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Abstract:

In this thesis we investigate what drives the evolution of actively accreting central
supermassive black holes and unusually active strongly star-forming galaxies using
the Fvolution and Assembly of GaLazies and their Environments (EAGLE) suite of
cosmological hydrodynamical simulations. We find that many of our results are
intimately tied to the complex evolutionary pathway taken by the central black
holes within the simulation. This evolution can be separated into three distinct
phases, each related to the mass of the host dark matter halo. In low mass haloes,
stellar feedback dominates by driving an effective outflow and substantially hinders
the growth of the central black hole. As haloes become more massive, the stellar
feedback loses its efficiency, and the outflow stalls. This gives the first opportunity
for the central black hole to grow, which is does so initially at a rapid rate. After
this phase of rapid growth, the central black hole then becomes sufficiently massive
to regulate the gas inflow onto the halo, resulting in both the star formation of the
galaxy and any continued rapid growth of the central black hole to be substantially
restricted via the outputted energy of an actively accreting supermassive black hole

(referred to as an active galactic nuclei, or AGN). In Chapter 4 we discover that



this complex evolutionary behaviour is integral to understanding how the growth
rates of galaxies and their black holes are related to each other throughout cosmic
time. We use this behaviour to explain why the current observational studies report
different relationships between galaxy and black hole growth rates depending on the
initial selection method used. Finally, in Chapter 5 we find that the evolutionary
state of the black hole is also closely connected with high star formation rates in
lower mass galaxies (M, < 10" Mg, where M, is the stellar mass of the galaxy).
Such ‘starbursting’ galaxies are rare, and we argue that they are produced through
a culmination of two coinciding events; (1) the galaxy must host an underdeveloped
black hole (one that has not yet entered its rapid growth phase), thus ensuring that
the galaxy has maintained a gas rich reservoir and contains a low mass black hole;
and (2) the galaxy must undergo an interaction to kick-start the starburst process.
This tells us that strongly star-forming galaxies are a predominately merger driven
population that host undermassive black holes, making them fundamentally distinct

from the ‘typical” star-forming population.
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Chapter 1

Introduction

1.1 Cosmology and galaxy evolution

The Lambda cold dark matter (ACDM) cosmogony is the currently accepted con-
cordance, or ‘standard’, model of cosmology. Its framework consists of a Universe
that has evolved from a ‘Hot Big Bang’ model, with a matter component dominated
by a non-relativistic weakly interacting dark matter and contains a cosmological
constant, A, associated with dark energy. As with all modern cosmological mod-
els, it is founded on the cosmological principle; which states that the distribution
of material within the Universe is uniform (homogeneous) and that there are no
preferred locations within the Universe (isotropic). It also assumes that Einstein’s
theory of general relativity the correct descriptor of gravity on large scales. The
ACDM paradigm is the simplest model for which many aspects of our cosmos can be
explained; such as the origin of the cosmic microwave background, the distribution
of galaxies within the large scale structure, the initial abundances of the elements,

and the accelerated expansion of the Universe.
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1.1.1 The ACDM paradigm
The Hot Big Bang model

Much of the unveiling as to the true nature of our Universe came from the pioneering
work of Edwin Hubble in the 1930’s. He found that all distant galaxies are moving
away from us, and that the velocity at which they are receding is approximately
proportional to their distance. This result is encapsulated in what is known as

Hubble’s law,

v = HoR, (1.1.1)

where v is the recessional velocity, R is the proper (i.e., not comoving) distance
from the galaxy to the observer and Hj is the Hubble constant®, which is observed
to be &~ 70 km s~ Mpc™! (where Mpc stands for megaparsecs). This provided the
first observational based evidence that our Universe is expanding, seemingly with our
galaxy at the epicentre of that expansion. However, it can be shown that all observers
would derive an identical law regardless of their location within the Universe (due
to its linear nature), thus conforming to the isotropy of the cosmological principle.
The consequence of this expansion, is that the Universe must have been hotter and
more dense in the distant past, eventually collapsing to a singularity known as the
Big Bang. This is the first piece of evidence that strongly supports a ‘Hot Big Bang’
scenario. Two further fundamental aspects of our cosmos can be neatly described

within the context of this model; the initial abundances of the elements, and the

origin of the cosmic microwave background.

Primordial nucleosynthesis, or Big Bang nucleosynthesis, is responsible for producing
the so-called ‘light elements’, “He, D, 3He and 7Li, in the first ~ 20 minutes of the
Universe. After this time, the Universe had expanded and cooled to the point

where it was no longer hot enough for any significant fusion to occur, and the initial

LOr more strictly, it is the value of the time-varying Hubble parameter, H(t), at the present
day.
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abundances of the elements was set. Alpher et al. (1948) used this theory to predict
what the abundances of the elements in our Universe should be if such a process
had taken place. To measure this, however, we are required to look in the Universe’s
most pristine environments, those that have been the least polluted by the stellar
nucleosynthesis process, and remain as close as possible to their primordial state?.
Observations of such ‘metal-poor’ systems have yielded a good agreement with the
predicted abundances, however, there are potential tensions between the predicted

abundances of "Li to those that are observed (see Steigman, 2007 for a review).

Approximately 380,000 years later, the Universe cooled to a point where is became
energetically favourable for electrons and protons to combine (&~ 3000 K or an
average photon energy of =~ 0.7 eV?), allowing the first neutral atoms to stably
form. In the absence of the free electrons, the photons could suddenly travel almost
completely unhindered as the Universe turns ‘transparent’, known to cosmologists as
the ‘period of recombination’, or the ‘surface of last scattering’. This ‘relic radiation’
was predicted to stretch and cool as the Universe expands, eventually shifting into
the microwave region of the electromagnetic spectrum (Gamow, 1948; Alpher &
Herman, 1948a,b). Its discovery did not come until almost 20 years later, when
in 1964 Arno Penzias and Robert Wilson stumbled upon a background microwave
signal that they could not explain, seemingly coming from every direction on the sky.
It turned out to be the predicted radiation from recombination, and was labelled

the cosmic microwave background (CMB).

Many precision satellites have since analysed the CMB in great detail; such as the
COBE (Smoot et al., 1992), WMAP (Bennett et al., 2013) and Planck (Planck
Collaboration et al., 2014) missions, finding it to be almost completely uniform,
with an approximately constant temperature of 2.7 K in every direction of the sky.

However it is not completely uniform, and yields fluctuations one part in 100,000,

?Note that deuterium is also ‘destroyed’ in stars and must be accounted for.

3Note that this is well below the ionization energy of hydrogen (13.6 eV), however at temperatures
greater than =~ 3000 K, for a primordial plasma in thermodynamic equilibrium with a ‘photon-to-
baryon’ ratio of ~ 107, there remain a sufficient number of high energy photons in the blackbody
tail to keep the hydrogen atoms ionized.
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created from the tiny variations in the density of the Universe immediately after the
Big Bang. These anisotropies reveal specific facts about the nature of our Universe;
such as information about its curvature and matter content. Due to the remarkable
agreement between the predicted origin of the CMB, and the wealth of precise
observations, it remains the most compelling piece of evidence supporting the Hot

Big Bang paradigm today.

Dark matter and dark energy

The two fundamental components of the ACDM paradigm are dark matter and dark
energy. These two components alone dominate the energy budget of the Universe,
yet, astonishingly, neither one has been directly detected. Instead, the evidence for

their existence comes purely from theory and indirect inferences.

There have been various proposals suggesting the existence of an invisible matter
since the beginning of the 20" century. In 1933 Fritz Zwicky studied the motions
of galaxies around the nearby Coma Cluster, deducing that there was simply not
enough mass within the cluster (estimated from the visible light) to account for
the high orbital velocities of the galaxies, which, if correct, would have torn the
cluster apart, inferring the need for some form of additional mass/gravity within
the system to keep it together (Zwicky, 1933, 1937). In an analogous fashion,
during the 1960s and 70s, Vera Rubin provided further strong evidence for a missing
matter component by analysing the rotation curves of spiral galaxies, inferring that
they could not produce their high rotational velocities given the amount of visible
matter within the system (Rubin et al., 1980). Perhaps the strongest observational
evidence for dark matter comes from gravitational lensing. Using Einstein’s general
theory of relativity we know that matter curves space, and that even light will trace
that curvature. Therefore massive compact systems, such as galaxy clusters, can
substantially deflect the path of background light in the same manor as magnification
by a lens. By measuring this effect we can infer a total mass for the cluster, which

is always found to be considerably more than is measured from the visible light
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alone (e.g., Massey et al., 2010). Additionally, from a theoretical viewpoint, when
attempting to reproduce the large scale structure of the Universe numerically via
simulations, it is only possible by assuming that the matter content of the Universe

is dominated by a collisionless dark matter (e.g., Springel et al., 2006).

The leading theory as to the nature of dark matter is that it is a massive* funda-
mental particle that only interacts through the weak force and by gravity. As it does
not interact electromagnetically (i.e., it does not absorb or emit light), detecting
these ‘weakly interacting massive particles’ (or WIMPs) is an extremely challenging
task. One option is to attempt to produce the particle artificially within a particle
accelerator, such as the Large Hadron Collider. These experiments energetically col-
lide two protons to produce heavier particles, which, on rare occasions, are theorised
to produce dark matter candidates (‘detected’ via the absence of energy within the
collision, as the particle itself would not interact directly with the detector). To date
no such particle has been created; however, these experiments can place strong con-
straints on the allowed properties of the dark matter candidates (e.g., Khachatryan
et al., 2015). Direct detection is another method, whereby sensitive detectors are
placed in isolation deep underground® in the hope that a collision between an incom-
ing dark matter particle and the baryonic particles comprising the detector will be
measured. Such interactions are predicted to be extremely rare, with an expected
signal of &~ 107°-10" events per kilogram of detector per day. The current generation
of detectors have detection thresholds of around 1 event per kilogram of detector per
day; however, even with the numerous examples of these detectors around the world,
to date no signal has been discovered. And finally, as dark matter can self-annihilate,
large concentrations of dark matter, such as at the centre of our own galaxy, are
predicted to produce an excess signal at this annihilation energy. However, again,

there has been no (confirmed) detection of this signal. The direct detection of dark

4These massive dark matter particles are thought to be produced via the thermal creation process
in the early Universe. They are predicted to lie in the mass range = 10-1000 GeV, estimated from
the measured abundance of dark matter today, which constrains the self-annihilation cross section.

In an attempt to remove as much ‘noise’ as possible from non-dark matter sources, such as
cosmic rays.
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matter would certainly be one of the crowning achievements in all of physics.

Even more mysterious than dark matter, is dark energy, the existence of which
is inferred from the observed accelerated expansion of our Universe. By invoking
general relativity, the expansion history of the Universe can be derived (see next
section). This derivation classically produced three broad scenarios as to the fate of
our Universe; (1) the energy that drives the outward expansion of the Universe is
large enough to overcome the attraction of gravity, and it expands indefinitely (an
‘open’ Universe); or vice-versa, (2) where gravity wins and the Universe eventually
collapses under its own mass beyond a critical time (a ‘closed’” Universe); or (3)
there is a perfect amount of matter in the universe to balance the expansion and it
asymptotes towards a static Universe (a ‘flat” Universe). However, evidence emerged
that our Universe is actually accelerating in its expansion; for example, from the
inability of a ‘simple’ CDM theory to explain the abundance of structure on large
scales found by the APM survey (Efstathiou et al., 1990), and from the observed
apparent brightness of type-Ta supernovae® in distant galaxies (discovered independ-
ently by the Supernova Cosmology Project (Perlmutter et al., 1999) and the High-Z
Supernova Search Team (Riess et al., 1998)). Thus the theories had to be redefined
to incorporate an additional form of unknown energy which drives the accelerated
expansion, which we coin dark energy, however its origin and nature are barely
understood. A leading theory interprets dark energy as a vacuum enerqgy, whereby
virtual particle-antiparticle pairs come into existence and then self-annihilate shortly
thereafter. However, the observed density of the cosmological vacuum energy dens-
ity and the value predicted from quantum field theory are significantly discrepant,
which is referred to as the ‘vacuum catastrophe’ (e.g., Adler et al., 1995; Rugh &
Zinkernagel, 2000), and is one of the great open questions in modern physics today.
Dark energy appears in the ACDM paradigm as a cosmological constant, A (see also

the next section).

6If a white dwarf star is able to accrete mass from a binary partner it can exceed the
Chandrasekhar mass and ignite as a type-Ia supernova. These make for ideal ‘standard candle’
distance indicators, as the supernovae explosion has a well defined intrinsic brightness.
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1.1.2 The Friedmann equations

The behaviour of a homogeneous and isotropic Universe can be described by perhaps
the most important equation in cosmology, the Friedmann equation. It is obtained by
inserting the Friedmann-Robertson-Walker metric into the Einstein Field Equation,

yielding

L2 2
<a> :87TG ke A (11.2)

- t —
p()+R0a2+3,

a 3

where Ry is the radius of curvature of the Universe as the present day, k = +1,—1or 0
is a curvature constant that describes the geometry of the Universe, A is the cosmo-
logical constant, p(t) is the total density (from all sources of energy, not just matter)
and a is the scale factor; a dimensionless factor between 0 and 1 that parametrizes
the relative expansion of the Universe. From a Newtonian viewpoint, where our
Universe is described simply by an expanding sphere, the scale factor is the ratio
of the radius of the Universe at a given time to the radius of the Universe today,
a = R(t)/Ry. Note that the scale factor is a time dependent quantity, a = a(t),
however the (t) is traditionally dropped for clarity. The Friedmann equation relates
the rate of growth of the Universe to the matter, energy and curvature contained
within it.

In order to solve the Friedmann equation, we require an additional relation between
the two unknowns; the scale factor and the density. By invoking the first law of
thermodynamics, dE = —PdV + dQ (where E is the internal energy, P is the
pressure, V' is the volume and @ is the total heat) and by understanding that the
expansion of a homogeneous Universe is an adiabatic process (d@Q = 0), we arrive at

the fluid equation,

p(t) + 32 (p(t) + P) =0, (1.1.3)

c2

which has no dependence on the cosmological constant, A, however it has introduced
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an additional unknown, the pressure, P. Note that P is also a time dependent
quantity, P = P(t), however the (t) is again traditionally dropped for clarity. Finally,

by combining egs. (1.1.2) and (1.1.3) we obtain the acceleration equation,

a 4G 3P Ac?
- (0 + 55 ) + 5

= 1.14

that describes the rate of change of the expansion of the Universe.

Solving the Friedmann equations

In order to solve the Friedmann equations directly, we require one final relation,
between the pressure P and the density p(t), invoked via the equation of state of a

perfect fluid,

P = wp(t)c?, (1.1.5)

where w is a dimensionless constant. The combination of these four equations allows

us to understand how a particular universe will evolve with time.

As an example, if we substitute eq. (1.1.5) into eq. (1.1.3) we find that in a universe
dominated by matter (w = 0) the density falls as p(t) oc a='/3 (as we would obtain
from the classical Newtonian viewpoint), in a radiation dominated universe (w = 1/3)
this increases to p(t) oc a~'/* (the extra dimensionality is from the redshifting of
the radiation) and in a universe dominated by a cosmological constant (w = —1)
the density remains constant (p(t) = const). In reality of course, there is a mixing

between the components, with each component dominating at a different time.

The Friedmann equations can also be solved to see how the scale factor evolves as a
function of time, whether or not the expansion (or contraction) of the Universe is
speeding up or slowing down and what role the geometry plays in the eventual fate

of the Universe.
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The critical density and the density parameter

By realising that H(t) = R/R = a/a (from eq. (1.1.1)) we can rewrite the Friedmann

equation in terms of the Hubble parameter, from which the critical density is defined,

pe(t) = : (1.1.6)

which is the mean density required to create a flat (k = 0) Universe in the absence
of a cosmological constant (A = 0). The critical density of the Universe today is
observed to be p.o(t) ~ 1.4 x 10" Mg Mpc™ or &~ 1 hydrogen atom per cubic
meter. In models without a cosmological constant, the critical density represents the
tipping point between a Universe that will eventually collapse under its own gravity

(p(t) > pc(t)) and those that will expand indefinitely (p(t) < pc(t)).

Cosmologists generally prefer to describe the density of the Universe in terms of the

density parameter; the ratio of the total density to the critical density, i.e.,

p(t) 8rG
Qt) = = p(t . 1.1.7
(t) @) p(t) x SH(1? (1.1.7)
Once substituted, this yields an alternate form of the Friedmann equation,
kc?
1-Qt)=————— 1.1.8

thus showing that if Q(¢) > 1,Q(¢) = 1 or Q(t) < 1 at any time (i.e., if the Universe
is more, equal or less dense than the critical density), it remains so at all times, as
the sign of the right hand side of the equation cannot change during expansion. By

solving this equation for the present day, i.e.,

C
Ry = —|1 — Q|2 1.1.9
0 Hol 0| ) ( )

we see that if €y is very close to 1 (which we believe it to be), then the curvature

radius of the Universe is very large, and therefore would be immeasurable on small
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scales.

The cosmological constant

At the time, Einstein was convinced that the Universe was static. Yet frustratingly,
no solution to the Friedmann equations could allow for such a Universe to exist;
eventually it must either expand, or contract. He therefore added a term to his field
equation called the cosmological constant, A, the purpose of which was to counteract
the inevitable expansion or contraction of the Universe. He later realised in the
wake of Hubble’s discovery of an expanding Universe that the term was no longer

required, and subsequently dropped it, claiming it to be his “greatest blunder”.

However, when the expansion of the Universe was discovered to be accelerating, the
Friedmann equations could once again not yield a solution, and the cosmological
constant was reintroduced. By looking at the Friedmann equation (eq. (1.1.2)), the
addition of the cosmological constant is equivalent to adding a new component of

the total density,

pr = —— (1.1.10)

which, if constant, implies from the fluid equation that

A

Py=— .
A I7G

(1.1.11)

The cosmological constant therefore provides a constant energy density resulting in

a negative pressure, driving the accelerated expansion.

1.1.3 Galaxy formation and evolution

It is now widely accepted that galaxies form within the centres of gravitationally

bound dark matter structures, known as ‘haloes’ (see Benson, 2010 for a review of
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galaxy formation theory). Dark matter is initially distributed near uniformly in the
primordial Universe (as seen from the near uniformity of the CMB), however, the
regions that are slightly overdense will concentrate together via gravity, eventually
becoming non-linear and undergoing gravitational collapse, thus decoupling them
from the Hubble flow. The smaller scale overdensities collapse first”, forming the
primordial haloes, which continue to grow either through the smooth accretion of
material or by mergers with neighbouring haloes (White & Rees, 1978). This process

results in the hierarchical build-up of structure within the Universe.

Pristine baryonic material will then be gravitationally attracted towards the deep
potential wells of these dark matter haloes. If the virial temperature of the halo
exceeds the temperature of the incoming gas it will shock, and the kinetic energy
of the infalling gas will be thermalized. If the cooling times of the halo are long
compared to the dynamical times, this shock generally occurs at the virial radius,
however, in the other limit of short cooling times, the shock must instead form at
much smaller radii (e.g., White & Frenk, 1991). This prevents the gas clouds from
immediately fragmenting into stars (e.g., Rees & Ostriker, 1977). How efficiently
this gas then cools is predicted to depend on the mass of the halo; the gas in haloes
of mass 10'°-10'2 M, cools so efficiently it collapses at the free-fall rate and quickly
fragments into stars, with the gas in larger haloes taking much longer to cool. White
& Frenk (1991) introduced the transition mass between the between rapid and slow
cooling regimes at the point where the cooling and dynamical times at the halo virial
radius become equal. This result has been confirmed by a number of hydrodynamical
simulations (e.g., Benson et al., 2001; Helly et al., 2003). As angular momentum is
conserved, the cooled gas then goes on to form a galactic disk where the majority of

star formation occurs (e.g., Fall & Efstathiou, 1980; Mo et al., 1998).

Many complex processes over a multitude of scales then occur. Individual stars

"This is assuming that the dark matter is ‘cold’ (low streaming velocities); if the dark matter
was ‘warm’ or ‘hot’, haloes would initially form more massive and fragment into smaller structures
forming a top-down scenario, as the larger streaming velocities would wipe out fluctuations on
smaller scales.
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and star clusters are observed to form from cool molecular gas at a rate that is
proportional to the gas surface density (Kennicutt, 1998). Elements heavier than
helium (referred to as ‘metals’) are synthesised within these stars via nuclear fusion
and go on to enrich the surrounding interstellar medium (ISM) from stellar winds.
In addition to this, the stars that explode as type Il and type Ia supernova enrich
the ISM further and also deposit energy (in the form of heat) into the surrounding
gas. The collective energy output from multiple star clusters drives an outflow and
disrupts the galaxy’s gas via turbulence, which eventually establishes a regulatory
balance with the large scale inflow of gas onto the galaxy (e.g., White & Frenk, 1991).
Finally, supermassive black holes must also form (Rees, 1966), and are observed to
be interlinked with their galaxy hosts (e.g., Magorrian et al., 1998). These compact
objects release energy into the surrounding ISM through jets, winds and radiation
from the accretion process (see Fabian, 2012 for a review). This energy output is
significant, and is thought to curb any continued star formation within the galaxy,
creating the ‘red and dead’ massive galaxies that we see today (e.g., Bower et al.,

2006).

The culmination of these processes is collectively refereed to as galaxy evolution.

1.2 Simulating the Universe

There have been many attempts to collectively model the processes that govern
galaxy evolution; yet, from the complexities and non-linearities involved, it is not
feasible to achieve purely analytically. Instead, numerical simulations have been
adopted in an attempt to approach the problem. These simulations can broadly be
divided into two types; dark matter only simulations, where the influence of baryonic
material is ignored; and hydrodynamical simulations, where the evolution of both
baryonic and non-bayonic materials are traced self-consistently through the entirety
of cosmic time, each with the goal of recreating a realistic ‘virtual universe’ by the

present day. As the contents of this thesis are based around the results from the
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hydrodynamical cosmological EAGLE simulation, the discussion here will concentrate

on numerical simulations of cosmological scales.

1.2.1 Dark matter only simulations

The simplest treatment comes in the form of dark matter only (DMO) simulations,
whereby the Universe is modelled purely as a collisionless dark matter fluid that
evolves under the influence of Newton’s laws in an expanding background and ignores
the behaviour of the gas, the formation of stars, black holes, etc . Many different
groups have worked on this method over the past 30 years, yielding many discoveries.
The earliest examples were extremely limited by their computing power, only capable
of tracing the evolution of 323 particles within a relatively small volume (Davis et al.,
1985; Frenk et al., 1988). Yet even from their limited size, these simulations were
crucial in establishing the legitimacy of ‘cold’ dark matter as a working model. As
the computing power increased, so to did the volume of the simulations; producing
the publicly successful Millennium Simulation (Springel et al., 2005b), and then the
Millennium-XXL Simulation (Angulo et al., 2012), which now traces the evolution of
6720 particles within a vast cosmologically representative volume. These simulations
have made important contributions towards our understanding of the large scale

structure of the Universe and the formation of the ‘cosmic web’.

1.2.2 Semi-Analytic modelling

In an attempt to take these simulations a step further, and incorporate galaxies,
semi-analytic models (SAM) were introduced. This technique uses the underlying
dark matter distribution from the DMO simulation as a foundation, in an attempt
to describe an evolving galaxy population via a set of coupled differential equations.
These models are calibrated to reproduce a chosen subset of observational data, such
as the z = 0 stellar mass function. As the entirety of this technique is performed

in post processing, it is extremely computationally inexpensive, allowing for a rapid
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exploration of the parameter space in the models (Henriques et al., 2009; Bower et al.,
2010) and has been successful in producing many self-consistent SAMs of galaxy
evolution that can rigorously match many observational datasets (e.g., Benson et al.,
2003; Bower et al., 2006). Additionally, as they can be run on such large underlying
DMO volumes, the galaxy catalogues produced from SAMs are essential to create
mock catalogues for the calibration of upcoming large scale surveys, such as EUCLID

(Laureijs et al., 2011).

