

It is clear that the genetic modifications enable controlled adjustment of the assembly

history of the target halo without inducing changes to the large-scale structure, even at

early times.
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Figure 5.2: As Fig. 5.1, but with a 25 cMpc field of view. The surface density
distribution of low-resolution boundary particles is included in addition to the dark
matter distribution to reveal the large-scale structure in which the high-resolution zoom
region is embedded. To establish a sense of scale, white circles are overlaid with radii

equal to 5r200.

Fig. 5.3 shows mass accretion history of the haloes, defined as the halo mass of the

main progenitor of the present-day halo, M200(t). The figure shows both the DMONLY

(left) and RECAL (right) simulations. The tracks in each case are plotted with dotted

lines until M200(t)/M200(z = 0) = 0.05, since in the early stages of halo assembly the

identification of the main progenitor can be ambiguous. I focus first on the DMONLY

panel since, as noted above, this case represents the ‘purest’ test of the genetic modifica-

tions, since halo’s assembly is not influenced by any differences in the baryonic physics

potentially induced by the modifications. The sub-panel shows the relative difference of

the GM-early and GM-late simulations with respect to the Fiducial case.

As is critical for my purposes, the genetic modification process induces very strong

deviations from the Fiducial halo mass growth in the DMONLY modified realisations.

At z = 2, the GM-early system has already assembled a halo mass of M200 = 1.75×1012

M� (40% of its final mass), while the Fiducial halo has a mass of M200 = 7.76 × 1011
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Figure 5.3: The halo mass accretion histories, M200(t) of the three GM cases in the
DMONLY (left column) and RECAL (right column) simulations. Solid lines show the
median M200 for nine initial random seeds for feedback and star formation; the distri-
bution across the nine seeds is shown with progressively lighter shading between pairs
of seeds that give increasingly divergent results from the median value. Evolutionary
tracks are shown as dotted lines where M200(t)/M200(z = 0) < 0.05. Sub-panels show
the deviation, ∆(t), of the median value from that of the Fiducial case. The grey curve
denotes an analytical prediction for the mass accretion history of the Fiducial halo,
Manalytic(z), derived from the methods of Correa et al. (2015). The black dashed line
denotes the redshift-dependent critical halo mass, Mcrit(z), where the buoyant transport
of outflows from EAGLE’s stellar feedback ceases to be efficient (Bower et al., 2017).
The first snapshot output where M200(t) > Mcrit(z) is highlighed with a coloured arrow

for each GM case.

M� (20% of its final mass) and the GM-late halo has assembled a halo mass of only

M200 = 8.92× 1010 M� (3% of its final mass). By z = 1, the evolutionary tracks for the

GM-early and Fiducial cases converge, and the halo grows in mass in a similar fashion

for both thereafter. In the GM-late simulations, my halo grows in mass far more steadily,

only attaining (and briefly exceeding) the mass of the other realisations after z = 0.5.

To assess whether the growth of the Fiducial halo is typical for its mass, I show in

the left-hand panel of in Fig. 5.3 the analytical prediction for the mass growth of the

halo, Manalytic(z), derived from the extended Press-Schechter formalism by Correa et al.

(2015), for the appropriate background cosmology (that of the Planck Collaboration

et al., 2016). The mass evolution of the Fiducial halo initially lies below this prediction,

but then exceeds it at z ≈ 1.7 and remains more massive than predicted until z = 0.

I note therefore that the mass accretion history of the Fiducial halo is not entirely

representative for haloes of its mass: it acquires half of its present-day mass by z = 1.74,

approximately 2.1 Gyr earlier than the z = 1.00 predicted by Correa et al. (2015).
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However as is clear from the GM-early and GM-late cases, significantly greater deviations

from the typical are feasible.

I now turn to the halo assembly histories in the simulations with full baryonic physics,

shown in the right panel of Fig. 5.3. Here, and in subsequent figures of this style, for the

GM-early, Fiducial and GM-late families I show the evolution derived from all nine of

the simulations run in each case (each with a different random seed). The solid lines do

not represent the evolution of the system for any particular seed, but show the median

value of of the quantity of interest at each epoch. This median is used when plotting the

relative differences in the sub-panel in all plots of this type. The distribution of values

across the nine simulations in each of the GM-early, Fiducial and GM-late families is

illustrated with progressively lighter shading between pairs of seeds that give increasingly

divergent results from the median value. I quantify the scatter induced by differing seeds

with the interquartile range (IQR); in a rank-ordered sample of values taken from the

nine simulations comprising each of the GM-early, Fiducial and GM-late families, the

third and seventh values are good approximations for the 25th and 75th percentiles, and

I quote the difference between these as the IQR throughout. I also show as a dotted line

on Fig. 5.3 the redshift-dependent critical halo mass introduced by Bower et al. (2017),

namely the mass at which buoyant transport of winds from EAGLE’s stellar feedback is

expected to cease to be efficient, Mcrit = (Ω0(1+z)3 +ΩΛ)−1/24×1012 M�. Bower et al.

(2017) noted that the rapid growth of central BHs tends to begin when haloes reach this

mass, and interpreted this as a signature of BH fuelling by cooling flows from the quasi-

hydrostatic CGM that builds in response to the cessation of buoyant transport. The

epoch at which this threshold is reached by the median of each of family is denoted by

an arrow and has value t = 2.63 Gyr (GM-early), t = 3.74 Gyr (Fiducial) and t = 7.10

Gyr (GM-late). I discuss the consequences of the significant differences in these values

in following sections.

As might be expected, the halo assembly histories in Recal are qualitatively similar to

those of their DMONLY counterparts, but there are significant quantitative differences,

most plainly the reduction in mass associated with the expulsion of a significant fraction

of the circumgalactic medium. Here the present-day halo masses are M200 = 3.58×1012

M� (GM-early, IQR= 0.009 dex), 3.21 × 1012 M� (Fiducial, IQR= 0.024 dex), and

2.88 × 1012 M� (GM-late, IQR= 0.008 dex). The results of Chapters 3 and 4 indicate

that this reduction should be stronger for earlier-assembling systems, which is the case

here; as a result, the three families converge to more similar present-day masses than

in the DMONLY case, with the GM-early and GM-late cases deviating with respect to

Fiducial by 0.05dex and −0.05dex, respectively. As might be naively expected, there is

little scatter between runs adopting different seeds.
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The above results demonstrate the precision of the genetic modification scheme; I can

tune the initial conditions such that the assembly history of an individual system is

systematically shifted to significantly earlier or later times than the fiducial case, while

only introducing a scatter of ±0.05 dex in the final halo mass in a full-physics simulation.

As an example of this precision, in the context of the wider galaxy population in the

largest EAGLE simulation volume (Ref-L100N1504, utilised in Chapters 3 and 4), a

shift of 0.1 dex about M200 = 1012.5 M� gives a difference in the median fCGM of only

0.028. Any more significant differences found will therefore be the result of the modified

assembly history of the halo. My set of 27 zoom simulations now represents a controlled

experiment in which I can directly test the impact of halo assembly history on the

evolution of a galaxy and its CGM.

5.4 The influence of halo assembly history on the galaxy-

CGM ecosystem

In this section I turn to an examination of the influence of halo assembly history on

the properties of the central galaxy, its central supermassive BH and its circumgalactic

gas, using my suite of zoom simulations. I begin by exploring the evolution of the CGM

mass fraction in Section 5.4.1, the evolution of the central SMBH mass in Section 5.4.2,

and then turn to the evolution of the central galaxy’s specific star formation rate and

morphology in Section 5.4.3.

5.4.1 The influence of halo assembly history on the CGM mass fraction

Fig. 5.4 shows the evolution of the CGM mass fraction, fCGM(t), normalised by the

cosmic baryon fraction, Ωb/Ω0, for my three families of simulations. Following the

methods in Chapter 4, I define fCGM ≡MCGM/M200, where MCGM is the total mass of

all gas within the virial radius that is not star-forming. The GM-late halo has the highest

CGM mass fraction at the present day, fCGM/(Ωb/Ω0) = 0.50 (IQR= 0.06), followed by

the Fiducial halo (0.31, IQR= 0.05), and the GM-early halo (0.15, IQR= 0.07).

In all three families, fCGM is low at early epochs (when the identification of the main

progenitor can be ambiguous), likely because the potential of the nascent structure is too

low to accrete photoionised gas after the epoch of reionisation. As the halo grows, fCGM

quickly increases to a peak, max(fCGM) = (0.62, 0.58, 0.76) for GM-early, Fiducial and

GM-late, respectively, but then begins to decline towards its z = 0 value over several

Gyr, with the decline broadly commencing when the halo mass reaches Mcrit (denoted

by the coloured arrows). Oppenheimer et al. (2020) showed that this is not coincidental:
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Figure 5.4: The evolution of the CGM mass fraction, fCGM(t) ≡ MCGM(t)/M200(t),
normalised by the cosmic average baryon fraction, Ωb/Ω0, for the three families of
simulations. Solid lines show the median value for nine initial random seeds for feedback
and star formation; the distribution across the nine seeds is shown with progressively
lighter shading between pairs of seeds that give increasingly divergent results from the
median value. Evolutionary tracks are shown as dotted lines where M200(t)/M200(z =
0) < 0.05. Sub-panels show the deviation, ∆(t), of the median value from that of the
Fiducial case. The first snapshot output where M200(t) > Mcrit(z) is highlighed with a

coloured arrow for each GM case.



The galaxy-CGM connection in haloes with controlled assembly histories 100

episodes of feedback driven by the rapid growth of the central BH in EAGLE, which

Bower et al. (2017) found to be coincident with the halo reaching Mcrit, are followed

by expulsive circumgalactic gas outflows. As noted in Section 5.3, the modified haloes

reach Mcrit significantly earlier (GM-early) and later (GM-late) than the Fiducial case,

resulting in markedly different evolution of fCGM in each case. By z = 1 the GM-

early halo is already significantly depleted of circumgalactic gas, fCGM/(Ωb/Ω0) = 0.25,

IQR= 0.04, while the Fiducial halo (0.49, IQR= 0.02) is only slowly being depleted

of baryons prior to a more rapid depletion at z < 1, and the GM-late halo (0.63,

IQR= 0.01) does not begin to be be depleted until z . 0.7. As is clear from the figure

of the IQR values, the seed-to-seed scatter in fCGM for any given family of simulations

is more significant than is the case for the halo assembly history, insofar that the scatter

is larger in comparison to the separation of the median values of the three families.