However, there are a number of shortcomings to using such a technique; the input
parameters to the models can only be made dependent on the properties of the dark
matter haloes that are assumed to be hosting the galaxies; as the modelling is run
‘after-the-fact’, the galaxy evolution process can never influence the underlying dark
matter distribution; there is usually no information about the internal structures
of galaxies; they can be ‘over calibrated’ to too many parameters, yielding little
predictive power; and perhaps most crucially, the results are strongly dependent on
the complexity of the models chosen and the simplifying assumptions that feed into

them.

1.2.3 Hydrodynamical simulations

The ultimate aim, then, is to produce simulations with a full hydrodynamic treat-
ment, thus self-consistently tracing the evolution of the baryons in conjunction with
the dark matter through cosmic time. Two hydrodynamics schemes are generally
favoured; Smoothed Particle Hydrodynamics (SPH) and Adaptive Mesh Refinement
(AMR), each with their pros and cons (see Price, 2012 for a review). Hydrodynamical
simulations are now able to create galaxy populations to the levels of accuracy of
SAMs, however with many distinctive advantages; the galaxies now contain spatial
information, the evolution of the baryons can now influence the underlying dark
matter distribution, and the bayonic effects; such as the ram-pressure stripping of

gas and the influence of stellar and black hole feedback upon the gas can now be
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directly resolved and do not need to be added as a separate equation.

However, there are still many astrophysical processes that cannot be directly re-
solved even by hydrodynamical simulations, particularly those simulating cosmo-
logical volumes. For example; gas cooling, star formation and the accretion onto
supermassive black holes. Instead, these essential processes are implemented as a
series of ‘subgrid’ models, the free parameters of which are calibrated to a chosen

subset of observational data.

The development of gravity codes, hydrodynamic solvers, subgrid models and com-
puting resources have progressed at a rapid rate over the last 20 years (see Figure 1.1),
to the point where we can now model representative cosmological volumes® with full
hydrodynamical treatments; such as the ILLUSTRIS and ILLUSTRIS-TNG simulations
(Vogelsberger et al., 2014; Pillepich et al., 2018), the EAGLE simulation (Schaye
et al., 2015; Crain et al., 2016) and the HORIZON-AGN simulation (Dubois et al.,
2016). Each of these works adopt their own chosen subgrid modelling techniques and
hydrodynamic schemes, yet still match remarkably well to both calibrated and non-
calibrated observational datasets, making them the state-of-the-art of simulations
today. This generation has pioneered a golden age of hydrodynamical cosmological
simulations, proving their capability to rapidly expand our knowledge of galaxy

evolution.

In this thesis we utilise the hydrodynamical cosmological EAGLE simulation to invest-
igate the evolution of rare phenomena within the Universe; such as actively accreting
supermassive black holes, and strongly star-forming submillimetre galaxies. A more

in depth overview of the EAGLE simulation is presented in Chapter 2.

8These simulations now achieve volumes of (100cMpc)? and contain a few tens of thousands of
resolved galaxies, allowing us to study a range of galaxy and halo masses, formation histories and
environments simultaneously in one self-consistent simulation.
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1.2.4 Idealised and zoom simulations

It is not always necessary to simulate the entirety of a galaxy population, much
can also be learned from the study of a small collection of galaxies; such as binary
merging systems, isolated galaxy groups or even entire clusters. One method used
to achieve this is through a manually constructed set of idealised initial conditions,
which has traditionally been used in the case of binary merging systems (e.g., White
& Rees, 1978). Simulations such as these are relatively computationally inexpensive,
and can therefore explore a wide parameter space of merger scenarios (such as the
impact parameter, galaxy mass ratio, initial velocities, etc) and model dependencies
(the different between those run with and with out supermassive black holes, for
example). However, results from these studies must be treated with caution, as
they do not evolve self consistently within a cosmological environment. For this
reason, the ‘zoom-in’ method is generally preferred. This takes a selected region
of interest from a low resolution parent cosmological volume (usually DMO) and
resimulates the chosen region at a much higher resolution; these can be run as DMO
simulations (e.g., Springel et al., 2008), but they are generally resimulated with the
full hydrodynamics (e.g, Hopkins et al., 2014). This method is distinctly advantaged
over the idealised method described above, as the initial conditions are naturally
set, and the resimulated region evolves under the influence of the full cosmological
environment (ensuring that the resimulated galaxies experience large scale inflows
and hierarchical build-up). They are, however, more computationally expensive to

perform than the idealised simulations.

A substantial amount of information has been gained from the simulations using
these techniques. For example, they provide ideal testbeds for the development of
new subgrid models, and have yielded the crucial importance of both stellar (e.g.,
Agertz et al., 2013; Schaye & Dalla Vecchia, 2008) and black hole feedback (e.g.,
Springel et al., 2005b; Hopkins et al., 2008). The computational expense saved via

this method ensures that the subgrid models are robustly tested before being applied
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to the full cosmological simulations. The primary advantage of such simulations,
however, is their capability to accurately probe the small scale structure within
galaxies, with resolutions that can be many orders of magnitude greater than those
achieved by cosmological simulations. For example, the AURIGA (Grand et al., 2017)
and APOSTLE (Sawala et al., 2016) projects take advantage of such high resolutions
to investigate the satellite populations of Milky Way analogues within the local
group, providing valuable incite to the ‘missing satellites’ (e.g., Moore et al., 1999)

and ‘too big to fail’ (e.g., Boylan-Kolchin et al., 2011) problems.

1.2.5 Future work and upcoming simulations

Looking towards the next generation of hydrodynamical cosmological simulations,

there will be two key areas of focus.

o The first is to improve upon the subgrid modelling techniques, as the prescrip-
tions for these models yield a dramatic influence over the simulated galaxy
population. This can be achieved by revisiting the physics surrounding these
processes from first principles, or by examining the shotcomings of the current
generation of simulations and attempting an improved recalibrated strategy.
For example, the baryon fractions of massive galaxies are commonly too high,
creating an excess in the amount of star formation over what is observed. This
could be improved upon by revisiting the AGN feedback model within zoom
simulations of individual clusters where AGN feedback is dominant. Additional
improvements will also come from updated simulation codes, by exploring newer
and more efficient schemes to implement the gravity and hydrodynamics. For
example, the parallel task-based code SWIFT (Schaller et al., 2018) promises
speed-ups of an order of magnitude over previous codes, which will yield many
new opportunities to running larger and more accurate simulations in the

future.
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e The second improvement is to increase the volume of the Universe that is
represented. The volumes of the current generation (& (100 cMpc)?)? are still
not large enough to capture the rarest (and most easily observed) phenom-
ena within our Universe; such as high redshift quasars, strongly star-forming
submillimeter galaxies and massive clusters; nor are they large enough to ad-
equately compare to observational surveys in order to produce reliable mock
catalogues. For these reasons, larger simulations are required (by a factor of
~ 10-100). Efficiently producing and analysing the vast amounts of data from

these simulations will be the greatest challenge for the next generation.

1.3 Thesis outline

The remainder of this thesis is organised as follows. Chapter 2 outlines the workings
of the cosmological hydrodynamical EAGLE simulation, including an overview of the
subgrid models. The analysis of this thesis is formed entirely from the results of this
simulation. Chapter 3 investigates the rapid growth phase of supermassive black
holes, a period of accelerated black hole growth that occurs within ~L, (those with
halo masses My ~ 102 M) galaxies that is embedded between two regulatory
states of the galaxy host: in sub L, galaxies efficient stellar feedback is found to
regulate the gas inflow onto the galaxy and significantly reduces the growth of the
central black hole, while in galaxies more massive than L, efficient AGN feedback
is found to regulate the gas inflow onto the galaxy and curbs further non-linear
black hole growth. We find that this creates a complex evolutionary pathway for
the black holes within the simulation, and has many knock-on implications for the
way galaxies evolve. Chapter 4 goes on to investigate the coevolution of black
hole and galaxy growth throughout cosmic time. We find that the simulation can

reproduce the alternate trends found empirically between the galaxy and black hole

9Throughout this thesis we use the following notation; co-moving distances are preceded by the
letter ‘¢’ e.g., cMpc, and proper distances are preceded by the letter ‘p’; e.g., pkpc.
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growth rates when selecting the initial sample via different methods. We argue
that this discrepancy is not created due to the short variability timescales of black
hole accretion (which has been commonly assumed), and it is instead linked to the
complex interplay between galaxies and their black holes throughout cosmic time,
due to the multiple phases of black hole growth described in Chapter 3. Finally,
in Chapter 5 we investigate the origin and evolution of the most strongly star-
forming galaxies (those with star formation rates greater than 80 My yr—!). We
find, that at lower stellar masses (M, < 10 M) these systems are rare, and are
undergoing a different star formation process to the ‘typical’ star-forming population.
We argue that the majority of strongly star-forming galaxies are produced through
a culmination of two coinciding events; (1) the galaxy must host an underdeveloped
black hole, thus ensuring that the galaxy has maintained a gas rich reservoir and
contains a low mass black hole; and (2) the galaxy must undergo an interaction to
kick-start the starburst process. This tells us that strongly star-forming galaxies are
predominantly a merger driven population hosting undermassive black holes, making

them fundamentally different from the typical star-forming population.



Chapter 2

The EAGLE simulation suite

The “Evolution and Assembly of GaLaxies and their Environment” (EAGLE) project
is a suite of hydrodynamical cosmological simulations that follow the formation and
evolution of galaxies within a series of cosmologically representative volumes. The
largest simulation, measuring (100 cMpc)? and containing over 7 billion resolution
elements, was completed in January 2014 and took ~ 4.5 Million CPU hours to reach
z = 0. A comprehensive detailing of the simulation suite is given by Schaye et al.
(2015) and Crain et al. (2015), however, as the entirety of the work presented in this
thesis is formed from the analysis of these simulations, this chapter is included as a

reference to the reader as an overview of the simulation suite.

2.1 Overview

The EAGLE simulation suite is a set of cosmological hydrodynamical simulations
in cubic, periodic volumes ranging from 25 to 100 cMpc per side that track the
evolution of both baryonic (gas, stars and supermassive black holes) and non-baryonic
(dark matter) elements from a starting redshift of z = 127 to the present day.
All simulations adopt a flat ACDM cosmology with parameters taken from the
Planck mission (Planck Collaboration et al., 2014) results: Q) = 0.693, Q,,, = 0.307,
O, = 0.04825, 05 = 0.8288, n, = 0.9611, Y = 0.248 and Hy = 67.77 km s}



2.1. Overview 23

Mpc™! (i.e., h = 0.6777). The initial conditions were generated using second-order
Lagrangian perturbation theory (Jenkins, 2010) and the phase information is taken
from the public PANPHAISA Gaussian white noise field (Jenkins, 2013). Full details
of how the initial conditions were made are given in Appendix B of Schaye et al.
(2015). The simulation suite was run with a modified version of the GADGET-3
Smoothed Particle Hydrodynamics (SPH) code (last described by Springel, 2005),
and includes a full treatment of gravity and hydrodynamics. The modifications to
the SPH method are collectively referred to as ANARCHY (Dalla Vecchia, (in prep.),
see also Appendix A of Schaye et al. (2015) and Schaller et al. (2015a)), and include
the Cy kernel of Wendland (1995), the Hopkins (2013) pressure-entropy formulation
of SPH, the time-step limiters introduced by Durier & Dalla Vecchia (2012), the
artificial viscosity switch of Cullen & Dehnen (2010) and a weak thermal conduction
term of the form proposed by Price (2008). The effects of this state-of-the-art
formulation of SPH on the galaxy properties is explored in detail by Schaller et al.
(2015a).

The astrophysical processes that operate below the simulation resolution are treated
by a series of ‘subgrid’ prescriptions (a description of the subgrid models is given in
Section 2.4). Because of our limited understanding of these processes and because of
the limited resolution of the simulations, the subgrid source and sink terms involve
poorly constrained parameters whose values must be determined by comparison of
the simulation results to a subset of the observational data. In the case of EAGLE,
the subgrid parameters were calibrated for feedback from star formation and AGN
by using three properties of galaxies at redshift z = 0, specifically the galaxy stellar
mass function, the galaxy size — stellar mass relation, and the black hole mass — stellar
mass relation. The calibration strategy is described in detail by Crain et al. (2015)
who also presented additional simulations to demonstrate the effect of parameter

variations.

Once the simulations have been calibrated using a subset of the observational data,

they can be validated by comparison to additional datasets. Studies have so far
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shown that the simulations broadly reproduce a variety of other observables such
as the z = 0 Tully-Fisher relation, specific star formation rates and the column
density distribution of intergalactic C IV and O VI (Schaye et al., 2015), the H I
and H, properties of galaxies (Bahé et al., 2016; Lagos et al., 2015), the column
density distribution of intergalactic metals (Schaye et al., 2015), galaxy rotation
curves (Schaller et al., 2015b), the z = 0 luminosity function and colour-magnitude
diagram (Trayford et al., 2015), the evolution of the galaxy stellar mass function
(Furlong et al., 2015b), the high-redshift H I column density distribution (Rahmati
et al., 2015) and the AGN luminosity function (Rosas-Guevara et al., 2016). To date,
over 100 refereed scientific papers have been produced that directly utilize data from

the EAGLE simulation suite.

2.1.1 The simulation runs

Table 2.1 summarises the the fiducial simulations of the EAGLE suite, including
the comoving cubic box length, baryonic and non-baryonic particle masses and
gravitational softening lengths. Together these parameters determine the dynamic
range and resolution that can be achieved by the simulation. The simulation name
includes a suffix to indicate the simulation box length in comoving megaparsecs
(e.g., L0100) and the cube root of the initial number of particles per species (e.g.,
N1504). Simulations with the same subgrid model as the primary run (LO100N1504)
are denoted with the prefix “Ref-". As discussed in Schaye et al. (2015), the “Recal-"
higher-resolution simulations, such as Recal-L0025N0752, use values of the subgrid
parameters that have been recalibrated following the same procedure used for the
reference simulation to improve the fit to the z = 0 galaxy stellar mass function.
These recalibrated higher resolution simulations allow for the weak convergence of the

code to be tested!. To a similar end, higher resolution non-recalibrated simulations,

ITwo simulations run at alternate resolutions are said to ‘weakly’ converge if they produce
the same result after a recalibration of the subgrid model parameters. By contrast, these two
simulations would ‘strongly’ converge if they produce the same result without the need for any
recalibration. See Schaye et al. (2015) for a discussion on weak and strong convergence.
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such as Ref-LLO025N0752, allow for the strong convergence of the code to be tested.
These simulations use all the subgrid parameters of the reference model, but at a

higher mass resolution.

Finally, many simulations with alternate subgrid parameters to the reference model
were also run to investigate their influence on the properties of galaxies. For example,
AGNdAT9-L0050N0752 uses a higher AGN heating temperature and increased black
hole accretion viscosity parameter, Cyi.. As discussed by Schaye et al. (2015), this
results in a better match to the properties of diffuse gas in galaxy group haloes, but

has only a small effect on the properties of galaxies.

2.2 Gravity

Dark matter interacts only through gravity, and is treated as a collisionless fluid. Its
motion is therefore governed by the collisionless Boltzmann equation in an expanding

Universe (e.g., Binney & Tremaine, 1987) coupled with the Poisson equation,

V2®(r) = 4rGa*(p(r) — p), (2.2.1)

where G is the gravitational constant, ®(r) is the peculiar gravitational potential, p
is the density, p is the mean density and a is the expansion factor. These coupled
equations are complex, and are instead solved in the simulation by sampling the

phase-space density field with a number of N tracer particles.

The simplest approach is to compute the gravity force on a given particle ¢ of mass

m; using the conventional Newtonian approach,

N-1
Gmym;

Fr)= ). ﬁ(rj—ri)- (2.2.2)
j=tgi 158 — Ti

However, as this is essentially a N? problem (N(N — 1)), it is computationally
extremely challenging to achieve for large values of N. In reality, this sum is

approximated in order to substantially reduce the computational expense.
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This is achieved through a combination of the tree and particle mesh (PM) techniques
(tree-PM). Long range and periodic forces are computed by mapping the density
field onto a regular mesh and solving the Poisson equation (eq. (2.2.2)) directly in
Fourier space. Short range forces are obtained using the octree approach of Barnes
& Hut (1986). A cubical root node that encompasses the full mass distribution is
recursively divided into eight daughter nodes until one ends up with ‘leaf’ nodes
containing single particles. Particles belonging to each node then have their gravity
represented collectively via a single multipole force. The total gravity force on a
given particle is then obtained by ‘walking’ the tree, starting with the root node. A
decision is made whether or not the multipole expansion of the node provides an
accurate enough representation of the force acting upon the particle. If ‘yes’, the
multipole force is used and the walk along this branch of the tree is terminated, if
‘no’, the node is ‘opened’ and each of the daughter nodes are considered in turn. The
force from the node upon the considered particle is not considered accurate enough,

and ‘opened’, when

GM <l>2 < alal, (2.2.3)

rz \r

where r is the distance to the node, [ is the node size, M is the total node mass, «
is a tolerance parameter (= 0.7) and a is the total acceleration of the particle at the

previous simulation timestep.

The gravity forces acting upon the non-dark matter tracer particles (i.e., the gas,

star and black hole particles, see next section) are computed in the same manner.

2.3 Hydrodynamics

Gas within the simulation is assumed to be an inviscid fluid, treated by a Smoothed
Particle Hydrodynamics (SPH) scheme (Lucy, 1977; Gingold & Monaghan, 1977;

Monaghan, 1992). Analogous to the dark matter, tracer particles are used to dis-
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cretize the fluid, and their SPH quantities are obtained by interpolating between
their SPH neighbours using a smoothing kernel function, W (|r — r;|, h), where h is

the smoothing length.

The smoothing lengths of gas particles are predicted as per the method of Hopkins

(2013). First, the SPH density for each particle is defined as

N
pi =y myW([ry — i, i), (2.3.1)

j=1
where m; is the mass of each other particle and W(|rj — ri|, k;) is the value of
the kernel at that location. The smoothing length is predicted by knowing that it

must yield a proportionality to this density, h; o< p; 1/3

, such that the relationship
(47 /3)hi p; = m;Nygp holds true for a given choice of Ny, referred to as the ‘effective
neighbour number’ (see Hopkins (2013) and Appendix Al of Schaye et al. (2015)
for details). N,gp, is chosen to be 58 for gas particles. The smoothing lengths for
star and black hole particles are also predicted from the neighbouring gas particles.
However as they are not gas particles themselves, the smoothing length is now
computed ensuring that the relation (47 /3)h3 3= Wi;(h;) = Npgp, holds true for a
given choice of Nygp,. For stars N, is chosen to be 48 (to speed up the calculation),

and 58 for black holes.

One can then deduce the equations of motion from these particle densities (see Price,
2012 for a review). We start with the Lagrangian (L) of the system of particles,
whereby it is assumed that the potential (thermal) energy can be expressed through
an equation of state that connects the internal energy (u) of a particle to its density
(p) and entropy (s). Then, coupled with the 1st law of thermodynamics (to link
to the pressure, P), the Fuler-Lagrange equation can be employed to reveal the

standard SPH expression for the equations of motion (Monaghan, 1992),

dVi

di :_;mJ(

b P
2T
Pi  Pj

) VWi (h). (2.3.2)



2.4. Subgrid models 29

By coupling the density and entropy of the gas particles through an equation of
state, the pressure P can be derived, which allows for the computation of the forces

that will act upon the particles.

2.4 Subgrid models

Processes not resolved by the numerical scheme are implemented as subgrid source
and sink terms in the differential equations. For each process, schemes were adopted
that are as simple as possible and that only depend on the local hydrodynamic
properties. This last requirement differentiates EAGLE from most other cosmological,
hydrodynamical simulation projects (e.g. Oppenheimer et al., 2010; Puchwein &
Springel, 2013; Vogelsberger et al., 2014; Khandai et al., 2015) and ensures that
galactic winds develop without pre-determined mass loading factors and directions,

without any direct dependence on halo or dark matter properties.

The subgrid models adopted by the EAGLE simulation are an improved version of
those used in the GiMIC and OWLS simulations (Crain et al., 2009; Schaye et al.,
2010). Here we only give a brief review, for a comprehensive detailing of the models
and the calibration strategy of the free parameters see Schaye et al. (2015) and Crain

et al. (2015), respectively.

2.4.1 Radiative processes and reionization

The photoheating and radiative cooling rates of the gas particles are computed on
an element-by-element (for the 11 elements H, He, C, N, O, Ne, Mg, Si, S, Ca and
Fe) basis by interpolating the tabulated rates from Wiersma et al. (2009a). The
rates, which are a function of density, temperature and redshift, are produced using
the radiative transfer code cLOUDY (Ferland et al., 1998) by assuming that the gas
is optically thin and in ionisation equilibrium, and is exposed to the CMB and the

evolving UV /X-ray background from Haardt & Madau (2001).
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To mimic the effects of hydrogen and helium II reionization, the time-dependent,
spatially-uniform ionizing background from Haardt & Madau (2001) is turned on at
z = 11.5. In addition, to account for the boost in the photoheating rates during the
epochs of reionization (relative to the optically thin rates computed for the uniform
background), 2 €V of thermal energy per proton mass is also injected. For hydrogen
reionization, this energy is injected instantaneously at z = 11.5 (to be consistent with
the Planck constraints) and quickly raises the gas particle temperature to ~ 10* K.
For helium II reionization, this energy is injected over a range of redshifts drawn
from a Gaussian centered on z = 3.5 with a width of o(z) = 0.5. These values were
chosen to broadly agree with the thermal history of the intergalactic medium as

measured by Schaye (2004).

2.4.2 The interstellar medium and star formation

The physics and resolution to model the interstellar medium (ISM), particularly the
cold gas phase (T < 10* K, ny > 0.1 em™?), is not captured by the simulation.
A temperature floor, Tes(p) is therefore imposed, corresponding to a polytropic
equation of state P.os o< p*3. This is normalised to Thos = 8% 10% K at nyg = 0.1 cm ™3,
a temperature typical for the warm ISM. The fiducial choice of 4/3 is adopted to
ensure that the Jeans mass, and the ratio of the Jeans length to the SPH kernel,

is independent of density, and thus, helps to prevent the spurious fragmentation of

high density gas (Schaye & Dalla Vecchia, 2008).

A minimum density threshold for star formation is implemented, above which a cold
phase (and with it stars) would be expected to form. The metallicity-dependent
threshold proposed by Schaye (2004) is used,

Z >_0'64 , (2.4.1)

i = 10 em ™ <0.002

where Z is the metallicity of the gas particle (i.e., the fraction of the gas particle’s

mass from elements more massive than helium). As the Schaye (2004) relation
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diverges at low metallicities, an upper limit of nj; = 10 cm ™2 is imposed. Additionally,
to prevent star formation in low overdensities at high redshift, this threshold must

also exceed 57.7 times the cosmic mean.

For the gas particles that meet the density threshold criteria, their star formation

rate is computed following the pressure-dependent law from Schaye & Dalla Vecchia

(2008),

_ e (7 (n—1)/2
i, = mgA(L Mope2)™" (G ng> , (2.4.2)

where G is the gravitational constant, m, is the gas particle mass, v is the ratio
of specific heats (set to 5/3), f, is the mass fraction in gas (set to unity) and P
is the total pressure. This is derived from the observed Kennicutt-Schmidt star
formation law, 3, = A(3,/1 My pc2)" (Kennicutt, 1998), by assuming that the
gas is self-gravitating. This implementation, compared to those with a pure density
dependence, has the advantage that the free parameters A and n are then set directly

by the observations, and forgoes their requirement to be tuned.

Star particles are formed stochastically. The probability that a gas particle is con-

verted into a star particle is min(r,At/mg, 1), where At is the simulation timestep.

2.4.3 Stellar mass loss and evolution

Once formed, star particles are treated as simple stellar populations with a Chabrier
(2003) initial mass function in the range 0.1-100 Mg. Following the implementation
from Wiersma et al. (2009b), the metallicity-dependent lifetimes from Portinari et al.
(1998) are used to compute which stellar masses within the simple stellar population
will reach the end of their main-sequence phase after each simulation timestep. This
then dictates what fraction of the star particle’s mass is lost to its neighbouring
gas particles through the winds of AGB and massive stars, and type la and type II

supernovae. The resulting enrichment of the interstellar medium by these processes
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is tracked individually for the eleven elements, to be used in the computation of the

radiative heating and cooling rates of the gas as mentioned above.

2.4.4 Stellar feedback

The energy released by core collapse supernovae, referred to here as ‘stellar feedback’,
is injected thermally and stochastically following the methods from Dalla Vecchia
& Schaye (2012). By implementing the feedback stochastically, the mean energy
injection per unit of stellar mass formed over the course of the simulation can remain
fixed, whilst the energy per feedback event can be strictly controlled. This method is
invoked as it has traditionally been difficult to overcome the catastrophic radiative
losses associated with thermal feedback within hydrodynamical simulations (Katz
et al., 1996). This ‘overcooling’ has typically been attributed to a lack in numerical
resolution, as the simulations cannot produce cold dense clouds, star formation is
not sufficiently clumpy, and the resulting feedback energy is then distributed too
smoothly. Furthermore, the feedback energy is distributed over multiple gas particle
neighbours of an equivalent mass to the SSP, which dilutes the potential maximum
temperature that could be achieved by the surrounding ISM in reality. Therefore
the gas particles heated by stellar feedback events are raised by an adequately large

fixed temperature value, denoted AT

Once a star particle has reached the age 3 x 107 yr it is eligible for its one and only
feedback event (corresponding to the maximum lifetime of stars that explode as core
collapse supernovae). At this time, ~ 105! erg of thermal energy per massive star
(M. > 6 My) is released, of which, a fraction fy, will couple to the gas. Each gas
particle within the star particle’s kernel has the same probability of receiving energy
from the star particle during this event. As it is required that the mean injected
energy to the neighbouring gas particles balances the available energy produced by
the star particle (finesniims, where egnyp is the total energy per unit stellar mass

provided by type II supernovae and m, is the star particle mass), the probability



2.4. Subgrid models 33

that a neighbouring gas particle is heated during the feedback process is

€SNII s

= fihn————— 24.3
p fth Ae Zi]inogbmia ( )

where m; is the gas particle mass, Ny, is the number of gas particles within the star
particles kernel and Ae is the amount of thermal energy per unit mass given to each
heated gas particle (which is proportional to the fixed temperature increase AT).
Therefore the greater the value of AT the more intermittent the stellar feedback
becomes (as it becomes probabilistically less likely), which can lead to a potential
under-sampling of the feedback cycle, however if the value of AT is too low, radiative
losses will dominate. To provide the best balance, the selected value of AT for the
EAGLE reference model is AT = 107° K. The expectation value for the number of

heated gas particles per star particle is

AT >_1 (2.4.4)

N, ~ 1. —_—
< heat) 3fth (1075K

The value of fiy, is not fixed (however it is &~ 1), and is a function of the metallicity
and density of the gas particle, and is one of the primary tunable parameters of the

simulation (see Crain et al., 2015 for full details).

2.4.5 Supermassive black holes

Following the original prescription from Springel et al. (2005a), the modeling of BHs

can be divided into three primary processes: seeding, growth and feedback.

« BH Seeding. Firstly, seed BHs of mass 1.475 x 10° Mg, are injected into
haloes more massive than 1.475 x 10'° Mg that do not already contain a BH.
The haloes are identified ‘on-the-fly” using the ‘Friends Of Friends’ algorithm
(described in the next section) at intervals of Aa = 0.005a, where a is the

expansion factor. If these conditions are met, the most bound gas particle of
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the halo is converted into a seed BH. BHs enter the simulation with two masses:
a particle mass (Mmpy), which is used in the computation of the gravitational
forces, and a subgrid mass (mpp), which is used in the computation of the
subgrid models. The initial particle mass of the BH is inherited from the
converted gas particle, and the initial subgrid mass, referred to as the ‘true’
mass of the BH, is the BH seed mass. As the simulation cannot model the
dynamical friction acting upon BHs with masses much lower than the gas
particle mass, the positions of BHs are manually migrated towards the local
potential minimum of the neighbours within their kernel until they reach 100

times the initial gas particle mass.

« BH Growth. BHs are allowed to grow via the accretion of the neighbouring
gas particles, and by BH-BH mergers. BHs accrete mass at a rate that is the

minimum between a modified Bondi & Hoyle (1944) rate:

A G*miygp _
mpg = (634-% x min[(cs/vg)?/Cuise, 1], (2.4.5)
and the Eddington rate
ArG
Meda = —— i (2.4.6)
€,07C

For these equations, G is the gravitational constant, m, is the mass of the
proton, ot is the Thomson cross section, c is the speed of light, €, is the radiative
efficiency of the accretion disk set to 0.1, mpy is the BH mass and p, ¢s and v
are the density, sound speed and relative velocity of the gas surrounding the
BH, respectively. The accretion onto BHs is not considered to be spherically
symmetric, and accounts for the circular velocity of the surrounding gas, v4
(Rosas-Guevara et al., 2015). Cl;g. is a free parameter of the simulation, thought
of as the effective viscosity of the accretion disk, and is set to 27 for the EAGLE

reference model. Unlike previous simulations (e.g., Booth & Schaye, 2009),
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EAGLE does not use an « ‘boost factor’ in the accretion rate calculation. BHs
are merged if they are separated by a distance less than both the smoothing
kernel of the BH and three gravitational softening lengths, and if their relative

velocity is smaller than the circular velocity at the distance between them.

« BH Feedback. AGN feedback is implemented via a single mode, whereby en-
ergy is injected thermally and stochastically into the neighbouring gas particles
in a manner analogous to the method for stellar feedback. Each BH has an en-
ergy reservoir, Fgy, that increases by ere, gy At after each simulation timestep.
Here, ¢ is the feedback efficiency (i.e., the fraction of energy that couples to
the gas), and is set to 0.15. This occurs until the reservoir has stored enough
energy to heat at least one gas particle by ATygn = 108 K. Each gas particle
within the BHs kernel is then eligible to receive energy from the BH. For each

gas particle neighbour, the heating probability is

EBH

P= :
AEAGN]Vngb <mg>

(2.4.7)

where Aegy is the change in internal energy per unit mass corresponding to
the temperature increase AThgn, Nngp is the number of gas particles within
the BHs kernel and (my) is their mean mass. The timestep of the simulation
is limited (Durier & Dalla Vecchia, 2012) for BHs such that the expectation
value is P < 0.3. Because of the uncertainty of using accretion rates calculated
at the previous timestep, P is also capped to 0.3. Once the heating process is
complete, the energy reservoir of the BH is reduced by the expectation value

for the injected energy.

2.5 The simulation output

The memory footprint of cosmological simulations is simply too large to continuously

store to disk (the Ref-100 EAGLE volume occupied over 20 Tb of memory). Therefore,



2.5. The simulation output 36

Figure 2.1: The projected gas density of one of the largest haloes
within the Ref-LO100N1504 simulation. The image is
colour coded by the gas temperature (white/red ~ 10° K
to blue ~ 10* K).

for each simulation, 29 ‘snapshot’ outputs are produced between redshift 20 and 0.
These contain the full particle data at the discrete redshift, and have typical temporal
spacings of ~ 400-800 Myr between each output. For the Ref-L0100N1504 simulation
an additional 400 data-lite ‘snipshots’ were also produced for the same redshift
interval. These contain less information per particle compared to the snapshot
output, but have a higher time resolution, with typical temporal spacings of ~ 20—

80 Myr between each output.

A novel method of displaying the simulation output is in the form of a virtual
image, such as the one shown in Figure 2.1. This shows the projected gas density
of one of the largest haloes within the Ref-LO100N1504 simulation, coloured by the
temperature of the gas. These images demonstrate the vast dynamic range of spatial
scales that are reproduced by cosmological simulations, whilst also providing a useful
analysis tool for inspecting phenomena all the way from large scale structure down

to individual astrophysical objects.
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2.5.1 Halo, subhalo and galaxy identification

The raw particle data themselves are not required for many comparisons with obser-
vations. Instead, the simulation outputs are processed individually to locate bound
structures which are identified with galaxies and their associated dark matter haloes.
The processing steps are described in detail by Schaye et al. (2015). In brief, over-
densities of dark matter are identified using the “Friends-of-Friends” (FoF) method
(Davis et al., 1985) adopting a linking length of 0.2 times the average inter-particle
spacing. Baryonic particles are then assigned to the same FoF-halo as their closest
dark matter neighbour. Self-bound “subhaloes”, which can contain both baryonic
and dark matter, are later identified using the SUBFIND algorithm (Springel et al.,

2001; Dolag et al., 2009) using all particle species.

It is important to note that particles are not shared between subhaloes, so that the
correspondence between particles and subhaloes is unique. The baryonic component
of each subhalo is identified as a galaxy. A FoF halo may contain several subhaloes;
the subhalo that contains the particle with the lowest value of the gravitational
potential is defined to be the central galaxy (which is almost always the most massive)

while any remaining subhaloes are classified as satellite galaxies.

For this work, the standard EAGLE mass conventions are adopted. Halo mass, Mg,
is defined as the total mass enclosed within 7999, the radius at which the mean
enclosed density is 200 times the critical density of the Universe. Galaxy mass, M,
is defined as the total stellar content bound to a subhalo within a spherical aperture

with radius 30 proper kiloparsecs (pkpc), as per Schaye et al. (2015).

2.5.2 Merger trees

As galaxies rarely evolve in isolation, they are subject to mergers with neighbouring
galaxies. This adds serious complexity to tracing the history of an individual galaxy
from the present-day to its formation and as such a merger tree must be constructed

to connect galaxies across simulation outputs. Descendant subhaloes, and hence
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galaxies, are identified using the D-TREES algorithm (Jiang et al., 2014), with a
complete description of its adaptation to the EAGLE simulations provided in Qu
et al. (2017). In essence, the algorithm traces subhaloes using the Ny, most bound
particles of any species and identifies the subhalo that contains the majority of these
particles at the next output time as the subhalo’s descendant. It is defined that
Nijnk = min(100, max (0.1 Ngalaxy, 10)), where Ngajaxy is the total number of particles
in the parent subhalo. This process allows for the identification of descendants even
in the case where most of the particles have been stripped and it minimises the

misprediction of mergers during fly-bys (Fakhouri & Ma, 2008; Genel et al., 2009).

The galaxy with the most Ny, particles at the next output is identified as the single
descendant of a galaxy, while a descendant galaxy can have multiple progenitors.
However, the main progenitor, corresponding to the main branch of the merger tree,
is defined as the progenitor with the largest ‘branch mass’, i.e., the mass summed
across all earlier outputs, as proposed by De Lucia & Blaizot (2007). This definition
of the main progenitor, as opposed to the simple definition of the progenitor with
the largest mass, is used to avoid main branch swapping in the case of similar-mass
mergers, as explained by Qu et al. (2017). Note that because the progenitor with the
largest branch mass determines the main branch of the tree, main branch galaxies

do not necessarily always correspond to the central galaxy of a given halo.

There are two further aspects of the merger trees that must be kept in mind when

analysing the simulation:

o A galaxy can disappear from a snapshot but reappear at a later time (e.g. if
one galaxy passes through another one). To account for this, descendants are

identified using up to 5 snapshots at later times.

o Care must be taken when determining mass ratios, for example in the case of

mergers, as galaxies can lose or gain mass due to the definition of the subhaloes.

Both of these relatively rare cases are considered further by Qu et al. (2017), who

discuss their impact on the assembly of galaxy mass.



Chapter 3

The rapid growth phase of

supermassive black holes

3.1 Introduction

Feedback from star formation, including stellar winds, radiation pressure and su-
pernovae, plays a key role in galaxy evolution. Collectively described as ‘stellar
feedback’, the energy injection into the surrounding interstellar medium can eject
material from the galaxy via an outflow (see Veilleux et al., 2005 for a review). In
the absence of this process, many observed phenomena within the galaxy population
simply cannot be reproduced by current models: such as the relatively low percent-
age of baryons that eventually convert into stars (= 10%, e.g., Fukugita et al., 1998),
the flattening of the faint-end slope of the luminosity function (e.g., White & Rees,
1978; Dekel & Silk, 1986; Benson et al., 2003), the formation of exponential disks
(e.g., Binney et al., 2001; Scannapieco et al., 2008), the formation of dark matter
cores (e.g., Navarro et al., 1996), the cosmic star formation history (e.g., White &
Frenk, 1991) and the chemical enrichment of the intergalactic medium (e.g., Aguirre

et al., 2001).

At masses below ~L, (Mg ~ 1012 M), galaxies maintain a quasi-equilibrium, with

the star formation rate and the associated supernovae-driven outflow balancing the
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rate of the cosmic inflow (e.g., White & Frenk, 1991; Finlator & Davé, 2008; Bouché
et al., 2010; Schaye et al., 2010). However, as galaxies evolve past ~L,, stellar
feedback becomes unable to effectively remove material from the galaxy, and the
equilibrium breaks (e.g., Benson et al., 2003; Hopkins et al., 2014; Keller et al., 2016).
A further source of energy is therefore required to balance against the cosmic inflow
and restore the quasi-equilibrium, which is commonly attributed to the feedback

from the central supermassive back hole (BH, e.g., Croton et al., 2006; Bower et al.,

2006; Booth & Schaye, 2010).

Beyond affecting the continued production of stars within the galaxy, it is plausible
that stellar feedback can also significantly hinder the growth of the central super-
massive BH in sub ~L, galaxies, where stellar feedback remains able to drive an
effective outflow, and starve the inner regions of fuel for BH accretion. This result is
indeed found by many current hydrodynamical simulations (e.g., Dubois et al., 2015;
Anglés-Alcazar et al., 2017; Bower et al., 2017; Habouzit et al., 2017). The critical
point at which the stellar feedback driven outflows begin to stall will naturally be
linked to the first meaningful period of BH growth. However, the critical mass scale
at which this transition occurs, the triggering mechanism, and the growth of the BH

during this time, remain uncertain.

In this study we utilise the EAGLE cosmological hydrodynamical simulation (Schaye
et al., 2015; Crain et al., 2015) to investigate the evolution of 1,888 massive BHs
(Mg > 10" My) and the host galaxies during the rapid growth phase. This large
sample of BHs allows us for the first time to link the stalling of stellar feedback
driven outflows to the initiation of rapid BH growth in statistical detail, and measure
the importance of external events, such as galaxy—galaxy mergers, to this period of

BH evolution.

The paper is organised as follows. In Section 3.2 we briefly describe the EAGLE
simulations, our BH sample selection, how we define the time of the rapid growth
phase and how we define the ‘most proximate’ merger. Section 5.3 contains our

main results, Section 5.4 outlines our discussion and in Section 4.6 we present our



3.2. The EAGLE simulation 41

conclusions.

3.2 The EAGLE simulation

A full overview of the EAGLE simulation suite can be found in Chapter 2. For
this chapter we are interested in the evolution of massive BHs (Mgy > 1071\/[@),
and therefore restrict our study to the largest simulation, Ref-LO100N1504, which

contains the greatest number of these objects.

We define the completion time of a galaxy—galaxy merger as the cosmic time of
the first simulation output where two galaxies that were previously identified as
separate individually bound objects are now identified as a single bound object by
the SUBFIND algorithm (Springel et al., 2001; Dolag et al., 2009). There are 200
simulation outputs between redshifts z = 20 and z = 0 at intervals of 40 to 80
Myr. Mergers are classified by the stellar mass ratio, p = M, 1 /M, o, where M, -
is the stellar mass of the most massive member of the binary. They are considered
1 1 1

minor if = < p < 7 and either major or minor if p > . To

major if p > 1 i i

4 10
account for the effect of stellar stripping during the later stages of the interaction,
the stellar masses are computed when the in-falling galaxy had its maximum mass
(e.g., Rodriguez-Gomez et al., 2015; Qu et al., 2017). To account for the resolution of

the simulation, mergers are only considered ‘resolved” when M, > 10® Mg, (& 100

stellar particles).

3.2.1 The phases of black hole growth

BHs in the EAGLE simulation transition through three distinct phases of growth,
governed by the mass (or more strictly the virial temperature) of the host dark
matter halo. As we will repeatedly use the terminology adopted by previous studies,
we briefly revisit their meaning here. For a more comprehensive description of these

phases and how they affect the observable properties of galaxies and their central
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BHs see Chapter 4, for a physical interpretation of these phases see Bower et al.
(2017) (see also Dubois et al., 2015; Anglés-Alcazar et al., 2017 for related, but

different, interpretations).

1. The stellar feedback regqulated phase: the buoyant outflows created by stellar
feedback efficiently regulate the gas content of galaxies residing in low-mass
haloes (Mygy < 102 My). As a consequence, the central density of gas in
these systems remains low, resulting in only limited growth of the central BH.

In this phase BHs tend to remain close to the seed mass!.

2. The non-linear/rapid black hole growth phase: as haloes evolve towards Magg
~ 102 M, the virial temperature of the halo surpasses that of the stellar
outflow, causing them to stall (as they can no longer buoyantly rise). This
gives the first opportunity for a high gas density to build up in the galaxy
centre. Now the central BH is able to grow nearly unhindered, doing so initially
at a highly non-linear rate, arising since Bondi-like accretion is proportional to
the mass of the BH squared (Bondi & Hoyle, 1944). We will interchangeably
refer to this phase of evolution as either the ‘non-linear’ or ‘rapid growth’

phase.

3. The AGN feedback requlated phase: after the rapid growth phase, the central
BH has become massive (= 107 My). It can now effectively regulate the gas
inflow onto the halo via efficient AGN feedback. Therefore in massive haloes
(Mg 2 10 My,) regulatory equilibrium is once again restored, and the specific

growth of the BH retires to a lower rate.

3.2.2 Black hole sample selection

Our sample comprises all BHs more massive than 107 My, at z = 0. We only consider

BHs more massive than this as they have likely completed the non-linear phase and

! Mppseed) = 1.48 x 10° M, for the reference model.
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will have entered the AGN feedback regulated phase. This ensures that the three
phases of growth outlined in Section 3.2.1 can be robustly identified. A lower mass
cut would contaminate the sample with a large number of BHs still undergoing the
non-linear phase. We estimate this mass cut via an inspection of the BH mass—halo
mass relation (see Figure 4.2), selecting the pivot point that marks the transition
from a supra-linear to & linear relation between the two properties. This yields a

total sample of 1,888 BHs.

Identifying the non-linear phase of black hole growth

To segregate the BHs within our sample into the three evolutionary phases outlined in
Section 3.2.1, we require a robust identification of the beginning and end of the non-
linear phase. BHs enter the non-linear growth phase at ~ the seed mass, as growth
is curtailed in the preceding stellar feedback regulated phase (see Chapter 4). The
specific black hole accretion rate (SBHAR?, the accretion rate of the BH normalised
by the BH mass, i.e., Mgy /Mpgp) during the non-linear phase is naturally large,
due to the high Mgy and the relatively low Mgy over this period. Therefore, to
first order, the peak of the sSBHAR history provides a good estimate for when the
non-linear growth phase is occurring. We then estimate the extent of the non-linear
phase by tracing the log;oMpy history in each direction, starting from the sBHAR
peak. When the gradient, d(logioMgg)/dt, shallows below a critical value, we take
these thresholds to be the start and end points of non-linear growth, {xpgstary) and
tNLG[end) Tespectively. We find the value d(logiy Mpy)/dt = 0.25 dex Gyr~! provides
a robust separation of the three phases for our BH sample; however the results are

insensitive to the choice of this value.

In Figure 3.1 we illustrate these steps for two randomly selected BHs (one represented
by a solid line in each panel and the other by a dashed line in each panel). The top

panel shows the 50 Myr time-averaged sSBHAR history, highlighting our starting point,

2As instantaneous BH activity is highly variable (see Figure 4.1), the value of Mgy used in all
our sSBHAR calculations is the 50 Myr time-averaged rate.
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Two illustrative examples of how the start and end
points (tnrastary) a0d tNLGend) Tespectively) of the non-
linear phase of BH growth are computed. Each panel
is plotted as a function of cosmic time. Top panel: the
50 Myr time-averaged sBHAR (Mgn/Mgy), annotated
with the maximum value, t,eax. Middle panel: the gradi-
ent of log19 Mgy, d(logioMpn)/dt. Where the gradient
crosses the threshold value of d(logioMpn)/dt = 0.25
dex Gyr™! (shown as a horizontal dashed line) in each
direction, starting from #;cax, defines the times tx1,qfstart)
and tnpGlenq)- Bottom panel: The BH mass. Each line
is colour coded via the identified phase of BH evolution,
as indicated by the legend.
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the maximum value, tpeax. The middle panel shows the gradient of the logioMpn
history, highlighting our threshold value of d(logyoMpy)/dt = 0.25 dex Gyr~! as
a horizontal dashed line. Where the histories first intersect with this threshold
both backwards and forwards from the value ek, defines txpqstart) and ENLGend)
respectively. Finally, the bottom panel shows the BH mass history. Each line
is colour coded via the identified phase of evolution: purple lines represent the
stellar feedback regulated phase (¢ < txpLgstart]), Orange lines the non-linear growth

phase (tnLafstart] < t < INLGend)) and green lines the AGN feedback regulated phase

(t > tNLGlend))-

3.2.3 Defining ng4y,: the most proximate merger

To aid in establishing galaxy—galaxy mergers as potential triggering mechanisms for
the non-linear phase in Section 3.3.3, we introduce ngyy,, defined as the number of
dynamical times between the start of the non-linear growth phase and the completion

time of the most proximate (i.e., closest in time) merger, i.e.,

. tNLG[start] - tmerger
Ndyn =

, (3.2.1)

tayn

where {Np.Gstart) 18 the onset time of non-linear growth defined in Section 3.2.2, tyerger
is the completion time of the most proximate host galaxy merger and 4y, is the
dynamical time. We define the the dynamical time as the free-fall time of the dark

matter halo, i.e.,

b = [T v (3.2.2)
W=\ 32G(200p01) ) -

where pe; is the critical density of the Universe at tnrgstart)- For reference, tay, ~
1.6 Gyrat z =0, ~ 0.5 Gyr at z = 2 and ~ 0.2 Gyr at z = 5. Thus negative (positive)
values of nqy, indicate that the most proximate merger completed after (before) the

rapid growth phase began. We compute nqy, separately for the most proximate
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major merger (tmerger(ft > i), denoted Ngyn[maj), Minor merger (tmerger(ll—o <pu< i),

denoted Nqynmin]) and either a major or minor merger (tmerger(ft > %), denoted

Ndynlall] ) .

High values of ngy, are capped to £10 dynamical times as mergers with |[ngy,| > 10
are unlikely to have had an influence on the non-linear period. The BHs hosted in
galaxies that did not experience any merger of a particular classification throughout
their lifetime (and therefore have no valid value of tperger) are assigned the value

nayn = 10 to still contribute to the normalisation of the merger rate.