However, the evolutionary tracks are clearly separated at all times with no overlap in

their IQR. Critically, the strong correlation between the halo assembly history and the

present-day value of fCGM from large galaxy samples in EAGLE and TNG (seen in

Chapters 3 and 4) is reproduced here in direct response to systematic adjustment of the

assembly history of an individual halo.

Fig. 5.5 shows the present-day fCGM −M200 relation of haloes of M200 > 1011.5 M� in

the EAGLE Ref-L100N1504 simulation. The running median relation obtained with the

LOWESS algorithm (Cleveland, 1979) is shown as a black line, whilst the equivalent

relations for z = 1 and z = 3 are denoted by grey lines. Symbol are coloured by the

residuals about the LOWESS running median, with respect to M200, of (log10 of) the

intrinsic central binding energy of the halo, E2500
DMO. The latter is an excellent proxy

for the halo assembly time that is simple to compute without the need to examine

merger trees. The overlaid tracks show the evolution of the (median) fCGM − M200

relation of the GM-early, Fiducial and GM-late simulations; values at z = 3, z = 1

and z = 0 are denoted by large triangle, circle and square symbols, respectively. At

the present day, the CGM mass fraction of the Fiducial halo is similar to the running

median value for the EAGLE population. The halo was not selected such that this

is achieved by construction, but the selection of a reasonably quiescently star-forming

present-day galaxy from a simulation of similar resolution evolved with the EAGLE

Reference model (see Section 5.2) makes it unlikely that the Fiducial case would deviate

far from the median relation in EAGLE.

The haloes with adjusted assembly histories yield present-day circumgalactic gas frac-

tions that reside towards the extreme ranges of the scatter for EAGLE haloes of M200 ≈
1012.5 M�. If one compares with EAGLE haloes in a 0.2dex wide bin centred on this

mass, the GM-late halo represents a +2.0σ outlier in terms of fCGM, while the GM-

early halo is a −1.3σ outlier. Clearly, if these systems were to occur “organically” in
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Figure 5.5: Present-day CGM mass fractions, fCGM(t) ≡MCGM(t)/M200(t), of haloes
in the EAGLE Ref-L100N1504 simulation, normalised by the cosmic average baryon
fraction, Ωb/Ω0, as a function of halo mass, M200, with the solid curve denoting the
running median. Symbols are coloured by residuals about the relationship between
the intrinsic binding energy of the inner halo, E2500

DMO, and M200. The evolution of the
median fCGM/(Ωb/Ω0) with the median M200 for the three families of simulations is
overlaid, with their locations on the plot at z = 0, z = 1 and z = 3 marked with
squares, circles and triangles respectively. The median fCGM/(Ωb/Ω0)−M200 relations

at z = 1 and z = 3 in the Ref-L100N1504 simulation are shown with grey lines.
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the simulation, they would be amongst the most CGM-poor (GM-early) and CGM-rich

(GM-late) haloes of their mass. Moreover, as is clear from the symbol colouring, the

GM-late (GM-early) cases yield fCGM values similar to haloes in the EAGLE simulation

with low (high) values of E2500
DMO. I conclude from this controlled experiment that halo

assembly history has a strong influence on the present-day circumgalactic mass fraction

of haloes of fixed mass.

5.4.2 The influence of halo assembly history on BH growth and AGN

feedback

The results in Chapter 4 identified that the correlations between fCGM and the properties

of galaxies (such as the sSFR and its morphology), and between fCGM and proxies for

the halo assembly history, are mediated by the expulsion of circumgalactic gas due to

efficient AGN feedback. The latter therefore acts as an “astrophysical conduit” between

the initial conditions and the present-day physical state of the galaxy. I showed that

in both EAGLE and TNG, these effects are manifest in haloes that are sufficiently

massive to host central BHs capable of efficiently delivering feedback energy to the

galaxy+CGM ecosystem. In EAGLE this corresponds to haloes with M200 > Mcrit, i.e.

those for which the buoyant transport of outflows heated by stellar feedback ceases to be

efficient, resulting in the establishment of a quasi-hydrostatic hot halo, whilst in TNG it

corresponds to the haloes that host massive BHs (MBH & 108 M�), since AGN feedback

is typically delivered in the efficient kinetic mode for such haloes in that model.

I therefore turn next to an examination of the influence of halo assembly history on

the growth of the central BH. Fig. 5.6 shows the evolution of the mass of the cen-

tral BH4, MBH(t), for the three families of simulations. Comparison of the median

curves reveals that the central BHs in the GM-early family reach a greater present-day

mass, log(MBH/M�) = 8.08, IQR= 0.30dex, than is the case for the Fiducial family,

log(MBH/M�) = 7.90, IQR= 0.08dex), having commenced their rapid growth phases

earlier. By z = 1, the median MBH of the GM-early family has reached 59 percent of

its final value, while the median for the Fiducial case has reached only 20 percent of its

final value. In marked contrast to these families, BHs in the GM-late family of simula-

tions remain close to the seed mass until z ' 1, and do not grow rapidly until z ' 0.3.

In consequence, they attain a significantly lower final mass, log(MBH/M�) = 7.28,

IQR= 0.20dex.

Note that the broad shaded regions in Fig. 5.6 indicate that the black hole mass can vary

due to the stochastic nature of EAGLE’s feedback scheme; the evolution is broadly the

4I define the central BH as the most massive BH particle in the system.
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Figure 5.6: The evolution of the black hole mass, MBH(t), for the three families of
simulations. Solid lines show the median value for nine initial random seeds for feedback
and star formation; the distribution across the nine seeds is shown with progressively
lighter shading between pairs of seeds that give increasingly divergent results from the
median value. Evolutionary tracks are shown as dotted lines where M200(t)/M200(z =
0) < 0.05. Sub-panels show the deviation, ∆(t), of the logarithm of the median black
hole mass from that of the Fiducial case. The first snapshot output where M200(t) >

Mcrit(z) is highlighed with a coloured arrow for each GM case.
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same for each GM case, however differences in the feedback seed cause a spread in the

obtained BH mass as a function of time. Despite the scatter, there is clear separation

between the three cases, with overlap between only the most extreme cases.

Comparison with Fig. 5.4 illustrates that, as per the findings of Oppenheimer et al.

(2020), a strong decline in fCGM generally follows shortly after periods of rapid growth

of the central BH. Adjustment of the halo’s mass accretion history therefore clearly has

a very strong effect on the growth history of the central BH, and I interpret the strong

correlation between fCGM and the halo assembly history to be a consequence of the

influence of the latter on the BH growth history.

The early collapse of dark matter haloes (of a fixed present-day mass) leads to a higher

concentration (e.g. Neto et al., 2007) and hence central binding energy, so one might

expect from self-regulation arguments that the ratio of energy injected by feedback to

the binding energy of the baryons asymptotes to the same value regardless of assembly

time. However, in Chapter 4 I showed that the ratio of the injected feedback energy

to the (intrinsic) binding energy of the halo correlates positively with assembly time in

both EAGLE and TNG, such that the additional energy injected by the central galaxy

of early-forming haloes “overshoots” the additional binding energy resulting from their

higher concentration.

I therefore examine whether this ratio changes in response to adjustments to the halo

assembly history. Fig. 5.7 shows the evolution of the EAGN/E
b
bind ratio, where EAGN

is the total energy injected by AGN feedback (defined per eq. 5.1). I focus only on

the energy injected by AGN, since it is this mechanism that is principally responsible

for gas expulsion in haloes where M200 & 1012.5 M� in EAGLE. Eb
bind is the intrinsic

binding energy of the halo’s baryons, which was computed from the particle distribution

of the halo in its counterpart DMONLY simulation, and thus self-consistently accounts

for differences in the structure of the halo induced by their mass accretion histories (see

Section 5.2.4).

Prior to the onset of the efficient growth of the BH, EAGN � Eb
bind. Once M200 'Mcrit,

the rapid growth of the BH results in a rapid increase of EAGN, such that the ratio

EAGN/E
b
bind stabilises at a value of order unity. In general, the ratio settles at a value

greater than unity because radiative cooling inhibits the unbinding of circumgalactic gas.

Since the halo reaches Mcrit at very different times for the three families, the increase in

EAGN/E
b
bind follows suit. By z = 1, the energy injected via AGN feedback has already

exceeded the binding energy of the baryons in the GM-early case (EAGN/E
b
bind ' 2.5,

IQR= 3.23), and in the Fiducial case the binding energy is about to be exceeded (0.62,

IQR= 0.18). At z = 1, the injected energy remains much less than the intrinsic binding

energy in the GM-late case (EAGN/E
b
bind ∼ 10−3, IQR= 0.113).
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Figure 5.7: The evolution of the EAGN/E
b
bind ratio for the three families of simu-

lations, where EAGN is the total energy injected by AGN feedback and Eb
bind is the

intrinsic binding energy of the halo’s baryons. Solid lines show the median value for
nine initial random seeds for feedback and star formation; the distribution across the
nine seeds is shown with progressively lighter shading between pairs of seeds that give
increasingly divergent results from the median value. Evolutionary tracks are shown as
dotted lines where M200(t)/M200(z = 0) < 0.05. Sub-panels show the deviation, ∆(t),
of the median value from that of the Fiducial case. The first snapshot output where

M200(t) > Mcrit(z) is highlighed with a coloured arrow for each GM case.
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The evolution of the EAGN/E
b
bind ratio provides an intuitive explanation for the CGM

mass fractions at z = 1, shown in Figs. 5.4 and 5.5; the CGM of the halo in the GM-

early family has already been depleted of a significant fraction of its mass, in the Fiducial

family it is about to be depleted, and in the GM-late family it remains gas-rich. The

final median ratio for the GM-early case is highest (EAGN/E
b
bind = 2.52, IQR= 1.94),

followed by the Fiducial case (2.26, IQR= 0.44), while the ratio for the GM-late case

is far lower (0.83, IQR= 0.45). The scatter in the ratio is equivalent to the scatter in

MBH (since Eb
bind is computed from a DMONLY run and is independent of the chosen

seed) and is greatest for the GM-early case. While the GM-early and Fiducial cases did

not overlap in the IQR of their final MBH, there is significant overlap for EAGN/E
b
bind

because the final median values are more similar; while the median EAGN in the GM-

early case is a factor 1.49 times larger than for the Fiducial case, Eb
bind is a factor 1.34

times greater, resulting in this small difference in ratio. It is however clear that the

assembly history of the halo directly influences how much energy, beyond that required

to unbind the halo’s baryons, is injected into the galaxy+CGM ecosystem by the central

BH.