Creating a control sample of ng4y,

To ascertain the significance of mergers in proximity to the non-linear phase, we
require a control sample. Therefore for each BH’s value of nqynimaj), Mdyn[min] and
Ndynfal] We construct ten associated control values. These are obtained by recomput-
INg Ndynfmaj]> Ndyn[min] aNd Nqynfa) in ten random control galaxies using the {nyastart)
value of the source galaxy (overriding the native value of tniqstary in the control
galaxies). The control galaxies are selected only on stellar mass (required to be
within +0.5 dex of the source galaxy) and redshift, and therefore yield the expecta-
tion values of Nayn(maj), Mdynmin] a0d Naynfn that would be obtained for a galaxy of
that mass, at that epoch, solely from the background merger rate, with no regard to
the activity of the BH. For any collection of ngy, values, such as the distributions in
Figure 3.6, we combine their associated control values to create ten control samples.
Any deviations from the ngy, distributions of the controls indicates the relative

prevalence of mergers around the rapid growth phase over the background rate.
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Figure 3.2: The distribution of non-linear growth durations (i.e.,

INLGlend] — INLG[start]) for the BHs within our sample,
separated into two present day BH mass ranges: 107
Mo < Mpup—g < 10% Mg (red line) and 10° My <
Mgup—o) < 10° Mg (blue line). The median values
and 10*-90'" percentile ranges for each distribution are
indicated by error bars (1.4105 Gyr and 1.4752 for the
upper and lower BH mass ranges, respectively). The
median period of time BHs spend within the non-linear
phase is insensitive to the eventual mass of the BH over
this range.
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3.3 Results

3.3.1 Properties of the black holes

We begin with investigating the properties of the BHs within our sample in relation
to their rapid growth phase. Figure 3.2 shows the distribution of the non-linear phase
durations (i.e., tNLGend] — INLG[start] ), S€Parated into two present day BH mass ranges:
10" Mg < Mpnp—g < 10% Mg (red line) and 10* My < Mppp—g < 10° Mg (blue
line). Both distributions are relatively narrow and broadly symmetric in their shape.
The median duration of the rapid growth phase for the upper and lower present day
BH mass ranges are almost identical (1.475:5 Gyr and 1.4755 respectively, the error
values outline the 10®*-90*® percentile ranges). Therefore the median period of time
spent within the non-linear phase is insensitive to the eventual BH mass over this

range.

Further properties of the rapid growth phase are investigated in Figure 3.3. Here we
show, from top to bottom, the onset redshift of the non-linear phase, the fraction of
the BHs lifetime that was spent in the three evolutionary phases and the fraction of
the total final BH mass that was accumulated, via both mergers and accretion, in

the three evolutionary phases, each as a function of the final BH mass.

Starting with the top panel, we find today’s most massive BHs began their non-linear
phase, on average, the earliest (z & 2 for Mpup—o) = 10" My increasing to z ~ 6
for Mpnj,—o = 10° Mg,). This result is expected, as these BHs, which are hosted by
some of the most massive haloes today (see Chapter 4), will tend to have reached
the critical halo virial temperature for non-linear growth at earlier epochs than their
lower mass counterparts. The fraction of a BHs lifetime spent in the rapid growth
phase is low, and relatively constant for all the BHs within our sample (~ 15%,
see middle panel). Most of the duration of massive BH life is spent in the AGN
feedback regulated phase (between ~ 60 and 90% of their lifetimes). The fraction

of the total BH mass that is accumulated in the non-linear phase is not constant; it
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Properties of the BHs within our sample in relation
to their rapid growth phase. The solid lines are the

median values and the shaded regions outline the 10"~

90*™ percentile ranges. Each property is plotted as a
function of the final BH mass. Top panel: the onset
redshift of the rapid growth phase. Middle panel: the
fraction of the BHs lifetime that was spent in the three
evolutionary phases. Bottom panel: the fraction the
total BH mass that was accumulated, via both mergers
and accretion, in the three evolutionary phases.
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accounts for ~ 30% of the final mass for Mgwp—o = 10" M, and decreases to ~ 5%
for Mpnp,—g = 10° My, (see bottom panel). Regardless of the time BHs spent in the
stellar feedback regulated phase, which is only non-negligible for the lowest-mass
BHs we study, almost no mass is accumulated, due to the quenching of BH growth

via efficient stellar feedback.

Therefore, the earlier BHs undergo their non-linear growth phase, the less contribu-
tion this phase has to the present day mass. Regardless of when this phase begins,

it is generally short lived relative to the lifetime of the BH.

Black hole activity during the rapid growth phase

The accretion activity of the BHs within our sample during their rapid growth
phase is investigated in Figure 3.4. For each BH, we divide the non-linear phase
into four equal time segments® between INLG[start] aNd ENLGlenq) and measure the
mean bolometric AGN luminosity (Lagn?, top panel) and the mean Eddington rate
(Xeda®, bottom panel) for each quarter. This allows us to measure the comparative
trends of BH activity throughout each segment of the rapid growth phase. The
BHs are separated by the redshift at which they began their non-linear phase (i.e.,

z [t - tNLG[start]} ) .

The general evolutionary trend for both the AGN luminosity and the Eddington
rate through the non-linear phase is very similar for each redshift range. The AGN
luminosity in the 15° quarter initiates at a relatively low rate (~ 102 erg s71), steadily
increases towards the 3™ quarter (~ 10* erg s71) and remains approximately at this
level through to the 4™ quarter. This behaviour is consistent with the scenario of a

growing BH embedded within a relatively constant source of fuel. The Eddington

3Note that the absolute time intervals of the quarters will be different for each BH due to the
varying range of non-linear growth durations (see Figure 3.2).

Defined as Lagn = GTMBHC2, where €, is the radiative efficiency of the accretion disk, which
is assumed to be 0.1 (Shakura & Sunyaev, 1973).

5Defined as Aegq = MBH/Medd where MBH is the accretion rate of the BH and Medd is the
Eddington limit. The BH accretion rate in the EAGLE reference model is capped to the Eddington
limit over h (i.e., the maximum allowed value of Aegq = 1/h = 1.48).
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Figure 3.4: The accretion activity of the BHs within our sample

during their rapid growth phase. For each BH, the non-
linear phase is divided into four equal time segments
between tnrajstart) a0d iNLGend), and the mean AGN
luminosity (top panel) and the mean Eddington rate
(bottom panel) is computed for each quarter. The solid
circles are the mean values for each individual BH at
a given quarter, coloured by the redshift at which they
started their non-linear phase (i.e., z[t = txrastart]]); 88
indicated by the legend. We assign each BH a random
scatter along the x-axis of each quarter bin, for clar-
ity. The solid triangles indicate the median values of
the four bins, with the error bars outlining the 10t"-90*"
percentile range. The median values are offset from each
other along the x-axis, for clarity. The bolometric lu-
minosity increases from the beginning to the end of the
non-linear phase. The Eddington rate peaks at approx-
imately 50% of the way through the rapid growth phase.
These trends are epoch independent, however at higher
redshift the mean values increase in each property.
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rate similarly begins at a relatively low level in the 15 quarter (Aeqq ~ 1071%), evolves
towards a peak in the 2°¢ and 3™ quarters (Aeqq ~ 107°?), and finally reduces back
to values similar to that of the 15 quarter. This remains consistent with the picture
seen in the panel above: the AGN luminosity of a growing BH tends to a constant
rate in the later states of non-linear growth. For each of the two properties, the mean
values increase with increasing redshift, indicating that the BHs that underwent their
rapid growth phase at higher redshift are on average more luminous and closer to
the Eddington limit than their counterparts at lower redshift. If we examine the
individual mean Eddington rate values (background coloured circles), we find that it
is extremely rare to sustain continued growth at the Eddington limit for any period

during the non-linear phase.

3.3.2 Properties of the hosts at the start of the rapid

growth phase

We now turn to the galaxies and dark matter haloes that host the BHs within our
sample at the onset of their rapid growth phase. Figure 3.5 shows, from left to right,
the galaxy stellar mass, halo mass and halo virial temperature®, each at the time
t = tNLG[start]» @S @ function of the redshift at which the rapid growth phase began.
There is a distinct negative trend visible in the first two panels, with both the host
galaxy and halo mass decreasing as the redshift increases (M, ~ 1095 My at 2z =~ 0
decreasing to M, ~ 10° My at 2z =~ 6 and My ~ 1024 My at z ~ 0 decreasing
to Myg ~ 1012 My, at z =~ 6). There appears, therefore, to be no fixed galaxy or
halo mass at which non-linear BH growth initiates, instead, the rapid growth phase
of BHs appears to ubiquitously initiate when the host halo reaches a critical virial
temperature (Ty;, ~ 105¢ K, see right panel). This is consistent with the physical

scenario outlined in Section 3.2.1, whereby the buoyancy of the stellar feedback

6The virial temperature of the halo is defined as Ty = umpVC2 /5kp, where p is the mean
molecular weight of the gas in the halo (assumed to be 0.59 for a primordial gas), m, is the mass
of the proton, &y is the Boltzman constant and V, = G Magg /7200 is the virial velocity (?).
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driven outflows stall at a critical halo virial temperature, allowing the gas density

within the centre of the galaxy to rise, triggering the rapid growth phase.

We fit each of the median trends with a single power law relation using the python
module LMFIT’, indicated on the figure as dashed black lines. The 1o errors on
the median values inserted into the fitting routine are computed from bootstrap
resampling. The fits are: logyo(M,./My) = (—1.74 +0.11)log, (1 + 2) + 10.53 £ 0.06,
log1o(Mano/Me) = (—1.16 £ 0.07)log,o(1 + 2) + 12.32 £ 0.04 and logio(Tvin/K) =

(0.05 £ 0.04)log,o(1 + z) + 5.63 £ 0.02, from the left to right panels, respectively.

3.3.3 The proximity of mergers to the rapid growth phase

We conclude this section by investigating the physical connection between the start
of the non-linear phase of BH growth and galaxy mergers. Figure 3.6 shows the
distributions of Nqynmaj (green lines), Naynmin (orange lines) and ngyupay (purple
lines) for each BH contained within our sample (see Section 3.2.3 for their definitions).
The BHs are separated into those that began their rapid growth phase in the redshift
ranges 0.0 < 2 < 1.0, 1.0 < z < 2.0 and 2.0 < z < 4.0%, shown in the top, middle and
bottom panels, respectively. These distributions reveal the characteristic proximity
in time between galaxy—galaxy mergers of the host and the onset of the rapid growth

phase of the central BH.

Starting with the top panel, we find that the distribution of ngynpny (purple line)
strongly peaks just before the value ngynja = 0 (indicated by a vertical black line).
The abundance of quantitatively low values of [ngynfay| indicates that for these BHs
there is often either a major or minor merger during this phase of their evolution.
Additionally, the preference for negative values tells us that the most proximate

merger generally completes after the non-linear phase has begun. If we were to

"https://lmfit.github.io/lmfit-py/

8We note that whilst there are galaxies that begin their non-linear phase at z > 4 (see Figure 3.3),
we limit our merger analysis to z < 4 to ensure we adequately resolve minor mergers (M, o > 108
Mg, see Section 3.2) for all galaxies, as the host galaxies of the BHs beginning their rapid growth
at z < 4 have masses M, > 10° M, (see Figure 3.5).
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The distributions of Naynimaj) (green lines), ndynmin] (O1-
ange lines) and ngyupn (purple lines) for each BH con-
tained within our sample (the number of dynamical
times since the most proximate in time merger, see Sec-
tion 3.2.3 for definitions). The BHs are separated into
those that began their rapid growth phase in the red-
shift ranges 0.0 < z < 1.0 (top panel), 1.0 < z < 2.0
(middle panel) and 2.0 < z < 4.0 (bottom panel). The
shaded regions outline the 10*"-90'" percentile range of
the control distributions for naynay (see Section 3.2.3).
These reveal the predicted distribution of ngynjay that
would be produced solely from the background merger
rate. The distributions are normalised by the total num-
ber of BHs in that redshift range, including those with
host galaxies that experienced no mergers of the partic-
ular classification in their lifetimes (see Section 3.2.3).
The significant peak just before the value ngynpy = 0
in the upper panel, relative to the control, shows that
mergers commonly trigger this phase of BH evolution
at low redshift (almost exclusively from major mergers).
At higher redshifts the peak lowers and the distribution
broadens, with the distributions falling closer to that of
the control sample.
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Figure 3.7: The fraction of BHs within our sample that began their

rapid growth phase within £0.5 dynamical times of a
major merger (green line), minor merger (orange line)
and either a minor or major merger (purple line) as
a function of the redshift at which the rapid growth
phase began. The fractions that would be expected from
the background merger rate for similar mass galaxies
(with no regard for BH activity) are shown as shaded
regions. A substantial excess of BHs at low redshift are
more proximate in time to a merger than the control
prediction. Therefore mergers, almost exclusively major
mergers, are triggering the rapid growth phase for a
large fraction of the BHs at lower redshift.
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attribute the most proximate merger as the triggering mechanism, it would indicate
that the rapid growth phase initiates during the initial period of the interaction and
well before the final coalescence of the two galaxies. If we consider minor and major
mergers independently (orange and green lines), we find that most of the peak counts
for all mergers is contributed by major mergers, rather than minor mergers. As we
move to higher redshifts, in the middle and bottom panels, we find the distribution

broadens and the peak lowers and shifts closer to the value ngy, ~ 0.

However, it is difficult to attribute any significance to these peaks without also know-
ing the expected distribution of ngynmin], Mdynimaj) and Ngynan that would arise just
from the background merger rate, regardless of BH activity. For this we additionally
show the 10™"-90"™ percentile range of the ten control samples (see Section 3.2.3)
for ngynay as a shaded region in each panel. For clarity, we exclude the control
samples for the remaining two merger classifications from this figure, but note that
they are indistinguishable from the control distribution that is plotted. Relative
to the control, it is clear that the enhancement around the value ngyyy =~ 0 is a
significant deviation from what is expected from the background rate, particularly

at low redshift.

To measure this enhancement more clearly, we present Figure 3.7. This shows the
fraction of BHs that began their non-linear phase within £0.5 dynamical times of
a merger as a function of the redshift at which the non-linear phase began for the
same three merger classifications. We additionally show the predicted fractions from
our control sets as shaded regions. The behaviour first hinted towards in Figure 3.6
is now much more apparent. There is always an excess above the control, indicating
that mergers are more common around the start of the rapid growth phase than
one would predict from the background rate. At low redshift (z ~ 0) the excess
is substantial; &~ 60% of the BHs starting their rapid growth phase at this time
are found to be within +0.5 dynamical times of either a minor or major merger,
when only ~ 10% would be expected to be so from the background rate. It therefore

appears that mergers, primarily major mergers, are strong drivers of the rapid growth
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phase for many BHs at low redshift. We discuss this result further in Section 3.4.2.

3.4 Discussion

3.4.1 Stalling stellar feedback and the transition to the

rapid growth phase of black holes

Whilst a number of current hydrodynamical simulations have reported a link between
efficient stellar feedback and the substantial reduction of BH growth in low-mass
systems, it remains unclear exactly when, and how, the transition between stalling

stellar feedback and the onset of rapid BH growth occurs.

Dubois et al. (2015) study the growth of an individual dark matter halo (10 Mg,
at z = 2) by means of a high-resolution cosmological zoom in, taken from the SETH
simulation suite using the adaptive mesh refinement code RAMSES (Teyssier, 2002).
They find that at redshifts z > 3.5 the galaxy’s central reservoir of gas is sufficiently
disrupted via efficient stellar feedback? to substantially restrict the accretion onto the
central BH. After the galaxy has accumulated sufficient mass, they witness a decline
in the ability of stellar feedback to disrupt the gas, and the central BH transitions
into a rapid growth phase. They argue that this transition is directly linked to the
balance between the momentum-driven stellar wind and the escape velocity of the
central bulge. From this they predict the theoretical mass scale above which these
winds can no longer escape the bulge, leading to a rise in the central gas density,
which in turn feeds the central BH. They state the escape velocity for a bulge of
mass 10° My at a fixed bulge radius of 100 pc is ~ 270 km s~!, approximately
equal to that achieved by a supernovae Sedov blast wave (see their Equation 1).
This is indeed the bulge mass found by their simulation around which the rapid BH

growth begins. The prediction that stellar feedback begins to stall ubiquitously at a

9This is only true when their delayed cooling prescription for stellar feedback is used (Teyssier
et al., 2013). When performing similar tests with a kinetic stellar feedback model (Dubois &
Teyssier, 2008), they only find a very limited effect on the growth of the central BH.
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constant bulge mass and bulge radius (i.e., a constant density) implies the existence
of a critical mass that is independent of epoch, contrary to our findings in Figure 3.5.
We show this bulge mass (converted to a range of total stellar masses assuming a
bulge to total stellar mass ratio of between 0.1 and 1.0) as a hatched region in the
left panel of Figure 3.5. We note that, from the study of a single halo, one cannot
capture the variation of the critical mass with time and halo properties. Indeed, the
assumption of a fixed bulge density is potentially a key assumption that leads to a
redshift-independent critical mass, though we know that bulges at high redshift are

denser than those in the local Universe.

Keller et al. (2016) investigated the evolution of 18 isolated Milky Way-like disc
galaxies from the MUGS2 simulation suite (Stinson et al., 2010), performed using
the smoothed particle hydrodynamics code GASOLINE2 (Wadsley et al., 2017). They
find that supernovae alone cannot regulate the incoming gas flow to systems with
virial masses > 102 M, which can result in a runaway production of stars in the
central bulge. This stalling is attributed to the shutdown of galactic winds from a
deepening potential well (mass loading factors fall from a relatively constant level
of n ~ 10 below the critical mass scale, to n < 1 just above). They report a redshift-
independent central baryonic mass of 1019001 M and halo mass of 10!1-37+0-08 N[
at which the stellar feedback begins to stall. This halo mass is indicated by an arrow
in the middle panel of Figure 3.5. Although a universal and non-evolving critical
mass is again in conflict with our findings (see Figure 3.5), we note that only a
moderate range of present day galaxy masses are explored in the simulation set of
Keller et al. (2016) (M,f,—0) =0.5-20.8x10'® My). Furthermore, there is evidence of
a varying critical halo mass even within this limited mass range (see their Figures
7 & 8). Perhaps most importantly, as no prescription for BHs is included for these
simulations, they are unable to directly investigate the link between stalling stellar
feedback and the rapid growth phase. The runaway production of stars seen in
systems above this critical mass, however, strongly suggests that AGN feedback

(and thus a massive BH) is required to curb continued galaxy growth.
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Anglés-Alcazar et al. (2017) perform a set of high-resolution cosmological hydro-
dynamic simulations of quasar-mass halos (Mp.,(2 = 2) ~ 10'° M) using the
FIRE-2 simulation code (7). These simulations model stellar feedback by supernovae,
stellar winds, and radiation, and BH growth using a gravitational torque-based pre-
scription (see also Section 3.4.4), however no AGN feedback is implemented. They
discover that early BH growth in low mass galaxies is extremely limited by bursty
stellar feedback continuously evacuating gas from the galactic nuclei (< 100 pc).
The BHs during this time remain significantly undermassive relative to their galaxy
host. Only as the galaxy approaches Mg ~ 101 My, does BH growth start to be-
come more efficient, as the nuclear stellar potential begins to retain a significant gas
reservoir, and the star formation becomes less bursty. In this more massive regime,
the BHs are then seen to rapidly converge onto the Mpp—Mypyge scaling relation.
Analogous to Dubois et al. (2015), they attribute this transition to the increased
escape velocity of the bulge now exceeding that of the stellar feedback-driven winds,

and also suggest the possibility of a redshift independent critical mass.

Bower et al. (2017) provide a different explanation. They develop a simple analytical
model that describes the interaction between buoyant, high entropy star formation
driven outflows and the rate of the cosmic gas inflow. In low mass systems (M <
10'* My) the adiabat of this outflow exceeds that of the haloes diffuse corona, and
can buoyantly escape. This ensures that the central gas densities within the galaxy
remains low, and the central BH is deprived fuel. In massive systems a hot corona
forms, and the star formation-driven outflows are no longer buoyant relative to their
surroundings. This triggers a high density build up of gas within the central regions
of the galaxy, and a subsequent non-linear response from the central BH. The critical
halo mass predicted for this transition is given by their Equation 5, which we show
in the middle panel of Figure 3.5 as a red dashed line. There is a good agreement
between the analytical prediction and that of our findings, reproducing the redshift
dependence, with only a small offset in the normalisation between the two trends. We

note, that whilst the model of Bower et al. (2017) was validated against the EAGLE
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simulation, it was independently derived, and not calibrated using the simulation

results.

To summarise, we find that the critical galaxy/halo mass at which stellar feedback
stalls and rapid BH growth begins is not constant, and decreases with increasing
redshift. Instead, we find that rapid BH growth phase initiates at an approximately
constant halo virial temperature (see Figure 3.5). This is contrary to some previous
predictions, where an epoch-independent single critical mass has been reported. But,
we understand this as limitations of these works due to a limited range of simulated

parameters, or because AGN feedback was not included in these simulations.

3.4.2 The role of galaxy mergers in triggering the rapid

growth phase of black holes

In the paradigms set out by the studies in the previous section, the primary factor
in transitioning from efficient to inefficient stellar feedback-driven outflows is the
secular evolution of the bulge/galaxy/halo. That is, when the host system becomes
sufficiently massive, the stellar winds/outflows become trapped via a deepening
potential well or hot corona. However, the rapid growth phase of BHs may also, or

exclusively, be triggered by galaxy—galaxy interactions.

Dubois et al. (2015) found for the evolution of a single halo (discussed in the previous
section) that the rapid growth phase of the central BH was likely triggered by a major
merger. In Section 3.3.3 we found a strong connection between the onset time of
non-linear growth (¢t = txpqstart)) and the most proximate merger, regardless of the
redshift at which non-linear growth began. Approximately 60% of the BHs within
our sample initiated their rapid growth phase within +0.5 dynamical times of either
a minor or major merger (> 40% a major merger, see Figure 3.7). At lower redshifts
(z =~ 0), the merger fractions were much greater than those expected from the
background merger rate (=~ 60% versus ~ 10%), whereas at higher redshifts (z ~ 4),

the merger fractions fell much closer to the background rate (= 60% versus ~ 45%,
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as the background merger rate increases with increasing redshift Rodriguez-Gomez
et al., 2015; Qu et al., 2017). We could interpret this in two ways: (1) a galaxy’s
central BH at lower redshift increasingly requires a major disturbance to initiate
its rapid growth phase, derived from the increasing excess in the merger fractions
above the control sample, or (2) mergers are always important for triggering the
rapid growth phase, derived from the universally high merger fractions, and the fact
that all galaxies ubiquitously experience mergers more frequently at higher redshifts

is inconsequential.

In either case, galaxy interactions appear to be important triggering mechanisms for
the rapid growth phase, at least in the low redshift Universe. From this one may
conclude that mergers can act as catalysts to accelerate the transition from stalling
stellar feedback to the rapid growth phase, however, the relatively low spread in halo
virial temperatures at which the rapid growth phase initiates would suggest that
this is not the case (see right panel of Figure 3.5). It appears, then, that whilst the
non-linear phase may be initiated through a strong interaction, a characteristic halo

virial temperature remains essential for rapid BH growth to occur.

3.4.3 Observing the rapid growth phase of black holes

We explore the considerations needed to validate the non-linear phase in observations
of the BH population in Figure 3.8. This figure shows the median bolometric AGN
luminosity (top panel) and the median Eddington rate (bottom panel) for all the
BHs within the EAGLE volume as a function of the host galaxy stellar mass at
six different redshifts. Here we see the familiar imprint of the three phases of BH
evolution: before the critical halo virial temperature BHs are effectively inactive,
the luminosities and Eddington rates then increase by many orders of magnitude
over a narrow stellar mass window around the critical halo virial temperature, and
finally the luminosities and Eddington rates come to settle to an approximately

constant median rate after the critical halo virial temperature, though with very
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Figure 3.8: The median bolometric AGN luminosity (upper panel)
and the median Eddington rate (lower panel) as a func-
tion of the host galaxy stellar mass for six redshifts, as
indicated in the legend. These are computed from all
galaxies at the stated epoch, and not only those host-
ing the BHs contained within the massive BH sample
outlined in Section 3.2.2. The shaded regions outline
the 10*"-90'" percentile range.
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large scatters. As we saw in Figure 3.5, the critical mass marking this transition
reduces with increasing redshift. Figure 3.8 also shows that the increase in AGN

luminosity and Eddington rate during the non-linear phase is larger at high redshift.

One could then in principle observe evidence of the rapid growth phase in two ways:
attempt to discover the transition between inactive BHs and moderately active BHs
in low-mass galaxies, or find the transition between a steep and shallow relationship
for the median Ly, and A.qq around the critical halo virial temperature. The pivot
mass in each case is predicted to decrease as the redshift increases. However, the
spread of many orders of magnitude in the AGN luminosity (the shaded regions
outline the 10"-90*" percentile range), the difficulty in detecting low luminosity
AGN (Lpy < 10% erg s7!), the relatively narrow range and therefore the need
for accurate measurements of the stellar masses, and the need for large statistical
samples of objects at multiple epochs will make this extremely challenging. It is
therefore more plausible to find evidence for the rapid growth phase indirectly via the
integrated BH accretion rate, i.e., the BH mass, as the three phases of BH evolution
are also present within the BH mass—stellar mass relation (e.g., Crain et al., 2015;
Schaye et al., 2015; Barber et al., 2016; Rosas-Guevara et al., 2016; Bower et al.,
2017; McAlpine et al., 2017 for the case of EAGLE). The scatter in this relation is
also predicted to change considerably with the mass of the galaxy host: galaxies
below the critical halo virial temperature will host BHs with a small scatter around
the seed mass; galaxies around the critical halo virial temperature will host a large
dynamic range of BH masses, due to the rapid BH growth over this mass range;
and BHs hosted in galaxies above the critical halo virial temperature return to a
much smaller scatter due to the regulation from AGN feedback. Indeed, changing
relationships between the mass of the galaxy host and that of the central BH across
a range of stellar masses and morphologies have been found by empirical studies
(e.g., Scott et al., 2013; Greene et al., 2016; Lasker et al., 2016; Martin-Navarro &
Mezcua, 2018).
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3.4.4 The dependence on the model

Three astrophysical prescriptions are crucial for forming the three phases of BH
evolution investigated by this study: efficient stellar and AGN feedback, capable
of regulating the gas inflow onto low- and high-mass galaxies, respectively, and
the ability for BHs to grow rapidly when neither of these feedback processes are
dominant. It is interesting to ask, then, to what extent the models that govern these
processes influence the behaviour of BH growth in hydrodynamical simulations, and

how ubiquitous the creation of these three phases may be.

Efficient stellar feedback using many different model implementations across a range
of resolutions is found to restrict the growth of BHs within low-mass galaxies in
hydrodynamical simulations (see Section 3.4.1). Interestingly, the ILLUSTRIS project
(Vogelsberger et al., 2014), which is a cosmological hydrodynamical simulation that
shares many similarities with the EAGLE project, shows no strong evidence of such
behaviour (Sijacki et al., 2015). Unlike EAGLE, which models stellar feedback purely
via the thermal injection of energy, ILLUSTRIS adopt a kinetic wind model that
temporarily decouples the hydrodynamics. Kinetic injection schemes can be less
efficient at disrupting early BH growth (see Dubois et al., 2015 for example). However,
in the updated ILLUSTRIS-TNG model (Pillepich et al., 2018), where stellar feedback is
now implemented partially thermally with a deliberate increased efficiency towards
higher redshifts and in low-mass haloes, BH growth now appears limited in the
familiar fashion below a critical mass (Pillepich et al., 2018; Weinberger et al., 2018).
This phase of BH evolution is undoubtedly sensitive to the efficiency of the chosen
stellar feedback model, however, efficient stellar feedback is crucial for replicating
many of the observed properties of galaxies in hydrodynamical simulations, such
as their sizes and star formation rates, and many hydrodynamical simulations have
converged towards implementing a form of efficient stellar feedback as a result.
Observations of BH activity (or lack thereof) in low-mass galaxies may therefore

provide key insight for constraining stellar feedback models.
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The choice of BH growth model may also have interesting implications. Many of
the widely used and successful BH growth models that have faithfully replicated
many of the observed properties of BHs in the local Universe are derived from the
original Bondi prescription (Bondi & Hoyle, 1944), which is also the basis for the
BH growth model within the EAGLE simulation (Rosas-Guevara et al., 2015). As
Bondi-like accretion is proportional to the mass of the BH squared, BHs have the
opportunity to grow at a rapid, non-linear rate if the conditions are favourable,
hence the origin of such a short-lived rapid growth phase found by this study (see
Figure 3.2). However, there are other BH growth models with alternate dependence
on the mass of the BH, such as the gravitational torque-based prescription introduced
by ?, for which the accretion rate is proportional to the mass of the BH to a much
lower power (%) In this regime, BHs do retain the capability to ‘rapidly’ grow,
as is shown by Anglés-Alcazar et al. (2017), however at a sub-Bondi rate. This
would presumably lengthen the duration of the rapid growth phase, yet once the
BH becomes sufficiently massive it would still enter the AGN feedback regulated
phase, and the three phases of BH evolution would theoretically remain distinct.
Additionally, BH growth models can be sensitive to the resolution and scale over
which the accretion rate is estimated (see Anglés-Alcazar et al., 2017), which may
also impact the result. Observational measurements of the (changing) behaviour of

the Mgp—M, relation around and beyond the critical transition mass will provide

useful constraints between the different BH growth models.

Ultimately, to fully disentangle the direct influence of the stellar feedback and
BH growth models on the three phases of BH evolution will require a parameter

exploration coupled to a similar investigation as performed in this study.

3.5 Conclusions

We have investigated the rapid growth phase of BHs using the hydrodynamical

cosmological EAGLE simulation. Our main conclusions are as follows:
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e The majority of massive BH life is spent in the AGN feedback reg-
ulated phase, at ~60-90% of their lifetime. The median duration of the
rapid growth phase is only =~ 1.4 Gyr, corresponding to =~ 15% of their life-
time. The fraction of the present day BH mass accumulated during the rapid
growth phase decreases with increasing BH mass (= 30% at Mgnp,—q = 107
Mg, decreasing to ~ 5% at Mpup—o = 10° Mg). The remainder is acquired
during the AGN feedback regulated phase, as no significant BH growth occurs

during the stellar feedback regulated phase. See Figures 3.2 and 3.3.

« BHs enter the rapid growth phase at a critical halo virial temperat-
ure (T, ~ 10°° K). There is no fixed host galaxy stellar mass or halo mass
at which the rapid growth phase begins. BHs initiating their rapid growth
phase today do so in galaxies and haloes approximately an order of magnitude
more massive than their high-redshift counterparts (M, = 10'%5 M, at z ~ 0
decreasing to M, ~ 10° Mg, at 2z ~ 6 and My ~ 10124 My, at z =~ 0 decreasing

to Magg =~ 10*2 Mg, at 2z &~ 6). See Figure 3.5.

o Galaxy—galaxy interactions are important for triggering the rapid
growth phase. Approximately 60% of the BHs initiating their rapid growth
phase today (z =~ 0) do so within +0.5 dynamical times of either a minor or
major galaxy—galaxy merger (u > %) and =~ 40% do so within +0.5 dynamical
times of a major merger (p > i) This is substantially higher than what is
predicted from the background merger rate (=~ 10%). At higher redshifts the
merger fractions remain high (=~ 60%), however the background merger rate
has also substantially increased by these epochs (& 45%), making it difficult to
directly disentangle the importance of mergers in triggering the rapid growth
phase at high redshift. Minor mergers play much less of a role in triggering

the rapid growth phase at all epochs. See Figures 3.6 and 3.7.



Chapter 4

The link between galaxy and black
hole growth in the EAGLE

simulation

4.1 Introduction

Substantial effort has been dedicated both observationally and theoretically to identi-
fying the link between the growth of galaxies and their central supermassive black
holes (BHs). However, the nature of this relationship remains poorly understood.
Indirect evidence of a causal connection has been suggested empirically based on
the integrated properties of galaxies and their BH counterparts. For example, galaxy
bulge mass (M, puge) and the mass of the central BH (Mpy) exhibit a tight, ap-
proximately linear correlation for bulge masses in excess of M, puge ~ 101°Mg (e.g,
Magorrian et al., 1998; Kormendy & Ho, 2013; McConnell & Ma, 2013; Scott et al.,
2013). However, at lower bulge mass, a steeper trend has been advocated (e.g, Scott
et al., 2013; Greene et al., 2016). Additionally, the cosmic star formation rate (SFR)
and black hole accretion rate (BHAR) densities broadly trace one another through

time (e.g, Heckman et al., 2004; Aird et al., 2010; Madau & Dickinson, 2014).
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A simple interpretation for these global relationships is that the growth rates that
build these properties (i.e. the SFR of the galaxy and accretion rate of the BH)
are proportional throughout their evolution, thus growing the two components in
concert. More complex evolutionary scenarios have also been proposed. For example,
a simple time-averaged relationship built from a common fuel reservoir of cold gas
(Alexander & Hickox, 2012; Hickox et al., 2014), a rapid build up of galaxy and
BH mass via merger induced starburst/quasar activity (e.g, Sanders et al., 1988;
Di Matteo et al., 2005; Hopkins et al., 2008) or a mutual dependence on the mass
or potential of the dark matter halo (Booth & Schaye, 2010, 2011; Bower et al.,
2017). In these scenarios the SFR and BHAR do not necessarily trace each other
directly and the observed correlations may only appear in massive galaxies due to
an averaging of very different histories. Furthermore, Peng (2007) and Jahnke &
Maccio (2011) go as far as to suggest there is no causal connection of any kind, with

correlations only appearing as result of a random walk.

To test these scenarios, numerous observational studies have attempted to identify a
direct link between the intrinsic growth rates of galaxies and their central BHs. Stud-
ies that investigate the mean SFR ((SFR)) as a function of BHAR consistently find
no evidence for a correlation for moderate-luminosity sources (Ly_giev < 10% erg s71;
e.g, Lutz et al., 2010; Harrison et al., 2012; Page et al., 2012; Mullaney et al., 2012a;
Rosario et al., 2012; Stanley et al., 2015; Azadi et al., 2015). For high-luminosity
sources (Lo_gev > 10% erg s) however, there has been significant disagreement as to
if this relation becomes positively correlated (e.g. Lutz et al., 2010), negatively correl-
ated (e.g. Page et al., 2012) or continues to remain uncorrelated (e.g, Harrison et al.,
2012; Rosario et al., 2012; Stanley et al., 2015; Azadi et al., 2015). These disparities
between various works at the high-luminosity end are likely due to small number
statistics and sample variance (Harrison et al., 2012), and indeed, recent studies
using large sample sizes confirm the extension of a flat trend to higher luminosities

(Stanley et al., 2015; Azadi et al., 2015).

A flat trend for the (SFR)-BHAR relation could potentially be interpreted as re-
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vealing an absence of a connection between SFR and BHAR. However, studies that
have investigated the mean BHAR ((BHAR)) as a function of SFR consistently find
a positive relationship (e.g, Rafferty et al., 2011; Symeonidis et al., 2011; Mullaney
et al., 2012b; Chen et al., 2013; Delvecchio et al., 2015). Within the paradigm of
a linear Mpu—Mpyige« Telation due to a universal co-evolution of BH and galaxy
growth, both approaches are expected to produce a consistent, similarly linear result
(see Section 4.3 for a derivation of why this is). Hickox et al. (2014) proposes a
potential solution, suggesting that SFR and BHAR are connected on average over a
period of 100 Myr, with a linear scaling. This relationship disappears when measured
instantaneously owing to the rapid variability timescale of AGN, with respect to

that of galactic star formation.

From a theoretical perspective, many simulations have focused on the growth of
BHs in galaxy mergers (e.g, Di Matteo et al., 2005; Hopkins et al., 2005). Whilst
both star formation and BH accretion are typically enhanced during the merger
proper, the extent of the connection between SFR and BHAR pre- and post-merger
event remains unclear. Neistein & Netzer (2014) demonstrate through the use of
a semi-analytical model that the observed correlations between galaxies and their
central BHs can be reproduced when BH growth occurs only during merger induced
starbursts. This could explain the lack of a correlation between growth rates in low-
luminosity systems whilst allowing for mutual enhancement during the merger events
themselves. Thacker et al. (2014) investigate the impact of various feedback models
on the SFR-BHAR parameter space in a set of equal mass merger simulations. They
find a complex evolution for individual systems, even when averaged over 20 Myrs.
Any correlation found is strongly dependent on the feedback model chosen, with the
post-merger phase showing the strongest evidence for a positive connection. Using a
high-resolution hydrodynamical merger suite, Volonteri et al. (2015a) find BHAR and
galaxy-wide SFR to be typically temporally uncorrelated. They suggest in Volonteri
et al. (2015b) that the observed discrepancy between the (SFR)-BHAR and (BHAR)-

SFR relations seen observationally are a result of sampling two different projections
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of the full bi-variate SFR-BHAR distribution whose build up is constructed from
different behaviours between SFR and BHAR before, during and after the merger

event.

It is now possible to extend these investigations to cosmological scale simulations.
Using the semi-analytical code GALFORM, Gutcke et al. (2015) find a negative SFR-
AGN luminosity correlation at low AGN luminosities, this then transitions to a strong
positive correlation at high AGN luminosities. In the cosmological hydrodynamical
simulation ILLUSTRIS, Sijacki et al. (2015) find a single trend in the SFR-BHAR
relationship embedded in a large scatter, particularly in BHAR. Cosmological hydro-
dynamical simulations have the advantage of probing the entire galaxy population
within a self consistent variety of environments with a diverse range of accretion and
merger histories. Here we investigate to what extent galaxy and BH growth rates are
connected within the “Evolution and Assembly of GaLaxies and their Environment”
(EAGLE, Schaye et al., 2015; Crain et al., 2015) ! ? simulation. Adopting physical
prescriptions for radiative cooling, star formation, stellar mass loss, BH accretion,
BH mergers and both stellar and AGN feedback, EAGLE reproduces many observed
properties of galaxies, BHs and the intergalactic medium with unprecedented fidelity
(e.g, Schaye et al., 2015; Furlong et al., 2015b,a; Trayford et al., 2015; Schaller et al.,
2015b; Lagos et al., 2015; Rahmati et al., 2015; Bahé et al., 2016; Crain et al., 2016;

Rosas-Guevara et al., 2016; Segers et al., 2016; Trayford et al., 2016).

The chapter is organised as follows. In Section 4.2 we provide a brief overview of
the EAGLE simulation suite, including the subgrid model prescription and simulation
output. The results are presented in Section 5.3. We examine the EAGLE predictions
of the (SFR)-BHAR relationship for an AGN selected sample and the (BHAR)-SFR
relationship for a SFR selected sample in Section 4.4.1, finding good agreement with
recent, observational findings. To investigate why these trends might be different, we

explore the effect of time-averaging each growth rate and examine potential sampling

1www.eaglesim.org

2Galaxy and halo catalogues of the simulation suite are publicly available at http://www.
eaglesim.org/database.php (McAlpine et al., 2016).
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biases in Section 4.4.2. Section 4.4.3 examines the influence of the host dark matter
halo on both SFR and BHAR, finding that each exhibits a strong connection. Finally
in Section 5.4, we discuss the changing relationship between SFR and BHAR as the

halo grows and in Section 4.6, we present our conclusions.

4.2 The EAGLE simulation suite

A full overview of the EAGLE simulation suite can be found in Chapter 2.

4.2.1 Constructing histories of individual galaxies

In order to accurately trace the evolution of individual galaxies and their central BH
for the analysis in Section 4.4.3, we require histories of a higher temporal resolution
than is provided by the snipshot output. To do this, we follow galaxies and their
central BH through cosmic time. BHARs are recorded at each timestep with a typical
spacing of ~ 10% — 10* yr, yielding an ‘instantaneous’ rate. These can then be time-
averaged over longer durations. Quoted ‘instantaneous’ SFRs are taken from the
snapshot output, where they are computed based on the current star forming state
of the gas contained within the galaxy. Time-averaged SFR histories are constructed
from the stellar particles born within the main progenitor that reside in the galaxy
at the present day. As these particles store both their birth time and initial mass,
collectively they create a robust history of star formation for that galaxy. However,
as these histories are sensitive in their resolution to the number of particles sampled,
only galaxies containing more than 200 particles (M,p,—o) ~ 10%°Mg) are considered

for this study.

Figure 4.1 shows an example history of an individual galaxy’s SFR (top panel) and
accretion rate of the central BH (bottom panel) through cosmic time taken from the
methods described above. We show each growth rate time-averaged over 5 Myr (blue

and green lines) and 100 Myr (red and black lines) to highlight the large difference in
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variability scatter between the two timescales. This is particularly severe for BHAR,
where values recorded over short timescales do not return a good approximation of
the long term average rate, differing in value by as much as 4 dex. We have adopted
100 Myr as our long averaging duration as it reflects an estimate of the effective
timescale for empirical indicators of star formation using the far-infrared (FIR, the
tracer of star formation for the observational studies compared to in Section 4.4.1,
see the discussions by Neistein & Netzer, 2014; Volonteri et al., 2015a). Although
there are similar features between SFR and BHAR through time for this individual
case (for example a common peak at a lookback time of 12 Gyr), globally the two

histories are quite different.

4.2.2 The Mgy—M>y, relation

Figure 4.2 shows the Mgp—Msgg relation for central galaxies at z = 0. We have
plotted Mgy as a function of halo mass rather than bulge or total stellar mass due
to the crucial connection that Mgy has with both SFR and BHAR (see Section 4.4.3
onwards). We note that the Mpy—M, relation also follows the same behaviour (see
Figure 1 of Barber et al., 2016) and throughout this description Msgy and M, can be
interchanged. The overlaid two dimensional bins are for the continued investigation

in Section 4.4.3, where they are fully described.

The empirical relationship between BH mass and that of the classical bulge is well
described by a single power law at high mass (e.g, Magorrian et al., 1998; Kormendy
& Ho, 2013; McConnell & Ma, 2013 with gradient values of a =~ 1 — 1.3 satisfying
eq. (4.3.1)). Indeed, one of the calibration parameters of the simulation is to match
the normalisation of this relationship. However, whereas traditionally this trend has
been linearly extrapolated to lower-mass systems, EAGLE predicts a steepening of
the trend. As a consequence, the relation between BH mass and the mass of the
host galaxy or halo is not well described by a single power law. Interestingly, a

steeper slope at intermediate masses is supported by recent observations of bulge (or
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Figure 4.2: Mgy—M>q relation for central galaxies at z = 0, where
Mg is the halo mass. Each galaxy is represented by
an individual blue point and the median trend is shown
as a solid black line. The black dashed line shows a
linear relationship, Mgy o< Myg, for reference. Over-
laid two-dimensional bins are 0.5 dex on each side and
contain at least one galaxy. Nine of these cells are used
for the continued investigation in Section 5.4 and are
outlined in colours that relate to the histories shown in
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pseudobulge) systems (e.g, Scott et al., 2013; Greene et al., 2016). When total stellar
mass is considered as the independent variable, Reines & Volonteri (2015) predict
Seyfert-like systems yield and alternate Mgy—M, relationship to previously measured
early-type systems. However, each trend is consistent with a linear relation, with

Seyfert-like systems yielding a lower normalisation.

For EAGLE, BHs in massive systems (Moo = 10'2°My) follow an approximately
linear trend with halo mass (compare to the black dashed black line in Figure 4.2),
but those hosted by haloes with mass Mogy < 10125My, follow a much steeper relation
and those in the lowest mass systems (Moo < 101°My) plateau at the seed BH

mass.

Bower et al. (2017) argue that multiple physical processes drive the relation between
Mgy and Mayg. In low (high) mass systems stellar (AGN) feedback regulates the
baryonic inflow to the galaxy, suppressing BH (continued stellar) growth. There is
a critical transition halo mass (Mg ~ 10'2M, hereafter M.,it) separating these
two regulatory regimes. Within M haloes, neither feedback process is dominant,
and as a result BHs grow at a highly non-linear rate. These phases create the flat,
supra-linear and ~linear regimes of BH growth seen in the integrated quantities of
Figure 4.2 and have important consequences for the galaxy and BH growth rates

investigated throughout this study.

4.2.3 Absolute calibration of SFRs

When comparing to the observed cosmic SFR density, Furlong et al. (2015b) found
an almost constant -0.2 dex offset for redshifts z < 3. There is however continued
uncertainty as to the absolute calibration of SFR indicators on which these obser-
vations rely. For example, Chang et al. (2015) find upon revisiting this calibration
with the addition of WISE photometry to the full SDSS spectroscopic galaxy sample
that the SFRs of local galaxies along the main-sequence are systematically lower

than previously estimated by ~ 0.2 dex, yielding good agreement with the EAGLE
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prediction (see Figure 5 of Schaller et al., 2015a).

As the observational datasets compared to in Section 4.4.1 utilise an earlier calibra-
tion, we reduce all observed SFRs by 0.2 dex. The magnitude of this recalibration
is shown as a red arrow in Figures 4.3 and 4.4. This serves to remove the known
global systematic offset, making it simpler to focus on the trends with BHAR that

are the topic of this paper.

4.3 Predictions from the integrated quantities

The major motivation for linking the growth of galaxies to the growth of their
central BH has arisen empirically from the strong correlations seen in their integrated
properties (the primary example being the tight Mpy—M, puge relation). We therefore
require an evolutionary model that suitably fits this end point. In the simplest case,
where BHs and their host galaxy grow in concert (or co-evolve), the relational form
between their growth rates can be easily predicted. Given a functional form of the

Mgy—Myige« relation described via

log o Mpn = alog o Miuige « + 10810/, (4.3.1)

where « is the gradient of the slope and log;,/ is the intercept, the predicted relation

between the growth rates is simply found by differentiating with respect to time, i.e,

10gloj\.IBH = 108?10]\‘/[bulge,* +1ogyo8 + logiga + (a — 1)1og o Miuige «- (4.3.2)

In the trivial case where o = 1 (i.e, a linear relation) this reduces to

Within this scenario, growth rates are directly proportional to one another scaled

by the intercept, 3, of the Mpu—Mpuige« relation. Therefore, if the functional form
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between the growth rates is described via

IOgloMBH = 710g10M* + logy09, (4.3.4)

where again v and  are the slope and intercept values, we would expect 6 = 5 and

~v =1 in the case where av = 1.

Throughout this study we will test the hypothesis that there exists a broadly linear
co-evolution between galaxies and their central BHs, a plausible scenario fitting
the empirical Mpu—M, puge relation. We refer throughout to o as the gradient of
the slope between the integrated properties (Mpg—M, /buige+) and to 7 as the slope

between each growth rate (Mpy—M,), both in log space.

4.4 Results

4.4.1 Comparison to observations

We begin by comparing the predicted relationship between galaxy and BH growth
rates to two recent observational studies using different selection criteria. Firstly,
we explore the (SFR) versus BHAR relation for the AGN selected sample presented
by Stanley et al. (2015). Secondly, we explore the (BHAR) versus SFR relation
for the SFR selected sample presented by Delvecchio et al. (2015). Together they
represent two of the largest sample sizes of their respective selection techniques,
spanning multiple epochs. Large sample sizes such as these are key in overcoming
the uncertainties inherent to low number statistics and in mitigating the potential

redshift evolution biases that could be misinterpreted as an underlying trend.