It is plausible that there is a close coupling of this ratio to the CGM mass fraction such

that the injection of more energy relative to the binding energy of the baryons yields a

lower fCGM, and this is largely supported by the monotonic behaviour seen here. The

timing of this energy injection is likely to affect the efficiency of baryon ejection; on

one hand, energy injected at earlier times could be less efficient at driving a wind, since

the mean density of the surrounding gas is higher (nH ∝ (1 + z)3), leading to greater

radiative losses (Λ ∝ n2
H ∝ (1 + z)6). On the other hand, the ratio converges to similar

values by the present day for the GM-early and Fiducial cases, despite the GM-early

case injecting feedback energy earlier, indicating that this is not a major factor. Earlier

injection instead appears to be more efficient, since the GM-early case has a lower final

fCGM than the Fiducial case (with little overlap in the scatter), but reaches a similar

final EAGN/E
b
bind.

The results presented in this Section and in Section 5.4.2 provide complementary ev-

idence supporting the conclusions of Chapters 3 and 4. In the galaxy populations of

EAGLE and TNG, the binding energy of the underlying dark matter halo (a good proxy

for assembly time) correlates positively with MBH and EAGN/E
b
bind, which both in turn

correlate negatively with fCGM, thus connecting the assembly histories of dark matter

haloes with their circumgalactic mass fractions. Here I have shown that the modification

of an individual halo’s mass accretion history enables the testing of these effects in a

controlled fashion that minimises the influence of other driving influences such as the

halo’s environment. These experiments show that BH growth and circumgalactic gas
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expulsion respond to changes in halo assembly history in a fashion consistent with the

correlations seen in the EAGLE and TNG galaxy populations.

5.4.3 The influence of halo assembly history on galaxy properties

I now explore whether adjustment of the halo’s mass accretion history influences the

evolution of the central galaxy. Fig. 5.8 shows the evolution of the sSFR of the central

galaxy of the halo in the three families. The sSFR is computed at each snapshot epoch,

averaged over the preceding 300 Myr to suppress noise in the star formation rate, which

can vary significantly on shorter timescales (see e.g. McAlpine et al., 2017). For clarity,

I impose a minimum value of 10−13 yr−1, and note that in any case it is not feasible to

infer lower, non-zero values from observational measurements. I note that the evolution

of the sSFRs of the EAGLE galaxy population was explored in detail by Furlong et al.

(2015).

The sSFR decreases with advancing time in all three families. In the Fiducial and GM-

late cases, the decline is relatively shallow, and in all simulations from these families the

galaxy remains actively star forming at z = 0, with medians of sSFR > 10−10.6 yr−1 and

sSFR = 10−10.0 yr−1, respectively. In contrast, the median sSFR for the GM-early family

declines rapidly at z ≈ 2, in concert with the rapid growth of its BH, and effectively

‘quenches’ (i.e. its sSFR drops below 10−11 yr−1) at z = 0.86, and remains quenched

at all subsequent times, with median sSFR = 10−12.37 yr−1 at z = 0. The scatter

between runs of differing initial random seed is mild for the Fiducial and GM-late cases,

with present-day IQR values of 0.20 dex and 0.16 dex, respectively. The scatter is

much more significant for the GM-early case, with IQR at z = 0 of 1.54dex, driven

primarily by sampling noise at low SFRs. In consequence, three of the nine simulations

from this family yield galaxies that remain marginally star forming at z = 0. This

scatter notwithstanding, it is clear that the median trends of the three families are

unambiguously influenced by the halo assembly history. By adjusting this property for

an individual halo, I am able to convert a galaxy with a reasonably normal present-day

star formation rate into either a more vigorously star-forming galaxy, or a quenched one.

To demonstrate that AGN feedback is an essential ingredient in this chain of processes,

I add dashed lines to Fig. 5.8, to show the median sSFR evolution for each family

in simulations with AGN feedback disabled (i.e. where no BHs are seeded). There is

little difference for the GM-late case, indicating that AGN feedback has not significantly

affected the sSFR, and in the Fiducial case removing the AGN mildly elevates the sSFR

for z . 1.5. Disabling AGN feedback in the GM-early case results in the galaxy never

quenching, retaining a present-day sSFR of 10−8.37 yr−1.
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Figure 5.8: The evolution of the specific star formation rate (sSFR) of the central
galaxy for the three families of simulations. Solid lines show the median value for
nine initial random seeds for feedback and star formation; the distribution across the
nine seeds is shown with progressively lighter shading between pairs of seeds that give
increasingly divergent results from the median value. Evolutionary tracks are shown
as dotted lines where M200(t)/M200(z = 0) < 0.05. I impose a minimum value of
10−13 yr−1. Dashed lines show the median sSFR in simulations where AGN feedback
is disabled (i.e. where no BHs are seeded). Sub-panels show the deviation, ∆(t), of
the logarithm of the median sSFR from that of the Fiducial case. The first snapshot
output where M200(t) > Mcrit(z) is highlighed with a coloured arrow for each GM case.
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Figure 5.9: The evolution of the stellar co-rotational kinetic energy fraction, κco, of
the central galaxy for the three families of simulations. Solid lines show the median
value for nine initial random seeds for feedback and star formation; the distribution
across the nine seeds is shown with progressively lighter shading between pairs of seeds
that give increasingly divergent results from the median value. Evolutionary tracks
are shown as dotted lines where M200(t)/M200(z = 0) < 0.05. Sub-panels show the
deviation, ∆(t), of the median value from that of the Fiducial case. The first snapshot
output where M200(t) > Mcrit(z) is highlighed with a coloured arrow for each GM case.
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The correlations identified in Chapter 4 suggested that the processes outlined thus far are

not only implicated in the quenching of central galaxies, but that they may also facilitate

a kinematical and/or morphological transformation. In EAGLE and TNG, there exists a

positive correlation between proxies for halo assembly time (at fixed halo mass) and the

degree of rotational support in the stellar kinematics of their central galaxies. I therefore

examine whether the halo assembly history influences the (kinematically-quantified)

morphology of the central galaxy.

Fig. 5.9 shows the evolution of the stellar co-rotational kinetic energy fraction, κco
5, of

the main progenitor of the central galaxy, for the three families of simulations. κco is

defined as the fraction of the kinetic energy of the stars in the galaxy that is invested in

co-rotational motion, for which a threshold value of 0.4 has been shown to separate star-

forming discs (κco > 0.4) from quenched ellipticals (κco < 0.4) in EAGLE (Correa et al.,

2017). In all three cases, the kinematics of the central galaxy initially exhibits little

co-rotational motion, before κco then rises to maximal values of κco = 0.70 (GM-early),

κco = 0.69 (Fiducial) and κco = 0.46 (GM-late) at z = 2, z = 1 and z = 0.5 respectively,

signalling the formation of a rotationally-supported disc. The GM-late galaxy then

retains approximately this maximum κco until the present day, while κco declines for

the Fiducial and GM-early galaxies after reaching a maximum. At the present day, the

GM-late and Fiducial galaxies are spiral-like according to the threshold κco = 0.4, with

similar median values of κco = 0.43 and κco = 0.44 respectively. By this same definition,

the GM-early galaxy becomes elliptical, with a median κco = 0.24.

Each of the three families of simulations begin to exhibit strong co-rotational kinematics

at different times; comparison of the evolution in κco with Fig. 5.3 illustrates that

this is the result of differences in the halo mass assembly. Comparison with Fig. 5.4

then reveals that the erasing of this co-rotational motion in the GM-early and Fiducial

galaxies occurs in concert with the depletion of baryons from the CGM. The scatter

induced by using different initial seeds is mild for the GM-late and Fiducial cases, with

present-day IQR values of 0.05 and 0.04 respectively, while it is far stronger for the

GM-early case (IQR= 0.16). The κco−fCGM correlation found in Chapter 4 was weaker

than other correlations such as sSFR − fCGM, and the overlap in the scatter for the

three cases here reflects this. Despite this, eight of the nine seeds yield a GM-early

galaxy with κco < 0.4 at the present day, and the morphologies of galaxies can clearly

be changed from spiral-like to elliptical through a controlled modification of the halo

assembly history.

This connection between kinematics and assembly history is not a trivial result given my

findings regarding quenching, since Correa et al. (2019) identify only a weak correlation

5I compute κco using the publicly-available routines of Thob et al. (2019).
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Figure 5.10: Face-on (upper row) and edge-on (lower row) present-day surface density
maps of the stellar distribution for the central galaxies of GM-early (left column), Fidu-
cial (centre column) and GM-late (right column) haloes produced with the standard
EAGLE random seed for star formation and feedback. The overlaid contours show the
star-forming gas distribution, enclosing hydrogen column densities of NH = 1020, 1021,
and 1022 cm−2 in progressively darker shades of green. The field of view (and depth) of
the maps is 80 ckpc. The specific star formation rate (sSFR) and stellar co-rotational

kinetic energy fraction (κco) are quoted for each galaxy in the lower row.

between galaxy colour and morphology in EAGLE. I speculated in Chapter 4 that the

connection arises because the elevation of the CGM cooling time in response to circum-

galactic gas expulsion inhibits the replenishment of cold gas in galaxy discs, which would

otherwise stabilise them against transformation by mergers, tidal interactions and grav-

itational instabilities, and enable re-growth of the disc (see e.g. Robertson et al., 2006;

Hopkins et al., 2009; Font et al., 2017). This reasoning is compatible with my results; the

transformation in the Fiducial and GM-early cases is gradual and happens over several

gigayears, contrary to the rapid transformation one would expect from a major merger;

rotational motion in the disc is instead gradually transformed into random motion.