As mentioned in Section 4.2.1, SFRs obtained via FIR tracers most likely probe
the recent star formation history of a galaxy, rather than an instantaneous value.
Therefore the comparative SFRs of EAGLE galaxies used in the analysis of Figures 4.3

and 4.4 are the time-averaged rate over the 100 Myr preceding the instantaneous
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Figure 4.3: SFR. (M,) as a function of BHAR (Mgy) for four con-

tinuous redshift ranges from 0.2 < z < 2.5 for a BHAR
selected sample. The recorded BHARSs are instantan-
eous and the SFRs are time-averaged over the 100 Myr
preceding the recorded BH accretion event. The mean
SFR as a function of BHAR for central galaxies is shown
as a black line, with the corresponding blue shaded re-
gion indicating the 10-90'" percentile range. Bins con-
taining fewer than 10 objects have their galaxies rep-
resented individually as black solid circles. The linear
relation Mgy / M, = 1073 is shown as a dashed green
line and the data of Stanley et al. (2015) is represen-
ted as red circles. Fits to the EAGLE mean relations are
tabulated in Table 4.1. The magnitude of the SFR recal-
ibration applied to the data for all redshifts is indicated
by a red arrow in the upper left panel (see Section 4.2.3).
For each redshift range we find mean trends that are
considerably flatter than a linear relation (7515 < 1 in
eq. (4.3.4)).
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BHAR measurement. However, when performing the equivalent analysis using the
instantaneous values of SFR at the time of the BHAR measurement we find no

difference in the result, attesting to the stability of star formation as a process.

SFR as a function of BHAR for an AGN selected sample

The study of Stanley et al. (2015) consists of ~ 2000 X-ray detected AGN spanning
over three orders of magnitude in luminosity (102 < Ly gy < 105 erg s71) for
the redshift range z = 0.2 — 2.5. To compare to the data we convert their quoted

bolometric AGN luminosities (derived from X-ray luminosities) to BHARs via

(4.4.1)

where c¢ is the speed of light and ¢, is the radiative efficiency of the accretion disk,
which is assumed to be 0.1 (Shakura & Sunyaev, 1973). To emulate the sample
selection of this study, we choose EAGLE galaxies based on a redshift independent

detection limit of Mgy = 1073 Mg, yr™', corresponding to Lagy ~ 10% erg s7! ac-

1

cording to eq. (4.4.1) and is equivalent to Lo gy ~ 10*? erg s~ using the conversion

methods outlined in Section 3.2 of Stanley et al. (2015).

The results are presented in Figure 4.3, showing the mean SFR as a function of
BHAR, represented by a solid black line. We see that for each redshift range the
gradient of the relation remains shallow (note the same dynamic range is used for
both axes), ranging in values 0.1 < ~vg15 < 0.2 (see Table 4.1) and is in striking
agreement with the “remarkably flat” relation reported by Stanley et al. (2015).
This is considerably flatter than one would predict for a linear Mpr—Mpuige, « relation
from a co-evolution of growth, which we represent as a dashed green line® (see
Section 4.3). The dynamic range of SFRs is modest, with a scatter of ~ 1 — 1.5 dex
for all redshifts. The normalisations of (SFR) in the three lowest redshift ranges

(0.2 < z < 1.5) are in good agreement with the observational estimates (within

3Using eq. (4.3.3) with 8 = 1000 (McConnell & Ma, 2013).
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~ 0.1 dex). However, the values in the highest redshift range (1.5 < z < 2.5)
are systematically under predicted by ~ 0.5 dex over and above the recalibration
discussed in Section 4.2.3. We note that this highest bin is potentially subject to the
largest systematic over estimate (=~ 0.4 dex) due to the large fraction (= 80%) of
undetected FIR sources (included as upper limits) in the observations (see Stanley

et al., 2015).

BHAR as a function of SFR for a SFR selected sample

The study of Delvecchio et al. (2015) consists of &~ 8600 star-forming galaxies detected
out to z = 2.5. The selection limits in SFR are redshift dependent, corresponding to
0.2, 1.0, 3.0, 8.0 and 25.0 Mg, yr—* for the five redshift ranges covered by this study
from low to high respectively. We note that the data points from Delvecchio et al.
(2015) are segregated also in stellar mass, however for simplicity we make no such

distinction.

The comparison is shown in Figure 4.4, showing the mean BHAR as a function
of SFR as the solid black line. Again, EAGLE shows a good consistency with the
observational measurements (shown in red), only over predicting (BHAR) in the
lowest redshift range (0.0 < z < 0.5). However, Delvecchio et al. (2015) mentions that
the limited co-moving volume of this study at low redshift could potentially exclude
the most luminous sources. The behaviour of the (BHAR)-SFR relation is quite
different from the (SFR)-BHAR relation seen in Figure 4.3, adhering much closer to
a linear trend. We see, uniformly, gradients close to unity (1.0 < 1/yp15 < 1.2, see
Table 4.1) in good agreement with the linear Mpy—Mpyge « relation expected for a
co-evolution of growth, shown as a dashed green line (note again the same dynamic
range is used for both axes). An additional difference is the spread of values in the
minimisation axis (Mg for this figure). The distribution of SFRs in Figure 4.4 span
a relatively narrow dynamic range, whereas here, BHARs vary as much as ~ 4 dex
in the 10 — 90 percentile region. In fact, the dynamic range of BHARSs is so large

that the small fraction of galaxies whose values dominate the mean are able to pull
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BHAR (Mgg) as a function of SFR. (M,) for four con-
tinuous redshift ranges from 0.2 < z < 2.5 for a SFR
selected sample. The recorded BHARs are instantan-
eous and the SFRs are time-averaged over the 100 Myr
preceding the recorded BH accretion event. The mean
BHAR as a function of SFR for central galaxies is shown
as a black line, with the corresponding blue shaded re-
gion indicating the 10-90*" percentile range. Bins con-
taining fewer than 10 objects have their galaxies rep-
resented individually as black solid circles. The linear
relation Mgy / M, = 1073 is shown as a dashed green
line and the data of Delvecchio et al. (2015) is repres-
ented as red circles. Fits to the EAGLE mean relations
are tabulated in Table 4.1. The magnitude of the SFR
recalibration applied to the data for all redshifts is in-
dicated by a red arrow in the lower right panel (see
Section 4.2.3). For each redshift range we find gradients
of the mean trend close to unity (1/yp15 ~ 1), in good
agreement with a linear relation.
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it outside this percentile range entirely in some places, suggesting the median to be

a more suitable statistic to measure this trend.

Overall the agreement between EAGLE and the observations is excellent, particularly
given that no information regarding this relation was considered during the calibra-
tion procedure. The difference in behaviour found empirically via alternate selection
criteria is well reproduced by the simulation. We find, consistent with the Hickox
et al. (2014) model and findings by Volonteri et al. (2015b), that (SFR)-BHAR
for an AGN selected sample exhibits a relatively flat trend (7515 ~ 0.15), whilst
that of (BHAR) with respect to SFR for a SFR selected sample is substantially
steeper and close to unity (1/vp15 ~ 1.1). However, within the paradigm of a linear
Mgir—Mpyige « relation created through co-evolution of growth these results are both
predicted to be linear (i.e, v &~ 1 for both, see Section 4.3). Therefore either the
underlying relationship itself is fundamentally non-linear, or a fuller understanding
of the two processes is required. In the next section we continue to examine potential

reasons as to the cause of this difference.

4.4.2 Understanding the BHAR-SFR relationship

In this section we explore two potential reasons why the (SFR)-BHAR and (BHAR)—
SFR trends are not each consistent with a linear relationship. We examine the
hypothesis that (1) growth rates have an underlying linear connection only on
average, which is masked when the unstable growth rate is observed instantaneously
and (2) how selection biases due to the inability to probe the complete SFR-BHAR

plane may play a role.

A time-averaged SFR-BHAR connection

Hickox et al. (2014) suggested that an underlying correlation held between a stable
(galactic star formation) and unstable (BH accretion) process on average could be

washed out if the unstable property is measured instantaneously. That is to say, if
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Figure 4.5: blue region: A replica of the upper left panel in Fig-
ure 4.3 (see caption for description of contents). Here
BHARs are instantaneous and SFRs are the time-
averaged rate over the 100 Myr preceding the BH event.
red region: We repeat the analysis for the same cent-
ral galaxies satisfying the Stanley et al. (2015) selec-
tion criteria (instantaneously, blue region), however now
both SFR and BHAR are time-averaged over the same
100 Myr period. Fits to the time-averaged mean rela-
tions are shown in Table 4.1 (denoted with (100 Myr)).
We find that even when both growth rates are time-
averaged over 100 Myr, an AGN selected sample does
not revert to a linear relationship between M, and Mpg.
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one could observe X-ray luminosities of AGN sources over prolonged periods, the
underlying relationship between the two properties would begin to emerge. Indeed,
with a simple model that assumes SFR and BHAR are connected on average with
a linear scaling over a period of 100 Myr, Hickox et al. (2014) reproduce the empir-
ical behaviours of both the (SFR)-BHAR and (BHAR)-SFR relationships whilst
retaining a scenario consistent with a linear co-evolution between galaxies and their
central BHs. While it is not possible to test observationally due to the length of

these timescales, we are able to test this hypothesis using the simulation.

Figure 4.5 is similar to the upper left panel of Figure 4.3. The region in blue,
with the black solid line, shows the original analysis of the (SFR)-BHAR relation
for the redshift range 0.2 < z < 0.5 using instantaneous BHARs and SFRs that
are time-averaged 100 Myr before the BH event. Overlaid in red, with the mean
represented by a dashed line, is the same selection of galaxies (i.e, instantaneous
Mgy > 1073Mg yr—') with each growth rate now time-averaged over 100 Myr.
Interestingly, although the high BHARs shift systematically to lower values on
average?, both the dynamic range and slope of the mean remain broadly consistent
with their instantaneous equivalents (vs15 — Ys15100 Myry = 0.2 = 0.3, see Table 4.1).
This behaviour remains for each redshift range explored by Stanley et al. (2015)
(see Table 4.1). An alternate approach is to select galaxies in excess of Mpy =
103Mg yr~! on average (rather than instantaneously as done above) or indeed to
prolong the averaging timescale to > 100 Myrs. However in each case, and for all
redshift intervals, the gradient values remain well below unity (0.30 < Ys15(100 Myr) <
0.55). This leads us to conclude that the average galaxy and BH growth rates for

an AGN selected sample do not yield an underlying global linear relationship.
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Figure 4.6: M,-Mgy (SFR-BHAR) relation for central galaxies at
z = 1. Growth rates are instantaneous and coloured
by the mass of the halo (My). Values that are below
1078 Mg, yr—! for Mgy and below 1073 Mg, yr~! for M,
are clipped to these limits. The approximate flux lim-
its of Stanley et al. (2015) and Delvecchio et al. (2015)
investigated in Section 4.4.1 are shown as vertical and
horizontal solid lines respectively, highlighting the dif-
ferent regions of the full distribution that these surveys
are able to probe. The dashed green line indicates the

logig Mpn [Mg yr—]

linear relation Mgy /M, = 1073.
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Sampling different regions of the entire SFR-BHAR plane

As observational surveys are subject to various flux limitations, they can only sample
particular regions of the full SFR-BHAR plane. If the global underlying relation is
linear, and each property exhibits a moderate scatter (< 1 dex), each sub sample
should also return a linear result. However, as the findings of previous sections
do not to support an underlying linear relation, and because the scatter is large

(> 1 dex), it is important to investigate the effect of this sampling.

Figure 4.6 shows the complete SFR-BHAR plane for all central galaxies at z = 1. In
order to eliminate any potential bias incurred via redshift evolution in either growth
rate we consider a discrete redshift rather than the continuous ranges of Section 4.4.1.
Each data point represents the instantanecous state of a single galaxy and its central
BH, coloured by the halo mass. Values that are below 107® Mg, yr~! for Mgy and
1073 My yr~! for M, are treated as ‘zero’ and are clipped to these values. The
approximate flux limit of the AGN selected sample by Stanley et al. (2015) is shown
as a solid vertical line and the approximate flux limit of the SFR selected sample by

Delvecchio et al. (2015) is shown as a horizontal solid line.

It is further apparent that the global relationship between SFR and BHAR is not
simply linear (reference with the dashed green line). Instead, a complicated rela-
tionship arises due to an amalgamation of three distinct behaviours of BH growth
dependent on the mass of the host dark matter halo (see next section). It is therefore
crucial to consider the particular region sampled before arriving at a particular con-
clusion. AGN selected samples, such as that of Stanley et al. (2015), currently probe
a relatively limited region at the tip of the SFR-BHAR plane. With the exception
of a few sources with rates M, < 1M, yr~!, galaxies satisfying this selection criteria
are distributed over a relatively narrow range of SFRs. As such, each bin of BHAR
yields a very similar value of (SFR), creating an approximately flat trend. SFR

selected samples, such as that of Delvecchio et al. (2015), sample a not too dissimilar

4The shift (=0.5 dex) to lower values in BHAR when averaging over 100 Myr arises due to the
most luminous ‘detections’ commonly residing in peaks of the accretion rate history.



4.4. Results 89

distribution of SFRs (this time due to the flux limit), however, the distribution of
BHARSs is much wider. This in turn yields a steeper relation. We note, that whilst
the mean SFR provides a good proxy of the median SFR for an AGN selected study
(compare columns 3 and 6 of Table 4.1), the mean BHAR for a SFR selected study is
not a good proxy of the median value due to the distribution of BHARs having such
a large scatter (compare columns 8 and 10 of Table 4.1). Although only the results
from z = 1 have been shown here, when investigated we find the results remain true

independent of redshift.

We therefore conclude that the different behaviour found for the (SFR)-BHAR
and (BHAR)-SFR relations recovered by observational studies is due to sampling
considerably different regions of the full (not universally linear) SFR-BHAR plane.
We now continue to investigate the nature of this relationship in the EAGLE simulation

and its evolution through time.

4.4.3 The connection to the host dark matter halo

The relationship between SFR and BHAR seen in Figure 4.6 is complicated, seem-
ingly not adhering to a simple universal trend. However, there is evidence that each
property has a link with the mass of the host dark matter halo, highlighted in the
change of the data point colours, which transition smoothly from blue to red with
increasing SFR, and systematically shift rightward in BHAR (with a large scatter)

at high halo mass.

To examine this in more depth we sub categorise the z = 1 central galaxies into five
continuous ranges of halo mass, showing the growth rates in Figure 4.7. Here we find,
in fact, that the global make up of the SFR-BHAR plane in Figure 4.6 is resolved
into a collection of two dimensional strips, wide in their dynamic range of BHAR
(~ 4—6 dex) yet generally much more compact in their SFR (~ 1—2 dex). Each strip
hosts a characteristic value of SFR (defined as the mode of the distribution, shown

as a horizontal solid red line) that continuously increases with increasing halo mass.
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= 1 (from Figure 4.6) for central
galaxies separated into five continuous halo mass ranges.
Points are coloured green if a galaxy hosts a massive BH
(Mgn > 10"™Mg,) and blue otherwise. The characteristic
SFR for a given halo mass bin (classified as the mode
of the distribution) is shown as a horizontal solid red
line. Each range of halo mass yields a relatively nar-
row distribution of SFRs (1 — 2 dex) and much wider
distribution of BHARs (up to 8 dex). Larger halos are
associated with larger characteristic SFRs and have a
higher fraction of BHARs > 107*M, yr~!. Galaxies
yielding SFRs far below the characteristic rate all con-
tain massive BHs (green points) and have likely recently
undergone a violent episode of AGN feedback reducing
the current star-forming capability of the system.
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This is in line with the ‘star forming main sequence’, where galaxies of increased
stellar mass are seen to host larger SFRs (e.g, Elbaz et al., 2007). Interestingly,
the rate of change with My for this characteristic SFR does not remain constant,
initially increasing by AM, ~ 1 dex between 100 < Mygo < 10'2°M, and reducing
to almost zero in the regime 10125 < Myyy < 10'3°M,,. This is potential evidence that
SFRs in massive systems are not keeping pace with the increasing baryonic inflow
rates for increasing halo mass at fixed redshift (e.g, Correa et al., 2015). BHARs
show a less continuous behaviour however, broadly categorised by two rudimentary
states: BHs residing in haloes below ~ 10'5Mg are typically accreting at a ‘low’
rate (Mpy < 10~* Mg, yr—'); BHs residing in haloes more massive than ~ 10'2°M,
tend to be accreting at a ‘high’ rate (Mgy > 10~* Mg yr=!). The fraction of galaxies
with Mgy > 107*M,, yr~! for a given halo mass bin is ~ 3%, 21%, 55%, 70% and
78% from 10110 < Mygy < 10M°Mg, to 10130 < My < 1083°Mg, respectively. Those

in haloes between the mass range 1015 ~ 10'2°M,, are in an intermediate state.

A fraction of galaxies hosted by haloes with Mygy = 10*°M yield extremely low,
or even zero SFRs. As all of these galaxies host massive BHs (Mpy > 10"Mg, green
dots), we are most likely seeing the effect of recent episodes of violent AGN feedback
that have severely reduced the current star-forming capabilities of these systems.
The cause, prevalence and impact of these feedback events will be the subject of a

future paper.

We now investigate if the growth rate to halo connection evolves. To do this we
return to the Mgy—Mog relation shown for z = 0 in Figure 4.2. The population is sub
divided into two-dimensional bins, 0.5 dex on a side and outlined as squares. Here
we investigate nine bins that lie along the median track through a continuous range
spanning 10115 < My < 10135M,, in halo mass and 10%9 < Mpy < 10%°M,, in BH
mass, each outlined with a unique colour to reference their histories in Figures 4.8

to 4.10.

Figure 4.8 shows the evolution of the time-averaged SFR (top panel) and time-

averaged BHAR (bottom panel) as a function of halo mass for all galaxies that come
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Figure 4.8: The evolutionary history of SFR (top panel) and BHAR

(bottom panel) as a function of halo mass for all galaxies
that come to reside in the 10'%% < My < 1013M,,
1080 < Mpy < 10%°Mg two-dimensional bin of Fig-
ure 4.2 at z = 0 (outlined in yellow). Each black
line is an individual history. The orange line shows
the median trend, annotated with the median redshift
at which these galaxies were hosted in haloes of that
mass. For each panel, growth rates are time-averaged
over 100 Myr as to overcome the noise induced when
considering instantaneous rates. We see very different
evolutionary behaviour for SFR and BHAR as the halo
grows. SFRs initially rise and then decline, centred
around Moy ~ 102M,. BHARs similarly transition
from a low to high rate around this halo mass.
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to reside in one of these two-dimensional bins at the present day (each solid black
line is an individual history). We time-average both SFR and BHAR over 100 Myr
in order to remove the inherent noise when considering instantaneous growth rates,
and unveil the average trend. To eliminate galaxies that were previously classified as
satellites of a more massive halo, we only consider central galaxies that have evolved
monotonically in their halo mass (this excludes only ~ 1% of the z = 0 centrals
population). We see, that although individual histories can be quite different, on
average galaxies and their central BHs do follow a well defined path. The median
SFR and BHAR of this population subset for a given halo mass are over-plotted in
yellow, annotated by the median redshift at which they were hosted by haloes of that
particular mass. As expected, an increasing halo mass corresponds to a decreasing

redshift.

There is a striking difference in behaviour seen between the two growth rates as
the halo grows. Initially the SFR increases steadily with halo mass. As the halo
grows more massive than ~ 10'?Mg the SFRs begin to fluctuate between high and
low values, yet overall there is a gradual decline of the median trend after this
mass. Similarly, BHARs also change their behaviour around ~ 10?M,,, rapidly
transitioning from a low (Mgy < 10~*Mg yr~1!) to high (Mgy > 107*Mg yr~!) rate.
As with SFRs, BHARs decline a similar amount after the halo mass ~ 102M, (note
the many orders of magnitude difference in the scale of the growth rate axis between
the two panels). We interpret therefore, given that the decline of SFR coincides
with the peak of the rapid increase in BHAR, that AGN feedback is impeding the
continued rise of SFRs in the most massive systems (see Figure 4.1 for an individual
example of SFR reduction after the peak AGN activity at lookback time ~ 12). We
note that the decrease in halo mass accretion rate with declining redshift and the
dependence of halo cooling rates on halo mass will play additional roles in shaping
these histories. However, given the severity of the SFR reduction seen immediately
after the BHAR peak, AGN feedback appears to be a dominant factor in hindering

further galaxy growth.
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Figure 4.9 extends this analysis to each of the highlighted two-dimensional bins
in Figure 4.2, now showing only the median lines for clarity. Remarkably, the
evolutionary behaviour is similar regardless of the final position in the Mgp—Mag
plane. The normalisation of each history is set by the evolving baryonic inflow rate
at fixed halo mass. As this rate decreases with redshift (e.g, Correa et al., 2015), so
does the normalisation of both the SFR and BHAR seen here (as each population
reaches a particular halo mass at different times). We include also in the bottom
panel of Figure 4.9 the median ratio between SFR and BHAR shown in the two
panels above. This shows that galaxy growth is dominant over BH growth by many
orders of magnitude in low mass haloes (Magy < 10°My). As BHARsS settle to their
‘high’ rate in haloes of a mass above Mgy ~ 10*2, the ratio between SFR and BHAR
plateaus to an approximately constant value of ~ 103. Note the trends of both
Figures 4.8 and 4.9 are not directly observable as they rely on median time-averaged
growth rates in both SFR and BHAR of 100 Myr whilst also being binned by halo

mass.

4.5 Discussion

Throughout this investigation we have consistently found no evidence supporting
a simple underlying relationship between the rate of a galaxy’s star formation and
the accretion rate of its central BH. Instead, a mutual dependence of each property
upon the mass of the host halo yields a more complex connection. It is interesting to
examine, then, how the relation between the SFR and BHAR evolves for individual
objects. In the following discussion, we will provide a physical interpretation based
on the Bower et al. (2017) (hereafter B16) model for BH growth (for a similar
interpretation on the importance of SN feedback to BH growth see Dubois et al.,
2015; Habouzit et al., 2016). However, we stress the simulation results are themselves

independent of any physical interpretation.

Figure 4.10 equates the median trends of the SFR and BHAR histories shown in
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Figure 4.9: top two panels: A continuation of the analysis in Fig-

ure 4.8 to each of the nine chosen two-dimensional bins
of Figure 4.2. The lines are the median track, with
the colour corresponding to the outline in Figure 4.2.
Regardless of where a galaxy is located on the Mpy—
Mgy plane at the present day, both the galaxy and
its central BH evolve similarly, though different from
each other. The change in normalisations between the
histories is due to the declining baryonic inflow rates
with decreasing redshift for a fixed halo mass. bottom
panel: The median ratio between the SFR and BHAR
from the two panels above. SFRs are initially domin-
ant by many orders of magnitude in low mass haloes
(Mago < 10M°My,), coming to plateau at an approxim-
ately constant value of ~ 10? in high mass haloes (Magg
> 10'%5M,,).
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Figure 4.9. This specifies the 100 Myr average SFR as a function of the 100 Myr
average BHAR in equal spacings of halo mass. Three distinct trends between SFR
and BHAR emerge as the halo evolves: the stellar feedback requlated phase (shaded
blue), the non-linear BH growth phase (shaded green) and the AGN feedback requlated
phase (shaded red).

e Region A - The stellar feedback requlated phase: From the time of their seeding
until they are hosted by haloes of mass Mygy ~ 10°M,, the BH accretion
rates are negligible (Mpy < 1075M, yr~' on average). By contrast, SFRs
increase steadily with halo mass. This behaviour produces the uncorrelated
(yet causally connected) ~vertical trend in region A, creating an imbalance
of growth within these systems. As a result, BHs remain close to their seed
mass whilst the halo/galaxy continues to grow around them (see the low-mass

region of Figure 4.2).

B16 interpret galaxies in this regime as being in a state of regulatory equi-
librium. Energy injected by stars heats the ISM within the stellar vicinity,
ejecting it, and causing it to rise buoyantly in the halo. This in turn creates an
outflow of material balancing the freshly sourced fuel from the cosmic web, and
as such prevents large gas densities from building up within the inner regions
of these low-mass galaxies. Such low densities, coupled with the relatively low
mass BHs living within these galaxies (BHAR oc MEy), ensures that BHs fail

to grow substantially.

e Region B - The non-linear BH growth phase: Both galaxies and BHs grow
through the halo mass range My ~ 10115 — 1012°M,. However, whereas
the SFRs continue to increase steadily with increasing halo mass, BHs rapidly
transition to a non-linear phase of growth. This creates a highly non-linear
indirect correlation between SFR and BHAR, connected through the host halo

mass.

The physical interpretation posited by B16 is that haloes that grow to the
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transition mass, M., have become sufficiently massive to stall the regulatory
outflow. Due to (what is now) the halos’ hot coronae, heated gas ejected by
stellar feedback loses the capability to rise buoyantly and therefore returns to
the galaxy centre. Densities in the central regions of the galaxy are no longer

kept low and a ‘switch’ to non-linear BH growth is triggered.

e Region C - The AGN feedback requlated phase: For haloes with masses above
My ~ 10'2M, SFRs and BHARs both decline on average, correlated with
an approximately linear trend (compare to green dashed line, see also bottom

panel of Figure 4.9).

B16 argue that BHs in these haloes have become sufficiently massive (through
their rapid non-linear growth) to efficiently regulate the gas inflow onto the
galaxy themselves via AGN feedback. This again creates an equilibrium state,
for which a fluctuating low level of (specific) BH accretion is maintained,
keeping the outer halo hot and evaporating much of the new cold material

trying to enter the system from the intergalactic medium.

Galaxies and their central BHs within the EAGLE simulation transition through
multiple stages of growth as their host dark matter halo evolves, creating three
distinct behaviours between SFR and BHAR. This is a stark contrast to a simple
model where SFR and BHAR correlate globally via a linear relation, on average and
for all halo masses. Whilst the underlying trend is only revealed when each growth
rate is time-averaged (given the inherent noise of instantaneous growth rates), we

only find an approximately linear correlation for the most massive systems (Mag

Z 1012.5M®) .

In this paper we have emphasised the role of the halo and how its interaction
with both SFR and BHAR shapes the growth rate relationship. However, additional
factors may also contribute to the form this relationship takes. For example, Volonteri
et al. (2015b) find using a suite of isolated merger simulations at fixed halo mass, that

alternate behaviours between SFR and BHAR before, during and after the merger



4.5. Discussion

98

1.5 P

—1.5 bew

-8 -7 -6 -5 -4 -3 -2 -1

— 10¢f
|$-4

)

®

= 0.5
00
=
S 05|
=

a0 I
= —1.0}
Figure 4.10:

log1o (MBH[wo Myr)) [Me yr—']

Each line shown here equates the median trends from
the top two panels of Figure 4.9 to give the 100 Myr av-
erage SFR as a function of the 100 Myr average BHAR
(in equal spacings of halo mass). Region A (shaded
blue) corresponds to galaxies hosted by haloes with
Mooy SMeii. Galaxies in this regime increase their
SFR with increasing halo mass, while BHARSs remain
negligible on average. As haloes reach ~M_; in re-
gion B (shaded green), SFRs continue to rise, however
the BH growth increases by many orders of magnitude
over this narrow halo mass range. For haloes in ex-
cess of 2 My, shown in region C' (shaded red), we
see a reduction for both SFR and BHAR on average,
yielding a approximately constant scaling between the
two growth rates (compare to dashed green line which
shows the linear relation Mpy/M, = 1073).
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proper collectively contribute to form a complex two-dimensional plane. Additionally,
Pontzen et al. (2017) reveal the particular importance differing merger histories can
have on significantly altering the growth rate history of both that of the galaxy
and the central BH. However, the global influence of mergers upon galaxy and BH
growth rates in a full cosmological context remains open for debate, and will be the

subject of a future paper.

4.6 Conclusions

We have investigated the relationship between the galaxy star formation rate (SFR)
and the black hole accretion rate (BHAR) of the central black hole (BH) using
the EAGLE cosmological hydrodynamical simulation. Our main conclusions are as

follows:

o We compared EAGLE predictions to two recent observational studies in Fig-
ures 4.3 and 4.4. The simulation reproduces both the flat trend of the mean
SFR ((SFR)) as a function of BHAR found in the AGN selected study of
Stanley et al. (2015) and the approximately linear trend of the mean BHAR
((BHAR)) as a function of SFR found in the SFR selected study of Delvecchio
et al. (2015).

o There is a moderate difference in the (SFR)-BHAR relationship when time-
averaging each growth rate over a 100 Myr period for an AGN selected study
(Figure 4.5). However, this change was not found to be sufficient as to revert
the trend to an underlying linear relationship as has been proposed by previous

theoretical studies.

o Examining the complete z = 1 SFR-BHAR plane in Figure 4.6, we found
no evidence for a simple universal global relationship between the two in-

stantaneous growth rates. The difference between the trends found for the
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(SFR)-BHAR and (BHAR)-SFR relations from AGN and SFR selections re-
spectively, is due to sampling different regions of this complex plane. The
complexity of this plane results from both the rate of galactic star formation
and the accretion rate of the central BH holding an evolving connection to the

host dark matter halo (Figure 4.7).

o For a discrete redshift, the characteristic SFR of a halo increases smoothly
with increasing halo mass (Figure 4.7). BHs in haloes of mass Mgy < 10M5M,
accrete at a ‘low’ rate (Mg < 107*Mg yr~'). They then transition through
haloes of mass 10" ~ 10'2°M, to a ‘high’ rate (Mpg > 10~*Mg yr—') in
haloes of mass Mogy = 101%5M,. However, the scatter in the BHAR at fixed

halo mass is very large (up to ~ 6 dex). Galaxies with SFRs far below the

characteristic SFR all contain massive BHs (Mg > 10"Mg).

o The median evolutionary trend for a galaxy’s SFR and the accretion rate of
its central BH, averaged over 100 Myr, are insensitive to the final properties of
the system (Figure 4.9). By equating these trends together we found that the
100 Myr average SFR as a function of the 100 Myr average BHAR can be split
into three regimes, separated by the halo mass (Figure 4.10). BHs hosted by
haloes below the characteristic transition mass, M., (Bower et al., 2017 My
~ 102My,), fail to grow effectively, yet the galaxy continues to grow with the
halo. Once the halo reaches M, there is a non-linear ‘switch’ of BH growth
that rapidly builds the mass of the BH. In the most massive haloes (May
> M) both SFR and BHAR decline on average, with a roughly constant

scaling of SFR/BHAR ~ 103,



Chapter 5

Strongly star-forming galaxies in
the EAGLE simulation: triggering,
descendants and submillimetre

properties

5.1 Introduction

A consensus has been established towards the existence of a well defined approxim-
ately linear relationship between the star formation rate (SFR) and the stellar mass
of star-forming galaxies. This so-called ‘main-sequence’ is apparent in both the low-
(z < 1, e.g., Brinchmann et al., 2004; Salim et al., 2007) and high-redshift Universe
(z = 2, e.g., Daddi et al., 2007), and is recovered independently by observations in
many different wavebands; including the optical (e.g., Tasca et al., 2015), infrared
(e.g., Elbaz et al., 2011; Rodighiero et al., 2014) and radio (e.g., Karim et al., 2011).
The main-sequence has traditionally been parameterised in the form of a single power
law, logioM, = alog, M. + 3, with discovered slopes close to unity (a ~ 0.4-1, e.g.,
Whitaker et al., 2014; Schreiber et al., 2015; Tomczak et al., 2016). However, studies

have also suggested a second, shallower relation, at the high-mass end (M, > 10105,
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e.g., Lee et al., 2015; Tomczak et al., 2016). Regardless of the functional form chosen,
the normalisation () of the main-sequence is observed to increase with increasing
redshift (e.g., Speagle et al., 2014; Johnston et al., 2015; Schreiber et al., 2015; Tom-
czak et al., 2016). As the bulk of the star-forming population is seen to reside on or
around this relation (with a scatter of around ~ 0.2-0.4 dex, e.g., Rodighiero et al.,
2011; Speagle et al., 2014; Schreiber et al., 2015), it has made the main-sequence

synonymous with the ‘typical” SFR of star-forming galaxies at a particular redshift.

Being able to replicate this well established relationship is therefore essential for
hydrodynamical simulations of galaxies. Several simulations have recovered a tight
relationship between the SFR and the stellar mass of star-forming galaxies (e.g,.
Davé et al., 2011; Torrey et al., 2014), however, the observed normalisation of
the main-sequence, and in particular the evolution of the normalisation, has been
notoriously difficult to achieve. This discrepancy, whilst reduced, remains a tension
in the current cosmological scale hydrodynamical simulations of today (e.g., Sparre

et al., 2015; Furlong et al., 2015c¢).

Although the majority of star-forming galaxies occupy the locus of the main-sequence,
there are significant outliers that yield uncharacteristically high SFRs for their stellar
mass, commonly referred to as ‘starbursting’ galaxies. It has been suggested that
main-sequence galaxies and starbursting galaxies are in fundamentally different star
forming regimes: a smooth accretion of gas from the intergalactic medium forming
a long lasting quasi-equilibrium state, and a more rapid, starburst mode, potentially
created through major mergers or in relation to the density of the environment (e.g.,
Daddi et al., 2010; Genzel et al., 2010). However, such extreme starbursting objects
are rare (= 2% of the galaxy population) and are not thought to dominate the

cosmic SFR density (< 10%, Rodighiero et al., 2011).

One potential candidate of starbursting galaxies is the sub-millimeter (submm)
galaxy (SMG) population. SMGs are a set of high-redshift galaxies with high SFRs
and significant dust masses. The submm emission arises from the reprocessing of

the UV light from young stars by the dust (see Casey et al., 2014 for a review). The
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SMG population are relatively rare, with a number density of ~ 10~°h~*cMpc=2 at
z & 2-3 (e.g., Chapman et al., 2005; Simpson et al., 2014). However, this population
remains particularly interesting due to the apparently high levels of star formation
and the many open questions that remain unanswered about their formation and
evolution. For example: What triggers such extreme star formation, mergers or disk
instabilities? How long can these galaxies form stars at such apparently high rates?

How do they evolve following the starburst episode?

In this study we investigate the prevalence of strongly star-forming galaxies in the
largest simulation of the EAGLE project. This simulation was calibrated to reproduce
the observed galaxy stellar mass function, galaxy sizes and black hole—stellar mass
relation at z ~ 0 (Crain et al., 2015; Schaye et al., 2015). Many other observed galaxy
trends both locally (e.g., Schaye et al., 2015; Bahé & McCarthy, 2015; Trayford et al.,
2015) and at higher redshift (e.g., Furlong et al., 2015¢; Rahmati et al., 2015) have
also shown broad agreement with observations. Predictions from the simulation
for the full model galaxy population are reasonably representative of the observed
Universe, as a result this simulation presents an interesting testbed for more extreme
populations, such as those galaxies with the highest SFRs, and their potential to
match the SMG population. Observationally it is claimed that these two populations

are strongly overlapping, however we can test this theory in the model.

This paper is organised as follows: In Section 5.2 we provide a brief overview of the
EAGLE simulation and discuss our sample selections. In Section 5.3.1 we investigate
what triggers the most strongly star-forming galaxies within the simulation an ex-
plore if star-forming galaxies are a fundamentally distinct population relative to the
‘typically’ star-forming galaxies. We then go on to investigate the submm properties
of strongly star-forming galaxies in Section 5.3.2. Finally, in Section 5.4 we discuss

our results and in Section 5.5 we present our concluding remarks.
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5.2 The EAGLE simulation

A full overview of the EAGLE simulation suite can be found in Chapter 2. For
this chapter we are interested in the most strongly star-forming galaxies (M* > 80
Mg yr~1), and therefore restrict our study to the largest simulation, Ref-LO100N1504,

which contains the greatest number of these objects.

The completion time of a galaxy—galaxy merger is defined as the cosmic time of the
first simulation output where two galaxies that were previously identified as separate
individually bound objects are now identified as a single bound object by the SUBFIND
algorithm. Mergers are classified by their stellar mass ratio, p = M, 1 /M, 5, where
M, 5 is the mass of the most massive member of the binary. They are considered
major if g > §, minor if 5 < 4 < § and either major or minor if 4 > 1. To account
for the stellar stripping that occurs during the later stages of the interaction, the
stellar mass ratio is computed when the in-falling galaxy had its maximum mass
(e.g., Rodriguez-Gomez et al., 2015; Qu et al., 2017). Additionally, mergers are only

considered ‘resolved” when M, 5 > 10% M, (~ 100 stellar particles).

Mock observables

The light observed from a galaxy is a combination of intrinsic and scattered light.
Therefore to accurately compare the observables of model galaxies to the observations,
we are required to solve the complete three-dimensional radiative transfer problem.
For EAGLE, this is performed in post-processing using information from the star-
forming regions, stellar sources, and the diffuse dust distribution of the model galaxies
using the radiative transfer code SKIRT (Baes et al., 2011; Camps & Baes, 2015).
This produces mock observables for the model galaxies from the ultraviolet to the
submillimeter (submm) wavebands'. The radiative transfer post processing is only

performed for the model galaxies within the 29 snapshot outputs.

!The rest-frame magnitudes and observer-frame fluxes for all EAGLE galaxies with stellar masses
greater than 1085 M, are publicly available (Camps et al., 2018).
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Figure 5.1: The cumulative number density of all star-forming
galaxies in the EAGLE simulation (0 < z < 20), plotted
as a function of the SFR (M,). The horizontal gray
band highlights the range of space densities of strongly
star-forming galaxies inferred from a variety of observa-
tions (~ 2 x 107%-107° cMpc~3, see Section 5.2.1) and
the vertical gray band highlights the cumulative SFRs
of model galaxies these space densities correspond to
(=~ 60-140 Mg, yr—1). Our selection criteria for strongly
star-forming galaxies (M* > 80 Mg, yr— 1, corresponding
to a space density in EAGLE of 8 x 107° c¢cMpc™?) is
indicated by the dashed line.

For the analysis in Section 5.3.2 we compare to the observed submm population using
the SKIRT inferred observed-frame fluxes at 450pm and 850pm (Si50um and Sssoum,
columns SCUBA2_ 450 and SCUBA2_850 in the public database McAlpine et al.,
2016; Camps et al., 2018).

The star formation histories of EAGLE galaxies from the individual

stellar particles

5.2.1 Selecting strongly star-forming model galaxies

The reported ‘instantaneous’ SFRs of EAGLE galaxies are computed from the current

state of the galaxy’s associated gas particles. However, it is also possible to compute
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the SFR of a galaxy at a given time by reverse engineering its SFR history from
the stellar particles. By collectively binning the stellar particles of the galaxy at
z = 02 by their birth time, weighting by their initial mass and dividing by the bin
width, a SFR history is obtained, which is limited only by the total number of stellar
particles used (i.e., the & z = 0 galaxy stellar mass). For galaxies more massive than
10 M, this can adequately resolve the SFR history down to intervals of ~ 1 My,
which is an order of magnitude better than sampling from the snipshot output. This
method can be used to accurately study the SFR histories of individual galaxies (for
example see Figure 4.1), or simply as a robust method to obtain the maximum SFR

ever achieved by a galaxy throughout its lifetime.

We wish to use EAGLE to study the properties of the most strongly star-forming
galaxies (M, > 100 Mg yr—'). For this we apply a selection to isolate the most
strongly star-forming galaxies, adopting a space density which is representative of the
limits on strongly star-forming populations derived from a variety of observational
techniques. We take this approach as the various observational techniques used to
estimate the space density of strongly star-forming galaxies at z > 1 suffer from a
range of biases or shortcomings. For example, wide-field, narrow-band Ha surveys
estimate space densities of ~ 107 cMpc™ at 2z > 1.5 (Sobral et al., 2013), however,
many of these bright Ha sources are AGN (Sobral et al., 2016), while narrower field
spectroscopic and grism surveys sample much smaller volumes and the grism surveys
do not cover Ha beyond z ~ 1.5 (e.g., Atek et al., 2010; Brammer et al., 2012;
Pirzkal et al., 2013). Equally, surveys which select sources on the basis of their mid-
or far-infrared luminosity (as a proxy for their SFR) have reported space densities
of ~ 2 x 107-107> cMpc for galaxies with far-infrared luminosities of > 10'% L,
and inferred SFRs of 2> 100 Mg yr~! at z ~ 1.5-2.5 (e.g., Chapman et al., 2005;
Magnelli et al., 2011; Casey et al., 2012; Gruppioni et al., 2013; Swinbank et al.,

2014; Koprowski et al., 2017). Again, these studies suffer from a combination of

2Note that only the stellar particles born within the main-progenitor galaxy are considered, so
as to avoid combining the SFR histories of multiple progenitors.
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AGN contamination of the derived luminosities (a particular problem in the mid-
infrared, e.g., Kirkpatrick et al., 2012, 2015; Del Moro et al., 2013), or blending and
misidentification of the correct galaxy counterparts in low-resolution far-infrared and
sub-millimeter surveys (e.g., Hodge et al., 2013; Casey et al., 2014; Simpson et al.,
2014).

ALMA is starting to address some of these concerns, but has so far only undertaken
surveys at sub-/millimeter wavelengths and therefore selects sources on a combination
of dust temperature and far-infrared luminosity, rather than purely on the SFR.
Nevertheless, current sub-/millimeter studies of blank fields, as well as follow-ups of
wide-field single-dish sub-millimeter surveys yields space densities of ~ 1-5 x107°
cMpc™3 at equivalent 870 um fluxes of 1-4 mJy, equivalent to inferred SFRs of 70—
300 Mg, yr=! (e.g., Swinbank et al., 2014; Aravena et al., 2016; Walter et al., 2016;
Dunlop et al., 2017; Stach et al., 2018). Given the reliability of the identification of
the counterparts to the sub-/millimeter sources provided by ALMA’s sub-arcsecond
spatial resolution, we will use these samples later in our comparison to the predicted

properties from EAGLE.

Given the range and uncertainties in the various estimates of the space density for
strongly star-forming galaxies from the observations, we have chosen to select an
equivalent SFR limit which roughly corresponds to the space densities derived from
the observations, ~ 2 x 1074-107° ¢cMpc~2, and which allows us to isolate a sufficient
sample (2 100 galaxies) of strongly star-forming galaxies to allow for a statistical
analysis (see Figure 5.1). Our adopted SFR limit is > 80 Mg, yr~!, which corresponds
to a typical space density of star-forming galaxies in EAGLE of 8 x 107° ¢cMpc™
(indicated in Figure 5.1). Nevertheless, as we show in Section 5.3.2, the predicted
properties of these strongly star-forming model galaxies are reasonably well-matched
to the multiwavelength properties of the observed populations, supporting their use
to address the questions which the observations either have difficulty answering, or

cannot answer (e.g., triggering, evolutionary connections, etc).

We construct two samples: those galaxies that were identified to be strongly star-
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forming at the times of the snapshot outputs (129 galaxies) and those galaxies that
were identified to be strongly star-forming at the times of the snipshot outputs (962
galaxies). In total, 174 unique main-progenitor branches are identified as having
hosted a strongly star-forming galaxy at least once along their history within the
snipshot sample, compared to only 82 identified from the snapshot sample. The
discrepancy is due to the temporal spacing of the output and their relative ability
to capturing galaxies in a finite strongly star-forming phase. However, we confirm
that the temporal spacing of the snipshots (=~ 40-80 Myr) is sufficient to capture
> 95% of the galaxies that were ever strongly star-forming (confirmed by the galaxy’s
maximum SFR derived from the stellar particles, see Section 5.2), giving us an almost
fully complete sample of strongly star-forming galaxies in the simulation. Other
than for Section 5.3.2, where we use the snapshot sample for the mock observable

properties, the snipshot sample is used throughout this work.

Figure 5.2 demonstrates where, relative to the star forming ‘main-sequence’, strongly
star-forming galaxies lie in the redshift range 2 < z < 3. We define the main-sequence
as the median SFR, for a given range in stellar mass, of all ‘non-quenched’ galaxies.
For this redshift range that includes all galaxies with specific star-formation rates
(sSFR = M,/M,) greater than 10~°% yr~! however this value does evolve (see
Matthee & Schaye, 2018). This so-called ‘main-sequence’ is plotted on the figure.
Due to its shape, strongly star-forming galaxies become increasingly offset from the
main-sequence as the stellar mass decreases (up to ~ 0.75 dex). Additionally, as
the characteristic SFR of main-sequence galaxies increases with increasing redshift
(Furlong et al., 2015¢c; Matthee & Schaye, 2018), the offset between strongly star-
forming galaxies and the main-sequence universally decreases for all stellar masses

with increasing redshift.
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Figure 5.2: The SFR as a function of stellar mass for all galaxies
in the redshift range 2 < z < 3. The bulk of the
population (M, < 80 Mg yr~!) is represented by a
two-dimensional histogram, coloured by the number of
galaxies in each bin. The galaxies meeting our strongly
star-forming criteria (]\/[ﬂk > 80 My, yr~!) are highlighted
individually as circles. The median value for all ‘non-
quenched’ (sSFR > 1079 yr~!) galaxies is shown as a
solid line, which we refer to as the ‘main-sequence’. The
dashed lines show the median track offset 40.25, 0.50
and 0.75 dex in SFR, respectively. The most massive
strongly star-forming galaxies (M, ~ 10" Mg) lie up
to =~ 0.2 dex above the main-sequence, whereas less
massive strongly star-forming galaxies (M, < 10 M)
lie = 0.50-0.75 dex above the main-sequence.
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5.3 Results

5.3.1 The nature of strongly star-forming galaxies

We begin by investigating the properties of the model galaxies within our sample
around the time that they were strongly star forming. Our analysis focuses initially
on the redshift range 2 < z < 3, as this epoch contains the greatest number of
strongly star-forming galaxies over the widest dynamic range of stellar masses within
the simulation. It also brackets the peak of the cosmic SFR history (e.g., Madau &

Dickinson, 2014) which is reproduced by EAGLE (Furlong et al., 2015c¢).

Figure 5.3 shows the evolution of the SFR and the stellar mass for the model galaxies
within our sample that were strongly star-forming in the redshift range 2 < z < 3.
To provide a comparison, the equivalent evolution of the model galaxies on the main-
sequence at these redshifts are also shown. Here, a galaxy is defined to reside on the
main-sequence if the SFR is within +0.1 dex of the median value for all non-quenched
galaxies for the given stellar mass (i.e., the line in Figure 5.2). The evolution is shown
relative to the cosmic times when the model galaxies were strongly star-forming (or
on the main-sequence), denoted to, and are tracked for 2.5 Gyr before and after this
time. For each population, the galaxies are separated into three stellar mass bins
at the time to: M,[t = to] = 0.2-0.4, 0.4-0.9 and 1.0-2.0 x10'" M, with the bins
containing 81, 155 and 71 strongly star-forming galaxies, respectively. These trends
yield the typical characteristics of galaxies both before and after they were strongly

star-forming, relative to the more ‘typical’ main-sequence population.

In the lowest stellar mass bin, there are strong differences in the evolutionary tracks
between the two SFR classifications. By construction, the strongly star-forming
and main-sequence populations are equivalent in their stellar masses at the time ¢y,
however, immediately following and preceding this time the tracks diverge. Strongly
star-forming galaxies evolved from a set of galaxies that were on average less massive

and less star-forming (both by ~ 0.75 dex) than those on the main-sequence, yet
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tend to evolve into galaxies that are more massive (by ~ 0.25 dex) and marginally
more star-forming (by & 0.1 dex). These underlying behaviours are also present
in the two more massive stellar mass bins; however, as the main-sequence galaxies
fall closer to the strongly star-forming selection at the highest stellar masses (see
Figure 5.2), the relative size of these offsets reduce. In fact, the offsets between the
strongly star-forming and main-sequence population in the highest stellar mass bin
are only marginal, suggesting that the strongly star-forming galaxies and ‘typically’

star-forming galaxies share the same star-formation process at this stellar mass.