To illustrate the transformative effects of a modified assembly history on the properties

of the central galaxy, I show in Fig. 5.10 face-on and edge-on images of a present-day
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galaxy from each family. Each family comprises nine realisations, so I show here the

galaxy in the simulation from each family that adopts the same initial seed as used by

the EAGLE suite. The images are surface density maps of the stellar distribution with

a field of view, and depth, of 80 ckpc. The overlaid green contours show the distribution

of star-forming gas within the same volume; the three progressively darker contours

enclose hydrogen column densities of NH = 1020, 1021, and 1022 cm−2 respectively. The

Fiducial and GM-late haloes host actively star-forming spiral galaxies, with the GM-

late galaxy exhibiting greater rotational support (κco = 0.50) than the Fiducial galaxy

(κco = 0.43). The GM-early halo hosts a quenched galaxy with a slightly flattened

elliptical morphology (κco = 0.24). The Fiducial and GM-late galaxies host discs of

star-forming gas, sustaining specific star formation rates of 10−10.0 yr−1 and 10−10.6 yr−1

respectively; the GM-late galaxy hosts significantly more star-forming gas (quantified

by the ISM mass fraction, fISM ≡ MISM/M? = 0.24) than the Fiducial galaxy (fISM =

0.08). In contrast, the GM-early galaxy is entirely devoid of star-forming gas, with an

instantaneous sSFR of zero; the value quoted in Fig. 5.10 is integrated over the preceding

300 Myr for consistency with the results shown in Fig. 5.8.

5.5 The impact of AGN feedback on the thermodynamic

state of the CGM

I return now to the thermodynamic state of the CGM in the genetically modified haloes.

In Chapter 4 I showed that in both EAGLE and IllustrisTNG, haloes that are gas-poor

exhibit longer halo-averaged cooling times (and characteristic entropies) than gas-rich

haloes at fixed mass. The radiative cooling time distributions of gas particles in gas-poor

haloes were also shown to be systematically greater than those of particles in gas-rich

haloes of the same halo mass. The effect of this shift is that the CGM is less-readily

able to cool and replenish the ISM when it is depleted by star formation or feedback

processes, ultimately facilitating quenching and morphological transformation. While it

is clear that the AGN-driven removal of baryons from the system is responsible for this

shift in the halo cooling time, it is not clear precisely how the shift is realised, and how

this influences the replenishment of the ISM.

I therefore now compare the present-day radiative cooling times (tcool), temperatures

(T ) and densities (nH) of particles in the CGM (i.e. within r200) of the GM-early family

of simulations, which have experienced strong AGN feedback, with those in the GM-late

family, which have experienced comparatively little. Fig. 5.11 shows the distributions

of these quantities for both the full-physics (RECAL) simulations and for simulations
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Figure 5.11: Present-day distributions of the cooling times (tcool, left column), tem-
peratures (T , centre column) and hydrogen number densities (nH, right column) of three
subsets of particles in simulations evolved from the GM-late (upper row) and GM-early
(lower row) initial conditions. Distributions are shown for the particles in the CGM (i.e.
they are not star-forming and are within the virial radius r200) in non-radiative sim-
ulations (NONRAD CGM), particles in the CGM in full-physics simulations (RECAL
CGM) and particles in full-physics simulations which were in the NONRAD CGM sub-
set (NONRAD CGM in RECAL). I stack these particle subsets generated with all nine
simulations in each family, and compute the distributions in 100 logarithmically-spaced
bins as a mass fraction normalised to the total mass of the NONRAD stack. Particles
at distances greater than 2r200 from the halo centre are excised from each distribution,
though I show the unexcised distributions with dashed lines. Particles experiencing
a net heating have their tcool fixed to 105 Gyr, and star-forming particles are excised
from “NONRAD CGM in RECAL”. Median values for each distribution are shown
with arrows, and mean tcool values, obtained by dividing the total internal energy of

the stack by the total luminosity, are shown with diamonds in the left column.

adopting the same initial conditions but in which radiative cooling is disabled6 (NON-

RAD), and hence no stars form and no energy is injected by feedback processes. The

distributions are generated by ‘stacking’ all nine simulations from each family, thus im-

proving the particle sampling by a factor of nine with respect to an individual halo, and

suppressing the influence of stochasticity from EAGLE’s sub-grid implementations of

star formation and feedback from star formation and BH growth. They are computed

in 100 logarithmically-spaced bins as a mass fraction normalised to the total mass of the

NONRAD stack. The median values of each distribution are marked with arrows below

the curves in all panels.

6In this case, the cooling times I compute (following Section 5.2.4) are based on the temperatures
and densities of particles as though they were cooling.
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The gas comprising the CGM in the NONRAD simulations effectively represents the

baryonic mass that “should” be associated with the halo in the absence of feedback.

Examination of the properties of this set of fluid elements in the RECAL simulations

(shown as “NONRAD CGM in RECAL”) highlights the influence of feedback processes

on the physical state of the CGM. These particles need not necessarily comprise the

CGM in RECAL, and the difference between this set of fluid elements and those actually

comprising the CGM in the RECAL simulation represents those baryons that have been

ejected. Some of this material is ejected with sufficient momentum that it travels beyond

the region sampled with gas particles by the zoomed simulation, after which it ceases

to experience pressure forces and effectively expands adiabatically to artificially-low

densities (and long cooling times). I excise any particles residing beyond 2r200 at z = 0

from the distributions to account for this, but show the unexcised distributions with

dashed lines for completeness.

A subset of the particles in the NONRAD CGM form stars in RECAL, and therefore

do not appear in the “NONRAD CGM in RECAL” distributions. Similarly, another

subset comprises the present-day ISM in RECAL. Since EAGLE (intentionally) treats

the multiphase ISM as a single-phase medium, the SPH temperature of star-forming

particles is more a reflection of their pressure than their internal energy. I therefore

excise both of these particle subsets from “NONRAD CGM in RECAL”. I set the

cooling times of particles that are experiencing a net heating (and hence have a negative

tcool) to 105 Gyr to ensure that they are included in the distribution. In the centre

panels of Fig. 5.11, I quote the mass fraction of the NONRAD CGM that, in RECAL,

is found in the form of stars or the ISM, and also the fractions that are found within

and without the CGM.

In the GM-late case, the median cooling times for the NONRAD and RECAL CGM

are similar, and are comparable to the Hubble time, tH, at 11.1 Gyr and 14.8 Gyr re-

spectively. In RECAL, galaxies in the GM-late systems are actively star-forming and

are being fuelled by cooling from the CGM; this can be seen in the tail to short cooling

times in the RECAL distribution. The bulk of the distribution represents the “hot”

CGM and has a similar shape to the non-radiative case, though at a lower normalisation

because 61% of the NONRAD baryons have been ejected from the halo. The “NON-

RAD CGM in RECAL” distribution shows the fate of these baryons: they have long

cooling times and predominantly reside beyond 2r200. The similarity of the RECAL and

NONRAD distributions indicates that the expulsion of this gas has not strongly affected

the radiative cooling of the CGM.

In the GM-early case, the halo has experienced much more efficient gas expulsion. Of

the NONRAD CGM particles, 83% have been ejected in the RECAL simulations, and
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thus exhibit long cooling times (> 100 Gyr) and reside far beyond the virial radius. The

tcool distribution of particles remaining in the CGM is shifted to much longer timescales:

the median tcool is ' 80 Gyr, in comparison to a median of 14.7 Gyr for the NONRAD

simulations7. In the GM-early family, the halo has substantially less mass with a cooling

time shorter than the Hubble time, inhibiting the cooling of circumgalactic gas onto the

ISM and by extension inhibiting the resumption of star formation in the central galaxy.

To more closely mimic the measurement of halo cooling that would be derived from

observational measurements, I compute a mean value for the stacks by dividing the

total internal energy of the stacked particles by their total luminosity, denoting these

values with diamond symbols on Fig. 5.11. In the GM-late case, this value is lower in

RECAL (650 Myr) than in NONRAD (6.5 Gyr) because the mean is strongly weighted

to the rapidly cooling gas in the full-physics simulation, while in the GM-early case, it

is higher (3.42 Gyr vs. 1.76 Gyr).

To understand the cause of this shift in the cooling time, I first examine the particle

temperatures in the central panels of Fig. 5.11. The RECAL temperature distributions

are broadly similar for the GM-late and GM-early families, but the different normali-

sations of their histograms reflect their different fCGM values. Both families exhibit a

dominant hot (T ∼ 106 K) component whose distributions (and median temperatures)

closely follow that recovered from their counterpart NONRAD simulations. Both also

exhibit cool (T ∼ 104−5 K) gas components that are absent from their non-radiative

counterparts, and also contain gas that has been heated to significantly higher temper-

atures than seen in NONRAD. The latter result indicates that, contrary to the results

for group-scale haloes presented by McCarthy et al. (2011), feedback processes in ∼ L?

galaxies heat a fraction of the CGM to higher temperatures than is produced by grav-

itational shock heating. I speculate that this may be a consequence of the adoption of

a small amount of artificial entropy diffusion in EAGLE (see Appendix A3 of Schaye

et al., 2015), but further investigation of this is beyond the scope of this study. The

material ejected from the CGM exhibits temperatures below the median temperature of

the gas comprising the CGM, owing to its adiabatic expansion into the vacuum beyond

the baryon-sampled region of the zoom simulation. For the purposes of understanding

the shift to longer tcool in the GM-early case, the key result here is that the bulk of the

CGM is not significantly heated by feedback, and retains the characteristic temperature

that it would exhibit if simulated without radiative cooling.

The cooling rates of gas particles are particularly sensitive to their density, since Λ ∝
n2

H. Comparison of the RECAL and NONRAD distributions in the right-hand column

of Fig. 5.11 reveals that the density structure of the CGM is significantly modified

7The small difference in the NONRAD cooling time between the GM-early and GM-late cases is due
to their differing halo concentrations.
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by radiative processes. In the GM-late case, the lowest-density material in the outer

halo retains approximately the same density distribution with and without radiative

processes, however the most dense material has been substantially reconfigured. A

small fraction of this gas has cooled into stars or the ISM (12% of the budget), but the

majority has been ejected beyond r200 and exists at low densities as a result of expansion

into the vacuum beyond the baryon-sampled region of the zoom simulation, as shown by

the sample matched between NONRAD and RECAL. These effects reduce the median

density of the CGM from 1.96×10−4 cm−3 in NONRAD to 7.03×10−5 cm−3 in RECAL,

a reduction by a factor of 2.8. In the GM-early case, this effect is much stronger; the

ejection of a greater fraction of the CGM by feedback reconfigures the CGM at a lower

density, shifting the entire distribution and moving the median from 2.80× 10−4 cm−3

in NONRAD to 2.78 × 10−5 cm−3 in RECAL, a reduction by a factor of 10.1. This

corresponds to a factor ∼ 100 increase in the characteristic cooling time for the halo,

though the actual median cooling time for the stack only increases by a factor of 5; I

speculate that this is due to the enrichment of the CGM with metals in the radiative

simulation, which facilitate more rapid cooling through line emission. Nevertheless, the

removal of low-density gas from the system, coupled with a five-fold increase in the halo-

wide cooling time, is sufficient to prevent efficient cooling onto the ISM and, in general,

to quench the central galaxies in the GM-early family of simulations.

5.6 Summary and Discussion

I have investigated the impact of the assembly history of a dark matter halo on the

properties of its central galaxy and circumgalactic medium (CGM) in a set of ‘zoom’

simulations of a single halo where the assembly history is systematically adjusted via

the “genetic modification” (GM) technique (Roth et al., 2016; Pontzen et al., 2017, see

also Rey & Pontzen 2018). This study was motivated by the identification of several

correlations at fixed halo mass in the EAGLE and IllustrisTNG cosmological, hydro-

dynamical simulations of galaxy formation, which indicate that differences in assembly

history drive the scatter in the CGM mass fractions of dark matter haloes, mediated by

differences in the integrated feedback from active galactic nuclei (AGN) injected into the

system. These correlations, presented in Chapters 3 and 4, also indicate that differences

in the expulsion of CGM baryons by AGN feedback play a key role in determining the

present-day properties of central galaxies, particularly in regards to their star formation

activity and morphology. These correlations, identified in large samples of galaxy-halo

systems in cosmologically-representative volumes, indicate that the quenching and mor-

phological transformation of galaxies can be directly linked to the assembly history of

their host dark matter haloes, which is determined only by cosmology. A limitation
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of these results, however, is that they are ultimately obtained by comparing different

haloes, which may reside in very different environments, impacting the evolution of the

system.

To rigorously test the impact of differences in the halo assembly history on galaxies and

their surrounding gas, I perform a set of zoomed resimulations of the same halo, but

with modified initial conditions designed such that a halo of approximately the same

mass is assembled by z = 0, but where the mean overdensity of the mass constituting

the halo at z = 2 is higher or lower than the fiducial system. This technique shifts the

halo assembly history to earlier or later times, while keeping the large-scale environment

fixed and the initial conditions consistent with a ΛCDM cosmology, thus providing a

controlled numerical experiment to test the above hypotheses. I use three sets of initial

conditions: a fiducial case with no modification, and “GM-early” and “GM-late” cases

where the assembly history is shifted to earlier or later times respectively.

The system used in this study was selected from a periodic simulation run with the

Reference EAGLE model (Schaye et al., 2015; Crain et al., 2015) to be a present-day

moderately star-forming (sSFR= 10−10.2 yr−1) central galaxy of stellar mass M?,30kpc =

4.3 × 1010 M� hosted by a halo of mass M200 = 3.4 × 1012 M�, chosen to match

the halo mass scale at which the correlations in Chapters 3 and 4 are the strongest.

The GM resimulations were carried out with the ‘Recal’ EAGLE model (Schaye et al.,

2015); I also utilise counterpart simulations containing only collisionless gravitational

dynamics (DMONLY), simulations implementing hydrodynamics, but no star formation,

BH formation, feedback or radiative cooling (NONRAD), and full-physics simulations

where no black holes are seeded and no AGN feedback occurs (NOAGN). To quantify

the effects of the stochasticity inherent in the EAGLE subgrid prescription for feedback,

I evolve the simulation from the initial conditions with nine different ‘seeds’ for the

feedback scheme. I therefore quote the emergent properties of the halo and galaxy at

a given epoch as a median value for the nine seeds, and quantify the spread with the

interquartile range (IQR).

My results can be summarised as follows:

1. In the absence of baryonic physics, the three GM cases assemble similar halo masses

of 4.43×1012 M� (GM-early), 3.73×1012 M� (Fiducial) and 2.88×1012 M� (GM-

late) by z = 0, but exhibit strong differences in their assembly histories induced by

the GM initial conditions; as required, the GM-early system assembles the earliest,

followed by the Fiducial system, then the GM-late system. At z = 2, where the

state of the halo is specified by the GM technique, the GM-early system has already

assembled 40% of its final mass, while the Fiducial and GM-late systems have
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assembled 20% and 3% of their final masses respectively (Fig. 5.3, left column).

The assembly history of the Fiducial system is mildy early-forming for its mass,

in comparison with the analytical prescription of Correa et al. (2015).

2. When baryonic physics is included, the halo mass assembly histories are broadly

similar to the DMONLY case, and exhibit the required shift in assembly time.

They reach lower final masses than in DMONLY as a result of the ejection of

baryons through feedback processes, though the choice of feedback seed causes

very little scatter. At z = 0, the final halo masses are 3.58× 1012 M� (GM-early,

IQR= 0.07 × 1012 M�), 3.21 × 1012 M� (Fiducial, IQR= 0.18 × 1012 M�), and

2.88× 1012 M� (GM-late, IQR= 0.05× 1012 M�) (Fig. 5.3, right column).

3. The CGM mass fraction (normalised by the cosmic baryon fraction Ωb/Ω0) declines

for all three GM cases once the halo mass exceeds the critical mass, Mcrit(z) (as

defined by Bower et al. (2017)), at which the central BH is expected to begin

rapidly growing and injecting AGN feedback energy. This depletion occurs earlier

for the GM-early case (z ≈ 2) than for the Fiducial (z ≈ 1) and GM-late (z ≈ 0.7)

cases. In concordance with the correlations found between fCGM and proxies for

the halo assembly time in Chapters 3 and 4, the GM-late halo is the most gas-rich

at the present day (fCGM/(Ωb/Ω0) = 0.50, IQR= 0.06), followed by the Fiducial

halo (0.31, IQR= 0.05), then the GM-early halo (0.15, IQR= 0.07), demonstrating

a strong influence of assembly time on the baryon content of the CGM in this

controlled experiment (Fig. 5.4).

4. The GM realisations of a single halo are an excellent probe of the scatter in the

present-day fCGM−M200 relation in the EAGLE Ref-L100N1504 simulation. The

Fiducial system lies very close to the median fCGM at M200 ∼ 1012.5, while the

GM-early system lies 1.3σ below it and the GM-late system lies 2.0σ above it. The

locations of each GM case within the wider population vary strongly with redshift;

at z = 1, the GM-early system is already very gas-poor relative to the median, but

the Fiducial system remains gas-rich as its CGM mass fraction is yet to decline

(Fig. 5.5).

5. The onset of rapid BH growth is coincident with M200(z) reaching the Mcrit(z)

threshold in all GM cases, and is also coincident with the expulsion of baryons and

decline in fCGM as predicted by Oppenheimer et al. (2020). Previous simulation re-

sults indicate that earlier-forming and more tightly-bound haloes foster the growth

of more massive BHs (Booth & Schaye, 2010, 2011), and the GM-early system does

indeed host a more massive central BH (log(MBH)[M�] = 8.08, IQR= 0.30 dex) at

the present day than the Fiducial system (7.90, IQR= 0.08 dex), with the GM-late

system forming the lowest-mass BH (7.28, IQR= 0.20 dex). The differences in halo
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binding energy induced by the genetic modification therefore modulate the total

injected AGN feedback, and subsequently, the baryon content of the CGM (Figure

5.6).

6. AfterM200 exceedsMcrit(z), the total energy injected by the AGN, EAGN, increases

to become comparable with the ‘intrinsic’ binding energy of the halo baryons,

Eb
bind, albeit over a longer time period for the GM-late case than the Fiducial and

GM-early cases. The onset of baryon depletion in each system is coincident with

EAGN ' Eb
bind. The final ratio of these quantities is highest for the GM-early case

(EAGN/E
b
bind = 2.52, IQR= 1.94), followed by the Fiducial case (2.26, IQR= 0.44),

and the GM-late case (0.83, IQR= 0.45), indicating that earlier halo assembly

induces a greater shift away from self-regulation for the system (Fig. 5.7).

7. The specific star formation rate (sSFR) of the central galaxy declines in concert

with the ejection of baryons from the halo in all three GM systems. The GM-late

and Fiducial haloes remain actively star-forming at the present day (assuming a

threshold sSFR of 10−11 yr−1 for quenching), with sSFR of 10−10.03 yr−1 (IQR=

0.16 dex) and 10−10.55 yr−1 (IQR= 0.20 dex) respectively. In contrast, the gas-poor

GM-early system is quenched at the present day for six of the nine feedback seeds

used, with a median sSFR of 10−12.37 yr−1, (IQR= 1.54 dex). A systematic shift in

the assembly history of a dark matter halo can therefore result in the production

of a quenched system rather than an active one, and I demonstrate that AGN

feedback is crucial for mediating this connection; in the absence of such feedback,

all three GM cases remain actively star-forming at the present day (Fig. 5.8).

8. The expulsion of baryons from the GM-early and Fiducial systems is also accom-

panied by a marked decrease in the degree of rotational support in the stellar disc.

This support is quantified by the stellar co-rotational kinetic energy fraction κco

for which a threshold value of 0.4 separates star-forming discs (κco > 0.4) from

quenched ellipticals (κco < 0.4) in EAGLE (Correa et al., 2017). In the GM-late

case, the central galaxy undergoes a morphological transformation from spiral to

elliptical, with a present-day κco of 0.24 (IQR= 0.16), while the Fiducial (κco

= 0.44, IQR= 0.05) and GM-late (κco = 0.43, IQR= 0.04) central galaxies remain

spiral-like according to this definition. A stronger ejection of baryons from the

CGM induced by an earlier halo assembly history therefore appears to facilitate a

morphological transformation of the central galaxy (Fig. 5.9, see also the images

in Fig. 5.10).

9. The injection of AGN feedback energy into the CGM induces a strong shift in its

cooling time. In the baryon-rich CGM of the GM-late system, where AGN feedback

has had little effect on its contents, the distribution of the particle cooling times,
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tcool is similar to that of a non-radiative (NONRAD) simulation of the same halo,

with similar median tcool = 11.1 Gyr (NONRAD) and 14.8 Gyr (RECAL). In the

baryon-poor GM-early systems, which have experienced stronger AGN feedback,

the cooling time distribution is shifted to higher tcool relative to the NONRAD

case, elevating the median tcool from 14.7 Gyr to 72.9 Gyr. The majority of the

baryons ejected from this system exist beyond 2r200 and at very long cooling times

(Fig. 5.11, left column). This elevation of the cooling time and overall depletion

of the circumgalactic reservoir prevents the replenishment of the ISM, leading to

the quenching of the central galaxy.

10. The elevation of the CGM cooling time is not the result of a substantial heating by

AGN feedback. In both the GM-early and GM-late systems, while a small fraction

of the CGM baryons are heated to higher temperatures than are present in the

non-radiative case, and a subset of the CGM is able to cool to lower temperatures,

the bulk of the halo gas follows the NONRAD temperature distribution (Fig. 5.11,

central column).

11. The CGM tcool distribution is shifted to longer times following AGN feedback as

a result of changes to the density distribution. In the GM-late case, the bulk of

the baryons have the same density distribution in the full-physics and NONRAD

realisations, though the most dense component of the NONRAD CGM either cools

to higher densities and forms stars, or is ejected from the halo, reducing the median

density of the CGM by a factor of 2.8. In the GM-early case, strong AGN-driven

baryon ejection reconfigures the CGM at a lower density, with the densest material

being the most affected. The majority of the material which should be in the halo

(since it remains within r200 in the NONRAD realisation) is ejected beyond the

r200 and exists at low densities (nH . 10−6 cm−3). This reconfiguration reduces

the median density by a factor of 10.1 relative to the NONRAD case, and since

the cooling function Λ ∝ n2
H, this significantly elevates the CGM cooling time,

facilitating quenching and morphological transformation (Fig. 5.11, right column).

The results presented in this Chapter conclusively demonstrate that the assembly his-

tories of present-day ∼ L? haloes have a significant impact on the properties of their

central galaxies. Here I can identify a clear sequence of events: haloes which form earlier

than is typical for their mass foster the growth of more massive SMBHs, which inject

more integrated feedback energy into their surrounding gas relative to the binding en-

ergy of the halo’s baryons. This ejects a larger fraction of the baryons in the CGM,

removing the densest gas and reconfiguring the CGM at a lower mean density, raising

the cooling time and preventing replenishment of the ISM. This leads to the quenching

and morphological transformation of the central galaxy. While the results of Chapters
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3 and 4 showed this indirectly through identification of correlation in large statistical

samples, here I can have greater confidence that the above sequence of events is driven

by differences in the assembly history, because I consider the evolution of only one halo

where all other variables are kept fixed.

I have only considered the EAGLE simulation model in this Chapter, however the results

in Chapter 4 demonstrated that this picture is similarly valid in the TNG model. If this

controlled experiment were replicated using identical initial conditions, but with the

TNG model, the overall outcome would likely be the same, but with differences in detail

stemming from the use of very different subgrid prescriptions for the feedback associated

with star formation and BH growth. As shown in Chapter 4, the onset of efficient baryon

ejection in EAGLE occurs when high BH accretion rates are reached, since the efficiency

of AGN feedback is fixed; this happens at earlier times for earlier-assembling systems.

In contrast, the onset of efficient ejection in TNG occurs when the BH accretion rate

is low compared to the Eddington rate, and the AGN injects feedback energy in the

high-efficiency ‘kinetic’ mode. This is typically the case once MBH is greater than the

“pivot mass” of 108 M�. While this threshold mass is likely reached at earlier times for

SMBHs in earlier-assembling haloes (leading to the correlations presented in Chapter 4),

the onset of ejective feedback need not happen at early (z ∼ 2) times as it typically does

for EAGLE, likely producing very different evolutionary tracks for quantities such as

MBH, fCGM in TNG. Performing the same controlled experiment with the TNG model

will likely highlight revealing differences induced by the choice of subgrid model, and

this is a prime candidate for future work.



Chapter 6

Summary and Conclusions

At the start of this thesis, I posed three “big questions”:

• How does the process of galaxy formation impact the environments of galaxies?

• How do the properties of a galaxy’s environment affect its evolution?

• How are the properties of galaxies linked to the underlying nature of the universe?

In Chapter 1, I outlined the importance of these questions in the context of galaxy

formation in a ΛCDM cosmology, and described our current understanding of the im-

mediate environments of galaxies: the circumgalactic medium (CGM). I explained why

the questions are currently difficult to address conclusively through purely observational

means, and motivated the use of simulations to assist in the interpretation of existing

results, and to make predictions for future observations.

Throughout this thesis, I have presented novel results which address these questions,

obtained through analysis of two suites of cosmological, hydrodynamical simulations

(introduced in Chapter 2) that represent the current state-of-the-art, and through per-

forming controlled numerical galaxy formation experiments using the powerful “genetic

modification” technique. In this chapter I will summarise these results, and connect

them to describe a process in which the present-day properties of galaxies can be linked

to a the assembly histories of their host dark matter haloes, which are established purely

by cosmology, and that the key to this connection is the interaction of galaxies with their

circumgalactic medium.

To address the first of the above questions, Chapter 3 commenced with an investigation

into the relationship between AGN feedback and the gas content of the CGM in the EA-

GLE simulations. EAGLE represents an ideal suite for such a study since the parameters
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governing the efficiency of feedback were calibrated solely on the stellar properties of

galaxies, effectively leaving the properties of the CGM as a prediction of the simulation.

I showed that the present-day circumgalactic gas mass fractions of dark matter haloes

hosting Milky Way-mass galaxies in EAGLE are insensitive to the intensity of ongoing

AGN feedback, but are strongly correlated with the integral of such feedback over the

lifetime of the halo and its progenitors. The scatter in the gas fractions of simulated dark

matter haloes therefore originates from the diversity in the growth histories of their cen-

tral black holes, such that at fixed halo mass, gas-poor haloes host over-massive central

black holes and vice versa. I showed that this diversity stems from the assembly history

of the host dark matter halo, since earlier-assembling systems are more tightly-bound

and typically foster the growth of more massive black holes. I also demonstrated that

these correlations are borne out in observational proxies for the halo gas fraction, such

as measurements of the soft X-ray luminosity and thermal Sunyaev Zeldovich effect,

providing a means to test these conclusions with forthcoming observational facilities.

Another significant finding presented in Chapter 3 was that EAGLE haloes of fixed mass

which are gas-rich preferentially host central galaxies with higher star-formation rates

than average (and vice-versa), suggesting that the AGN-driven ejection of baryons from

the halo subsequently impacts the evolution of the central galaxy. I explored the origin

of this connection in Chapter 4, finding that AGN feedback acts to elevate the cooling

time of the surrounding CGM through gas ejection, curtailing the supply of fresh gas to

the ISM and leading to quenching. I showed that gas-poor haloes exhibit longer CGM

cooling times than average, because they have experienced a greater integrated energy

injection from expulsive feedback relative to the binding energy of their baryons. These

effects have implications for the galaxy beyond its star formation activity - I also show

that gas-poor haloes preferentially host galaxies with dispersion-dominated kinematics,

while gas-rich haloes of the same mass typically host rotation-supported galaxies.

The results of Chapters 3 and 4 connected the quenching and morphological transfor-

mation of galaxies to the assembly histories of their host dark matter haloes, through

differences in the central black hole growth history and its effect on the ability of the

CGM to cool. I established the generality of these conclusions in Chapter 4 by analysing

the IllustrisTNG simulations in concert with EAGLE, finding that the above conclusions

still apply. This consensus between two state-of-the-art simulations was not necessarily

expected, given that they employ very different hydrodynamical solvers and subgrid pre-

scriptions for feedback. These differences cause the simulations to exhibit very different

median CGM mass fractions as a function of halo mass, with low-mass IllustrisTNG

haloes being significantly more gas-rich than in EAGLE. The expulsion of CGM gas is

a response to the central black hole reaching high accretion rates in EAGLE, whereas

in IllustrisTNG it is initiated by the onset of a kinetic feedback mode. This leads to
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significant differences between the simulations; the IllustrisTNG population exhibits a

strongly positive correlation between the CGM mass fraction and the present-day black

hole mass accretion rate which is absent in the EAGLE population. This difference is

in principle distinguishable by observations, highlighting the importance of the CGM in

constraining feedback models for future generations of hydrodynamical simulations.

The above results are based upon the identification of correlations at fixed halo mass in

large statistical samples of galaxies, within simulations of cosmologically representative

volumes. A significant disadvantage of this method is that one is ultimately comparing

different haloes, in which other factors (such as the large-scale environment) might drive,

or at least influence, the identified correlations. In Chapter 5 I performed a more

tightly-controlled test of the connection between halo assembly, feedback, the CGM and

galaxy formation, by systematically adjusting the assembly history of a single Milky

Way-mass halo in an EAGLE ‘zoom’ simulation. This adjustment was achieved through

“genetic modification” of the initial conditions of the simulation such that the halo

assembly history is shifted to earlier or later times, but the large-scale environment and

z = 0 halo mass is kept constant. I show that shifting the halo assembly to earlier times

leads to the growth of a more massive black hole, and that the greater integrated energy

injection from AGN feedback associated with this ejects a greater fraction of the CGM

mass. I demonstrate that this ejection reconfigures the CGM at a lower density, elevating

its cooling time and facilitating the quenching and morphological transformation of the

central galaxy. These effects must be the result of a modified assembly history, since all

other variables are controlled in this experiment.

This sequence of events, outlined over Chapters 3, 4, and 5, addresses the three “big

questions” collectively, forming an intuitive picture of the role that feedback, the CGM

and the halo assembly history play in the regulation of galaxy formation:

• Galaxy formation affects the galaxy environment. As ∼ L? galaxies form,

AGN feedback associated with the growth of the central black hole ejects baryons

from the CGM, reconfiguring it at a lower density and elevating its cooling time.

• The properties of the CGM affect the evolution of the central galaxy.

Replenishment of the ISM is inhibited in gas-poor haloes with long cooling times,

leading to the quenching of the central galaxy and facilitating a morphological

transformation from spiral-like to elliptical. This process appears to be necessary

for long-term quenching in EAGLE and IllustrisTNG; simply ejecting star-forming

gas from the galaxy is not sufficient, and the efficiently-cooling component of the

CGM must also be ejected.



Summary and Conclusions 125

• The above processes can be directly connected to a cosmological origin.

The scatter in the present-day black hole mass, and hence the CGM mass fraction

and central galaxy properties, is governed by the assembly history of the halo.

This connection is demonstrated by both correlations at fixed mass in cosmological

simulations, and confirmed by the systematic experiment in Chapter 5.

6.1 Future work

6.1.1 Prospects for observational testing

The correlations between the properties of galaxies (star formation rate, colour, mor-

phology, black hole mass) and the CGM mass fraction of the host halo, predicted in this

thesis, are ripe for observational testing. Conclusive observational evidence of these cor-

relations at fixed mass would lend strong credence to the results presented here, however

for the reasons discussed in Chapter 2, such evidence will be challenging to obtain.

In Chapter 3, I showed in Fig. 3.4 that both the soft (0.5 . EX . 2.0 keV), diffuse X-ray

luminosity and the ‘flux’ from the thermal Sunyaev Zel’dovich (tSZ) effect are effective

proxies for the CGM mass fraction, and correlate strongly with both the black hole

mass (negatively) and star formation rate (positively) at fixed halo mass in EAGLE.

As discussed in Section 1.3.1.1, however, detection of diffuse X-ray emission in the

CGM of Milky Way-like galaxies remains beyond the capabilities of current observational

facilities, however future telescopes such as Athena (Barret et al., 2016) and Lynx (Özel,

2018) promise to make such detections routine. Similarly, as discussed in Section 1.3.1.2,

studying the CGM of Milky Way-like galaxies through the tSZ effect is precluded by

the Planck satellite’s ' 10 arcmin beam, which corresponds to scales significantly larger

than the virial radius of nearby ∼ L? galaxies. This approach therefore awaits the

next generation of ground-based high-resolution CMB experiments such as CMB-S4

(Abazajian et al., 2016) and the Simons Observatory (Ade et al., 2019).

Other observational routes are, however, more immediately feasible. At X-ray wave-

lengths, the eROSITA instrument on the recently launched Spectrum-Roentgen-Gamma

mission (Merloni et al., 2012) will soon map the entire sky at 30× greater sensitivity

than the ROSAT all-sky survey, averaging a 2 ksec integration time upon its final re-

lease, which will comprise 4 years of observations. It will offer 15” spatial resolution,

allowing X-ray profiles of nearby (z ≈ 0.01) L? haloes to be resolved. I am involved

with a follow-up study to the results presented herein (Oppenheimer et al., submitted

to ApJL), in which we demonstrate using EAGLE and IllustrisTNG that the stacking of

eROSITA X-ray maps about the co-ordinates of blue, star forming galaxies and about
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red, quenched galaxies at fixed stellar/halo mass should reveal differences in the diffuse

X-ray luminosity originating from differences in the CGM mass fraction. Stacking about

the co-ordinates of galaxies with under-massive or over-massive central black holes (us-

ing, for example, the sample of dynamically-measured masses described in Terrazas et al.

(2017)) should also reveal differences, giving credence to the results in this thesis.

Another more immediately accessible proxy for the CGM mass fraction is the column

densities (or covering fractions) of CIV absorption systems in the UV spectra of back-

ground quasars. As outlined by Oppenheimer et al. (2020), this ion is an attractive tracer

because the 1548, 1551 Å doublet can be readily observed by the Cosmic Origins Spec-

trograph (COS, aboard the Hubble Space Telescope) in the local Universe (z . 0.01)

where dynamically-measured black hole masses are available. At z = 0, CIV traces

metals at temperatures of 104− 105 K and densities of 10−5− 10−3 cm−3 (e.g. Rahmati

et al., 2016); it is photoionised by the UV background at T < 105 K at low densities

and collisionally ionised at T ∼ 105 K at higher densities, tracing a well-defined region

of temperature-density phase space in the CGM. In a companion study to the work

presented in this thesis, Oppenheimer et al. (2020) showed that the covering fractions

and column densities of CIV in the CGM of Milky Way-like EAGLE galaxies signifi-

cantly decrease (along with the CGM mass fraction) following episodes of rapid AGN

feedback, and that red, quenched systems with overmassive black holes exhibit lower

CIV covering fractions overall. Observational confirmation of this correlation should be

eminently feasible with COS, and this would provide strong evidence in favour of the

ideas presented in this thesis.

6.1.2 Further theoretical study

The results I have presented in this thesis predict that the effects of feedback on the

CGM play a crucial, yet hitherto overlooked role in the quenching and morphological

transformation of galaxies. The origin of the observed bimodality in the colours and

morphologies of galaxies is one of the most important questions in the field of galaxy

formation, and the framework for the creation of this bimodality presented in this thesis

has therefore opened up many avenues for further research. I will discuss some of these

in this section.

6.1.2.1 The connection between CGM expulsion and galaxy morphology

The results in Chapter 4 provide a prediction (from two state-of-the-art simulation

models) that the assembly histories and CGM mass fractions of haloes are connected with

the morphology and kinematics of their central galaxies, and the results in Chapter 5
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unambiguously demonstrated that modifying a halo’s assembly history strongly changes

the emergent central galaxy morphology. While the connection is clear, this thesis has

not given conclusive evidence for why ejecting material from the CGM should transform

the morphology of the central galaxy. It is intuitive to understand that the quenching of

star formation is driven by the cessation of cooling from the CGM onto the ISM, however

it is not clear why this process should alter the existing kinematics of the stellar disc.

In Chapter 4 I speculated that a lack of accretion onto the ISM in gas-poor haloes

results in less cold gas in the disc, which would otherwise stabilise the disc against

mergers and instabilities, and that a lack of replenishment would inhibit the re-growth

of a disc. Testing this hypothesis and establishing a physical connection between the

morphologies of galaxies and the content of their CGM will require further simulation

work. The genetic modification technique will likely be a valuable tool in this endeavour,

as it can be used to adjust both the overall assembly history and the significance of

individual mergers (as shown by Pontzen et al., 2017), allowing detailed examination of

the role of mergers in this process.

6.1.2.2 Relationship with large-scale structure and the cosmic web

Recent analyses of the galaxy population observed by SDSS and the Horizon-AGN and

SIMBA simulations with the DisPerSE algorithm (Sousbie, 2011) have shown that

galaxies in haloes of a given mass that are “better connected” to the cosmic web (i.e.

by a greater number of filaments) tend to be more massive, less star-forming and less

rotationally supported (Kraljic et al., 2020). This appears counterintuitive; one might

expect that haloes connected to the cosmic web by a greater number of filaments would

have access to a greater supply of gas for star formation, and host active galaxies at

their centres.

Guided by the results in this thesis, I postulate that haloes which are better connected

are those that assemble the earliest, and hence form the most massive black holes,

giving rise to the previously discussed effects on the CGM. Future simulation work could

demonstrate that gas-poor haloes are in fact better connected to the cosmic web than

their gas-rich counterparts, and that AGN feedback is key to offsetting the increased gas

inflow provided by this connectivity. This work would clearly link the star formation

activity of a galaxy with its place in the large-scale structure of the Universe through

the effects of AGN on the CGM.
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6.1.2.3 Breaking the degeneracy in galaxy formation

At several points in this thesis, I have referred to a ‘degeneracy’ in galaxy formation

theory. At present, several models produce realistic galaxy populations which provide

a good match to many of the characteristics of the observed galaxy population, such as

the galaxy stellar mass function, the sizes of galaxies and the galaxy colour bimodality.

These models achieve this success despite great differences in their implementation of

unresolved ‘subgrid’ physical processes. The most notable differences concern the im-

plementation of feedback processes, about which there is no strong consensus between

simulations. The efficiencies of feedback processes are typically calibrated to reproduce

the above characteristics of the stellar components of galaxies, leaving the state of the

gaseous universe as a prediction of the simulation; the properties of the CGM are there-

fore best placed to break this degeneracy.

The ability of the CGM to distinguish between subgrid feedback models has been high-

lighted in this thesis. In Chapter 4, I showed that the critical difference between my

findings in EAGLE and IllustrisTNG lies in the initiation of efficient ejective feedback.

In EAGLE, CGM ejection depends only on the central black hole accretion rate, and is

therefore likely to occur at early times (z ∼ 2) when accretion rates are high. In contrast,

ejection in IllustrisTNG is initiated by the onset of kinetic AGN feedback, which in turn

depends on the mass of the black hole. This difference, along with EAGLE’s greater

efficiency at removing gas from low-mass haloes with feedback from star formation, leads

to significant differences in the relationship between the CGM mass fraction and halo

mass in lower mass haloes (M200 . 1012.5 M�). The CGM mass fractions of haloes in

this mass range are currently observationally unconstrained, however future detections

with more sensitive instrumentation will conclusively rule out one of the two scenarios

which, I reiterate, both produce realistic galaxies. In anticipation of these future con-

straints, the next logical step is to examine the redshift evolution of this relationship in

both simulations to identify the epoch at which they diverge, and investigate what the

consequences are for the properties of the CGM and galaxy.

Given the sensitivity of the CGM to the adopted subgrid model, it will be vital to

investigate how sensitive the conclusions presented in this thesis are to the details of the

chosen prescription for black hole seeding, growth and feedback. While the coupling of

feedback energy from black holes to the CGM differs between EAGLE and IllustrisTNG,

the method for seeding black holes and calculating their accretion rates is similar in both

simulations: black holes are seeded at the centres of haloes once a halo mass threshold is

reached, and proceed to grow according to a Bondi-Hoyle-like prescription for spherically

symmetric accretion. It would therefore be of great interest to extend my analysis of
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AGN and the properties of the CGM to a simulation model in which these processes are

implemented in a different fashion which is potentially more realistic.

Prime candidates for this include the prescription implemented in the SIMBA (Davé

et al., 2019) simulations, itself a modified version of the Anglés-Alcázar et al. (2017)

model, where an additional stellar mass threshold is implemented for the seeding of

black holes, and the accretion of cold (T < 105 K) gas proceeds according to the torque-

limited accretion model of Hopkins & Quataert (2011). This accretion model links the

infall rate onto the black hole to the properties of the inner galactic disc, and in contrast

to Bondi-Hoyle accretion, does not require the black hole to regulate its own growth,

naturally producing the black hole mass - stellar mass relation without calibration.

Another option is the prescription employed in the ROMULUS (Tremmel et al., 2017)

simulations, where the seeding of black holes is determined by the properties of the star-

forming gas, and where the angular momemtum of the gas surrounding the black hole

is included in the calculation of the accretion rate. Another approach is to significantly

increase the resolution of the simulation in the vicinity of the black hole in order to

resolve the Bondi-Hoyle radius. This can be achieved through the use of a moving-mesh

code such as AREPO, where the quasi-Lagrangian mesh can be dynamically ‘refined’ to

a much higher mass resolution in a small region (Curtis & Sijacki, 2015).

To examine the sensitivity of my results to the choice of model, I envisage a tightly-

controlled and systematic experiment in which a suite of identical simulations are run

with a base model such as EAGLE, but in which various implementations of black hole

seeding, growth and feedback are used. Such an experiment could benefit from the

use of genetically-modified initial conditions, which could be employed to systematically

adjust the impact of this feedback on the CGM, as in Chapter 5. This would provide

insight into how the chosen subgrid implementation of black hole growth and feedback

directly impacts the evolution of the host system over cosmic time and produce observ-

able diagnostics for each case which can be tested, providing new constraints for future

simulation models.
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Comparison of simulated X-ray

luminosities and tSZ fluxes with

observations

In this short Appendix I briefly compare the observable properties of haloes in the

EAGLE simulation with observational measurements. In the panels of Fig. A.1, I show

the mean (solid lines) and median (dashed lines) values of scaling relations as a function

of halo mass, with the 10th− 90th percentile scatter shown via shading. In bins sampled

by fewer than 10 galaxies, haloes are plotted individually. I remind the reader that,

when comparing the simulations with measurements derived from stacked observational

data, it is more appropriate to compare with the mean of the simulated sample rather

than the median.

The upper panel of Fig. A.1 focusses on the LX −M200 relation. The observational

measurements are comprised of XMM-Newton and Chandra direct detections of dif-

fuse emission from the environments of massive, isolated spiral galaxies, compiled and

homogeneously re-analysed by Li et al. (2017). Specifically, these are observations of

NGC 1961 (Bogdán et al., 2013a; Anderson et al., 2016) and NGC 6753 (Bogdán et al.,

2013a), labelled here as “Massive Spirals”, the CGM-MASS sample of Li et al. (2017),

a measurement of the Milky Way’s X-ray luminosity from Snowden et al. (1997) with

uncertainty estimates from Miller & Bregman (2015a), and a sample of inclined disc

galaxies observed with Chandra and presented by Li et al. (2014). Since direct de-

tections of diffuse X-ray emission from galaxies are generally limited to r < 0.1r200,

the luminosities of EAGLE haloes in this panel were computed using a 3-dimensional

spherical aperture of this radius. The range of luminosities displayed by EAGLE galax-

ies is generally compatible with the scatter of the observational measurements, but I
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Figure A.1: Comparison of EAGLE’s CGM scaling relations with observational mea-
surements. Top panel : the LX −M200 relation, where LX is computed within a spher-
ical aperture of r = 0.1r200. Solid (dashed) lines indicating the binned mean (median)
values, and shading indicates the 10th − 90th percentile scatter. Galaxies in bins sam-
pled by fewer than 10 galaxies are shown individually. Observational measurements
are taken from the homogeneously-reanalysed compliation of Li et al. (2017). Centre
panel : the LX −M500 relation, where LX is computed within a spherical annulus of
0.15 < r/r200 < 1. Observational measurements are based on X-ray and weak lensing
shear maps stacked about the coordinates of massive local galaxies, as per Wang et al.
(2016). Bottom panel : the Y d2A −M500 relation, where Y is computed in a spherical
aperture of r = 5r500. As above, observational measurements are based on the stacking

analysis of Wang et al. (2016), here using Planck CMB maps.
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caution that direct detection observations are likely strongly biased towards the most

X-ray-luminous galaxies at fixed mass.

In the centre panel, I compare the X-ray luminosity of EAGLE galaxies to the LX−M500

scaling relation presented by Wang et al. (2016), who used weak lensing halo mass es-

timates to recalibrate the relation originally presented by Anderson et al. (2015), de-

rived by stacking X-ray maps from the ROSAT All-Sky Survey about the coordinates

of optically-selected massive galaxies in the local Universe. The low spatial resolution

of the maps precludes the excision of bright X-ray point sources, therefore I compare

to the “CGM” luminosities of Anderson et al. (2015), computed using an aperture of

0.15 < r/r200 < 1. This comparison reveals that the extended gas haloes of very massive

galaxies, and galaxy groups, in EAGLE are too X-ray-luminous. This shortcoming was

previously highlighted by Schaye et al. (2015), who showed that the issue can be miti-

gated via the use of a higher temperature increment in EAGLE’s stochastic heating im-

plementation of AGN feedback. I elected to present results here from the Ref-L100N1504

simulation rather than the AGNdT9-L050N0752, which uses this higher heating tem-

perature, since the latter affords a factor of 8 poorer sampling of the galaxy population.

Moreover, I focus here primarily on ∼ L? galaxies, for which the correspondence with

the observed X-ray luminosity is reasonable for the Reference model.

Finally, I show in the bottom panel the stacked tSZ signal for the same sample used by

Anderson et al. (2015) and Wang et al. (2016), as presented by Planck Collaboration

et al. (2013). Following McCarthy et al. (2017), I convert the observed values of Y (<

r500) back into the the measured flux Y (< 5r500), and compare with tSZ flux of EAGLE

galaxies computed within the same spherical aperture. The simulations reproduce the

observed flux on these relatively large scales very well; a more stringent test of the

simulation based on the tSZ flux awaits the availability of panoramic CMB maps with

high spatial resolution.

I reiterate that the gaseous properties of galaxies and their haloes were not considered

during the calibration of the parameters governing energetic feedback in EAGLE, and

they may therefore be considered as predictions of the simulations. Whilst it is possi-

ble to identify differences in detail, the observable properties of the extended gaseous

environments of ∼ L? galaxies in EAGLE are in sufficiently good agreement with obser-

vational measurements to engender confidence in this aspect of the simulations.
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Hopkins P. F., Kereš D., Oñorbe J., Faucher-Giguère C.-A., Quataert E., Murray N.,

Bullock J. S., 2014, Monthly Notices of the Royal Astronomical Society, 445, 581

Hopkins P. F., et al., 2018, Monthly Notices of the Royal Astronomical Society, 480, 800

Hubble E. P., 1925, The Astrophysical Journal, 62, 409

Hubble E. P., 1926a, The Astrophysical Journal, 63, 236

Hubble E. P., 1926b, The Astrophysical Journal, 64, 321

Hubble E., 1929, Proceedings of the National Academy of Science, 15, 168

Hummels C. B., Bryan G. L., Smith B. D., Turk M. J., 2013, Monthly Notices of the

Royal Astronomical Society, 430, 1548

http://dx.doi.org/10.1103/PhysRevD.23.347
https://ui.adsabs.harvard.edu/abs/1981PhRvD..23..347G
http://arxiv.org/abs/astro-ph/0106018
http://dx.doi.org/10.1086/383567
https://ui.adsabs.harvard.edu/abs/2004ApJ...604L..89H
http://dx.doi.org/10.1093/mnras/stu515
http://dx.doi.org/10.1093/mnras/stu515
https://ui.adsabs.harvard.edu/abs/2014MNRAS.441.3306H
http://dx.doi.org/10.1093/mnras/sty1780
http://dx.doi.org/10.1093/mnras/sty1780
https://ui.adsabs.harvard.edu/abs/2018MNRAS.479.5385H
http://dx.doi.org/10.1086/507069
https://ui.adsabs.harvard.edu/abs/2006ApJ...651...61H
http://dx.doi.org/10.1093/mnras/stz3233
https://ui.adsabs.harvard.edu/abs/2020MNRAS.491.5795H
https://ui.adsabs.harvard.edu/abs/2020MNRAS.491.5795H
http://dx.doi.org/10.3847/0004-637X/822/1/21
https://ui.adsabs.harvard.edu/abs/2016ApJ...822...21H
https://ui.adsabs.harvard.edu/abs/2016ApJ...822...21H
http://dx.doi.org/10.1093/mnras/sts210
http://adsabs.harvard.edu/abs/2013MNRAS.428.2840H
http://dx.doi.org/10.1111/j.1365-2966.2011.18542.x
https://ui.adsabs.harvard.edu/abs/2011MNRAS.415.1027H
http://dx.doi.org/10.1086/432438
https://ui.adsabs.harvard.edu/abs/2005ApJ...630..705H
http://dx.doi.org/10.1088/0004-637X/691/2/1168
https://ui.adsabs.harvard.edu/abs/2009ApJ...691.1168H
http://dx.doi.org/10.1093/mnras/stu1738
https://ui.adsabs.harvard.edu/abs/2014MNRAS.445..581H
http://dx.doi.org/10.1093/mnras/sty1690
https://ui.adsabs.harvard.edu/abs/2018MNRAS.480..800H
http://dx.doi.org/10.1086/142943
https://ui.adsabs.harvard.edu/abs/1925ApJ....62..409H
http://dx.doi.org/10.1086/142976
https://ui.adsabs.harvard.edu/abs/1926ApJ....63..236H
http://dx.doi.org/10.1086/143018
https://ui.adsabs.harvard.edu/abs/1926ApJ....64..321H
http://dx.doi.org/10.1073/pnas.15.3.168
https://ui.adsabs.harvard.edu/abs/1929PNAS...15..168H
http://dx.doi.org/10.1093/mnras/sts702
http://dx.doi.org/10.1093/mnras/sts702
https://ui.adsabs.harvard.edu/#abs/2013MNRAS.430.1548H


Bibliography 140
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