To further explore the differences in the two populations we show the evolution
of the black hole mass to stellar mass ratio (Mpn/M.), the total gas fraction
(Mgas/Mgaststars) and the stellar mass to halo mass ratio (M. /May) in Figure 5.4.
For this figure, we only show the evolution of the model galaxies in the lowest stel-
lar mass bin of Figure 5.3 (M,[t = to] = 0.2-0.4 x10" M), for clarity, however
the properties evolve with increasing stellar mass in exactly the same manner as
in Figure 5.3, whereby the relative size of the offsets between the two populations

reduce.

The typical evolutionary pathway for the black holes hosted by the strongly star-
forming model galaxies is very different than for those hosted by the main-sequence
model galaxies. Both populations initially evolve towards the time tq with a declining
trend, created because the masses of the black holes are remaining approximately
constant as their host galaxies grow around them. This is due to the almost complete
suppression of black hole growth in lower mass haloes (Mg < 1012 M) from efficient
stellar feedback (Bower et al., 2017, Chapter 3). On average, and we note there
is a large scatter in the black hole properties of both populations, at =~ 1.5 Gyr
before ty for the main-sequence galaxies and at ~ 0.5 Gyr before ¢y for the strongly
star-forming galaxies, the hosted black holes then transition into their rapid growth
phase, a phase of accelerated black hole growth that initiates within haloes of a
critical mass (Mago ~ 1012 Mg, see Chapter 3). As this phase has initiated later for

the strongly star-forming population, their black holes at the time ¢, are considerably
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The format of this figure is identical to that of Figure 5.3,
now including the evolution of: the black hole mass
to stellar mass ratio (Mpu/M,, 15 row), the total gas
fraction (Mgas/Magaststars, 2" row) and the stellar mass
to halo mass ratio (M, /Mag, 3" row). For clarity, we
only show the evolution of the galaxies in the lowest
of the three stellar mass bins introduced in Figure 5.3
(M,[t = to) = 0.2-0.4 x10" Mg). At the time o, the
black holes hosted by the strongly star-forming galaxies
are a factor of ~ 5 more undermassive for their stellar
mass relative to the main-sequence galaxies. The gas
fractions of strongly star-forming galaxies are up to a
factor of &~ 3 higher than the main-sequence population
before %y, and up to a factor of ~ 2 lower after ;.
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undermassive for their stellar mass relative to the main-sequence population (by a
factor of ~ 5). In fact, the majority of the black holes hosted by the strongly star-
forming galaxies are still within their rapid growth phase at the time ¢, (and will
therefore be luminous AGN, see Chapter 3), whereas the majority of the black holes
hosted by the main-sequence galaxies have apparently completed this phase in their
evolution. Additionally, as the mass accumulated during the rapid growth phase
for the black holes hosted by the strongly star-forming galaxies is typically greater
than for those hosted by the main-sequence galaxies, their black holes become (and
remain) relatively overmassive for their stellar mass. Therefore it would appear that
the black holes hosted by the strongly star-forming population are undergoing a
more recent, and what will turn out to be a more vigorous, rapid growth phase,

relative to their main-sequence counterparts.

The gas fractions of the strongly star-forming galaxies are up to a factor of ~ 3
higher than the main-sequence population before the time t3. This is inextricably
linked to the evolution of the black hole, as the time at which the gas fractions
begin to decline for the two populations is the same as when the hosted black holes
initiate their rapid growth phase (and start to produce disruptive amounts of AGN
feedback). As the decline happens earlier for the strongly star-forming population,
an offset develops. After ty, the gas fractions of the once strongly star-forming
galaxies now develop to be up to a factor of ~ 2 lower than the galaxies coming
from the main-sequence. There are two causes to this effect: (1) the once strongly
star-forming galaxies have had a higher fraction of their baryons converted into stars
and into growing the black hole, and (2) the overmassive black holes that now reside
within the once strongly star-forming galaxies produce an increased amount of AGN

feedback, relative to those hosted by the galaxies once on the main-sequence.

Finally, at the time ¢, the stellar mass to halo mass ratio for the strongly star-forming
galaxies is lower by a factor of &~ 2 relative to the galaxies on the main-sequence
(again linked to their higher gas fractions). After ¢y, strongly star-forming galaxies

then briefly become overmassive for their halo mass (due to the injected mass from
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the starburst), and then decline to become undermassive for their halo mass (as their
sSFRs are reduced due to their overmassive black holes and lower gas fractions),
both relative to the main-sequence population. It is clear, then, that the evolution
of strongly star-forming galaxies are distinct from the equivalent evolution of the

‘typically’ star-forming population.

Although only shown here for the galaxies in the redshift range 2 < z < 3, these
underlying behaviours are found to be universal throughout the entire redshift range
covered by our strongly star-forming sample (1 < z < 6). As the characteristic SFR
for ‘typical’ star-forming galaxies increases with increasing redshift (Furlong et al.,
2015¢; Matthee & Schaye, 2018), the evolution of strongly star-forming galaxies and
main-sequence galaxies become less offset from each other with increasing redshift
(in a similar manner to what was seen for an increasing stellar mass at fixed redshift
in Figure 5.3). However, the majority of strongly star-forming galaxies, which are
at lower stellar masses (M, < 10" My), remain distinct from the main sequence
population at all times, and the higher mass strongly star-forming galaxies (M, 2

10" M) remain broadly consistent with the typically star-forming population.

The merger rates of strongly star-forming galaxies

In addition to the intrinsic differences in their galaxy properties, relative to the
general population, interactions may also play an important role in triggering the
most strongly star-forming galaxies. To investigate this, we include Figure 5.5, which
shows the merger fraction for the galaxies within our sample that were strongly star-
forming in the redshift range 2 < 2z < 3. Here, the merger fraction is defined
as the fraction of galaxies that have undergone or will undergo a merger within
the previous/next dynamical time® The galaxies are separated into the same three

stellar mass bins as Figure 5.3. The merger fraction is computed separately for

1

major mergers (p > 1), minor mergers (15

1 . .
< p < ) and major or minor mergers

3Equivalent to |nqyn| < 1 from eq. (3.2.1). The dynamical time, tqyy, is defined as the free fall
time of the dark matter halo (t4yn ~ 1.6 Gyr at z =0, ~ 0.5 Gyr at z = 2 and ~ 0.2 Gyr at z = 5),
see Section 3.2.3.
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(> %) Again, for comparison, we show the equivalent merger fractions of the
main-sequence galaxies at this redshift. These fractions indicate the importance of
the recent merger history for driving strongly star-forming galaxies, relative to those

on the main-sequence.

For each merger classification, the merger fraction of the strongly star-forming
population reduces with increasing stellar mass, whist the merger fraction of the
main-sequence galaxies marginally increases; 90 = 11% (55 + 2%) for M, = 0.2-0.4
x 10" My, 80 + 7% (64 4 3%) for M, = 0.4-0.9 x10'" Mg, and 60 4+ 9% (57 + 8%)
for M, = 0.9-2.0 x10" M, for the strongly star-forming (main-sequence) galaxies,
for p > %. The errors quoted are the Poisson uncertainties. Strongly star-forming
galaxies have merger fractions that are approximately a factor of 2 greater than the
main-sequence population in the lowest stellar mass bin, reaffirming that they are
potentially derived from two distinct star-forming populations. However, analogous
the trends with the stellar mass in Figure 5.3, this enhancement is all but erased
in the highest stellar mass bin, again suggesting that strongly star-forming galaxies
at these masses are no different in their star formation process from the ‘typical’

star-forming population.

This underlying behaviour is present at all redshifts covered by our strongly star-
forming sample (1 < z < 6). However, analogous to the redshift trends reported in
the previous section, the enhancement in the merger fractions between the strongly
star-forming galaxies and those on the main-sequence decreases with increasing red-
shift. This is again due to the increase in the characteristic SFR of main-sequence
galaxies with increasing redshift, but also due to the universal increase in the back-
ground merger rate with increasing redshift (e.g., Rodriguez-Gomez et al., 2015; Qu

et al., 2017).

These enhancements yield a clear indication that mergers are indeed an important
factor in producing strongly star-forming galaxies, at least at lower stellar masses.

We return to this discussion in Section 5.4.1.
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Figure 5.6: The cumulative fraction of all model galaxies at red-

shifts z = 0, 1 and 2, as a function of the stellar mass,
that have ever been strongly star-forming (M* > 80
Mg yr~!') up until the considered redshift. Only the
most massive galaxies (M, = 10! M) at each red-
shift have all experienced a strongly star-forming phase
at some point in their history. The vast majority of
galaxies have never had such an event. The cumulative
fraction at fixed stellar mass decreases with decreasing
redshift. Thus the majority (=~ 70%) of massive galaxies
(M, > 10" M) at low redshift have grown either via
more moderate periods of SFR activity, or by galaxy
mergers.

Is there a ubiquitous strongly star-forming phase of galaxy evolution?

Until now, our analysis has focused on the properties of galaxies in the redshift range

2 < z < 3 that have been captured in a strongly star-forming phase. It is interesting

to ask, then, how ubiquitous such a phase of evolution is. That is, do all galaxies

(or all galaxies above a critical mass) strongly star-form at some point during their

lifetimes?

Figure 5.6 shows, for all galaxies at redshifts 2 = 0,1 and 2, the cumulative fraction

above a given stellar mass that have ever* been strongly star-forming up until the

4That is, if the galaxy has ever recorded a SFR > 80 M, yr—! along its main progenitor branch
up until the considered redshift.
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considered redshift. To ensure we capture even the shortest strongly star-forming
durations (that could potentially be missed by the temporal spacings of the snip-
shots), we compute the maximum SFR for each galaxy using the individual stellar
particle histories (see Section 5.2). There are two results that stand out from this
figure: (1) the vast majority of galaxies at z = 0 have never undergone a strongly
star-forming phase, and (2) the cumulative fraction at fixed stellar mass is a strongly
epoch dependent quantity. All galaxies at z = 2 with stellar masses greater than
1 x 10 M, have undergone a strongly star-forming phase, this however decreases to
~ 60% at z = 1, and to =~ 30% at z = 0. Therefore the majority of massive galaxies
(M, > 10" M) at the present day have accumulated their mass either through
more moderate levels of star-formation, or galaxy mergers. This is consistent with
the results from Qu et al. (2017), who show that the most massive galaxies in the

EAGLE simulation today have grown primarily via mergers.

Therefore only the most massive galaxies (M, = 10 M) at each epoch are likely
to have previously undergone a strongly star-forming phase. At lower stellar masses

such a phase of galaxy evolution becomes increasingly rare, particularly at lower

redshift.

The descendants of strongly star-forming galaxies

We conclude this section by examining where the descendants of the galaxies within
our sample lie relative to the global population at z = 0. Figure 5.7 shows the sSFR,
the central supermassive black hole mass and the stellar half mass radius of all
galaxies at z = 0, each plotted as a function of the stellar mass. The descendants of
the galaxies within our sample (i.e., those that were ever once strongly star-forming)
are indicated individually, the remainder of the z = 0 population is shown as a

two-dimensional histogram.

Upon first inspection, the descendants of the strongly star-forming galaxies are, for

the most part, among the most massive central and satellite galaxies today. There
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are a few exceptions in the satellite population, where a small number of low mass
galaxies have previously been strongly star-forming. However, this subset of galaxies
have deceptively low stellar masses as they are currently undergoing the process of
being ram-pressure- and stellar-stripped as they in-fall into more massive haloes;
seen from their total lack of star-forming gas (M* =0 Mg yr!), their extreme over
massive black holes (see Barber et al., 2016 for a study of these compact objects),
and their compact stellar sizes. The vast majority of the strongly star-forming
descendants are actively star-forming today®, however no more or less so (in the
region of overlap) than the general population. The galaxies that were once strongly
star-forming host, on average, more massive black holes for a fixed stellar mass than
the general population, which was also alluded to in Figure 5.4. In terms of their
stellar sizes, the strongly star-forming descendants are no more or less compact than

the general population.

Therefore the descendants of strongly star-forming galaxies are not easily differenti-
able from the general galaxy population at z = 0. A possible exception is with the
black hole masses, where the descendants of strongly star-forming galaxies are found

to host the most massive black holes for a given stellar mass.

5.3.2 The submillimeter properties of strongly

star-forming galaxies

Current surveys in the far-infrared and submm consistently report galaxy populations
at z > 1 with space densities of ~ 1074-107% cMpc~2 and inferred SFRs in excess of
100 M, yr~!, which would easily meet our strongly star forming criteria. We now
wish to compare the EAGLE strongly star-forming galaxies with these observations.
We note, for this section we transition to using the strongly star-forming sample

produced by the snapshot output, as the radiative transfer post-processing is only

5However, this result is inevitably skewed by the fact that the EAGLE model fails to completely
quench star formation in the most massive galaxies, resulting in massive galaxies with bluer colours
(Trayford et al., 2015) and higher gas fractions (Schaye et al., 2015) than is observed.
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computed for the model galaxies at these times (see Section 5.2).

We define the model galaxies with Sgs0,m greater than 1 mJy to be ‘Submm-Bright’
and those with Sgs0,m less than 1 mJy to be ‘Submm-Faint’. This cut broadly
reflects the definitions in the literature for strongly star-forming sources derived
from the observations (e.g., Simpson et al., 2014; Cowie et al., 2018). Perhaps
surprisingly, we find that the majority of the model galaxies within the strongly
star-forming sample are Submm-Faint (89/129, 69%), as opposed to Submm-Bright
(40/129, 31%). Figure 5.8 shows the redshift distributions of the galaxies within
the Submm-Bright and Submm-Faint subsets. Interestingly, whilst all these model
galaxies are strongly star-forming, those that are Submm-Bright preferentially exist
at intermediate redshifts (z ~ 2) and those that are Submm-Faint preferentially

exist at higher redshifts (z ~ 5).

As the strongly star-forming Submm-Faint galaxies within our sample would likely
not be detected by current submm surveys, we only compare directly to the Submm-
Bright subset in the next section. We return to the properties of the Submm-Faint
strongly star-forming galaxies, and what differentiates them from the galaxies within

the Submm-Bright subset, in Section 5.3.2.

A comparison to the observed submillimeter population

Figure 5.8 compares the redshift distributions of the model galaxies within the
Submm-Bright sample to the statistically corrected ALESS sample of submm galaxies
from Simpson et al. (2014). The model galaxies show a similar distribution to the
observations, peaking around a redshift of z ~ 2.5, declining rapidly towards lower
redshift, and declining more gradually towards higher redshift, agreeing well with

one another.

We then compare the halo and galaxy properties of the galaxies within the Submm-
Bright sample against a variety of independent submm selected observations in

Figure 5.9. Each property is plotted as a function of redshift, and shows: the halo



5.3. Results

124

1014 |

o[ T T T ]
10 A Alexander et al. 2008
R

T T T T T
A Hickox et al. 2012 @ da Cunha et al. 2015

@ Chen et al. 2016

Gas fraction

2/ 101! 412
e = 10 E
= £
=
109 e
1010 4
T T T T T 10” T T T
@ Bothwell et al. 2013 | @ Chen et at. 2015 @ Bothwell et al. 2013
102 e
) .
2 =
N I
2 10 ER
* g
a1 =,
E S
10° . E
Sg50pm > 1 mJy

Sg50pum < 1 mly 102 i
! !

1071

Taust [Mo)

t t t
@ da Cunha et al. 2015

1 1 1
@ Swinbank et al. 2004

1 1 1
@ da Cunha et al. 2015

Maust [Mo)

Redshift Redshift Redshift

Figure 5.9: The halo and galaxy properties of the galaxies within

the Submm-Bright and Submm-Faint samples, each
plotted as a function of redshift. The lines represent
the median values, with the shaded regions outlining
the 10" — 90" percentile ranges. Each bin is ensured to
contain at least 10 galaxies. The data points are obser-
vations of submm galaxies, and should therefore only be
compared to the Submm-Bright sample. Top left: the
halo mass, with observations from Hickox et al. (2012)
and Chen et al. (2016). Top centre: the total stellar
mass, with observations from da Cunha et al. (2015).
Top right: the central supermassive black hole mass,
with observations from Alexander et al. (2008). Middle
left: the gas fraction, Mgas/Mgasstars, With observations
from Bothwell et al. (2013). Middle centre: the stellar
half mass radius (HMR.), with observations from Chen
et al. (2015). Middle right: the velocity dispersion, with
observations from Bothwell et al. (2013). Bottom left:
the dust temperature, with observations from da Cunha
et al. (2015). Bottom centre: the dust mass, with ob-
servations from da Cunha et al. (2015). Bottom right:
the metallicity, with observations from Swinbank et al.
(2014). We conclude that the strongly star-forming
Submm-Bright galaxies in the EAGLE model are in reas-
onable agreement to the observed submm population
across a range of observable properties. This suggests
that the physical processes which create Submm-Bright
model galaxies may also apply to submm galaxies.
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mass, the stellar mass, the hosted central supermassive black hole mass, the total
gas fraction (Mgas/Mgaststars), the stellar half mass radius (HMR.,), the velocity
dispersion (o), the dust mass, the dust temperature and the metallicity. The values
and associated errors for the properties of the Submm-Bright model galaxies quoted
below are the median and the lo uncertainties on the median (from bootstrap

resampling), respectively.

The model galaxies reside in halos of mass 9.3 £%-7 x10'? M, have stellar masses of
1.3 £32 x10™ Mg, and host black holes of mass 1.8 £ x10® M, at redshift z ~ 2.
These agree well with the observed clustering halo mass estimates from Hickox et al.
(2012) and Chen et al. (2016), the stellar mass estimates from da Cunha et al. (2015)
and the black hole mass estimates from Alexander et al. (2008), respectively. The
total gas fractions (39+£3% at 2z ~ 2), stellar sizes (100+3! pkpc at z ~ 2) and velocity

lat z ~ 2) yield reasonable agreements for a range of

dispersions (236419 km s~
redshifts to the observations from Bothwell et al. (2013), Chen et al. (2015) and
Bothwell et al. (2013), respectively. For the dust properties; the dust temperatures
(3041 K at 2 &~ 2) match reasonably well to the observations from da Cunha et al.
(2015) for a range of redshifts, however, there is a systematic discrepancy at all
redshifts between the dust masses (again from da Cunha et al., 2015) predicted
by the EAGLE model (2.4 £33 x10® Mg, at z ~ 2) and the observations, with the
observed submm galaxies containing ~ 3-4 times more dust than the model galaxies.

Finally, the metallicities (0.01845-00% at 2z & 2) are potentially up to a factor of ~ 2

greater than those estimated from Swinbank et al. (2014).

Although the observational uncertainties are typically large (often larger than the
predicted scatter from the model), the model galaxies within the Submm-Bright
sample yield a reasonable agreement to a variety of independent measurements from

a variety submm selected observations.
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The evolution of model submillimeter galaxies

As the majority of the observed submm populations are contained to within the
redshift range 2 < 2z < 3, it is challenging then to derive any evolutionary trends.
However, we can predict the evolution of these objects using the Submm-Bright

model galaxies.

The host haloes are predicted to decrease in their mass by approximately an order
of magnitude between the redshifts z &~ 1 and z &~ 4 (from 2.4 +21 x10'® M, at
2z~ 1to 2.2 435 x10'? Mg, at z &~ 4). Both the stellar and black hole masses are
also predicted to decrease in mass with increasing redshift (from 1.3 £33 x10™ Mg,
at 2 &~ 1 to 5.2 +)% x10'° Mg, at z &~ 4 for the galaxy masses and from 2.4 £§3 x 108
Mg at z &~ 1 to 3.7 £3% X107 Mg, at z & 4 for the black hole masses). The total gas
fractions are predicted to increase with increasing redshift (from 33+5% at z ~ 1
to 5542% at z ~ 4). Both the stellar sizes and velocity dispersions are predicted
to decrease with increasing redshift (from 11.4+1° pkpc at z &~ 1 to 0.6+3} pkpc
at z & 4 for the stellar sizes and from 32143 km s™' at z &~ 1 to 1924} km s™!
at z &~ 4 for the velocity dispersions). For the dust properties; the dust masses are
predicted to decrease with increasing redshift (from 2.8 £33 x10® My, at z &~ 1 to
1.7 £33 X108 Mg at 2z ~ 4) and the dust temperatures are predicted to increase
with increasing redshift (from 30+£%3 K at 2z ~ 1 to 33+}2 K at z ~ 4). Finally,

40001

the metallicities remain approximately constant at all redshifts (from 0.0140+q 001

at z ~ 1 to 0.0175+500; at z ~ 4).

In general, higher redshift Submm-Bright galaxies are predicted to be less massive,
have increased gas fractions, be more compact and have warmer dust temperatures

than their lower redshift counterparts.
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The differences between submillimeter bright and submillimeter faint

strongly star-forming galaxies

We now turn to the properties of the galaxies within the Submm-Faint subset, to
see how, if at all, they differ from the galaxies within the Submm-Bright subset.
Figure 5.9 additionally shows the halo and galaxy properties of the Submm-Faint

population as a function of redshift.

The general behavioural trends discovered in the previous section for the model
galaxies within the Submm-Bright subset remain applicable to the model galaxies
within the Submm-Faint subset. However, the two populations are commonly offset
in their absolute values for a fixed redshift. For example; the host halo, stellar and
black hole masses of the Submm-Faint galaxies at z 2 2 are lower than the Submm-
Bright galaxies by up to a factor of a few, the galaxies within the Submm-Faint
subset are noticeably more gas rich and more metal poor at z 2 2 than the Submm-
Bright population (both by up to a factor of ~ 2) and the dust temperatures of the
Submm-Faint galaxies are hotter, and their dust masses lower, than the Submm-
Bright galaxies at z 2 2. At lower redshifts (z < 2), many of the properties for
the two model populations come to overlap, however, we note that there is a large
scatter in the properties for this redshift range, as the number of model galaxies

becomes increasingly limited (see Figure 5.8).

It appears therefore, that the galaxies from the two model populations are funda-
mentally distinct. The galaxies from the Submm-Faint subset are, on average; hotter,
lower mass, more gas rich, more metal poor, contain less dust and host lower mass
black holes than the galaxies from the Submm-Bright subset. We discuss these

subsets further in Section 5.4.1.
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5.4 Discussion

5.4.1 What triggers strongly star-forming galaxies?

In Section 5.3 we compared the evolution and merger fractions of strongly star-
forming model galaxies against the evolution and merger fractions of the more
‘typical’ (‘main-sequence’) star-forming model galaxies in an attempt to ascertain
the physics surrounding the formation of this active population. To first order,
two simple explanations exist, either (1) the star-formation process in strongly star-
forming galaxies is the same as those on the main-sequence and the spread in the
SFRs for galaxies of a given mass is purely down to the short-term variability in
the stochastic star formation process, or (2) the star-formation process in strongly
star-forming galaxies is fundamentally different to those operating on the main-
sequence. However, we note that such a simplified view will be complicated if the
star-formation process that drives the main-sequence varies with redshift; such that
a different star-formation process operates in high redshift high SFR main-sequence

galaxies compared to the typical z =~ 0 star-forming galaxies.

For the most massive strongly star-forming galaxies (M, 2> 10 M), scenario #1
likely applies. Their SFRs are minimally offset (if at all) from the main-sequence
(< 0.25 dex, see Figure 5.2) which is consistent with the predicted scatter from SFR
variability (see below), and their evolutionary tracks (see Figures 5.3 and 5.4) and
their merger fractions (see Figure 5.5) are almost identical to those of the galaxies
on the main-sequence. Or, to reiterate, strongly star-forming galaxies are simply the

typical star-forming galaxies in this regime.

We therefore focus the remainder of our discussion on the origin of less massive
strongly star-forming galaxies (M, < 10! My,), which make up the majority of our
sample (79%). From this point forward we will refer to these objects simply as
‘strongly star-forming galaxies’ and not ‘lower mass strongly star-forming galaxies’,

for clarity.
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Are strongly star-forming galaxies fundamentally different?

Matthee & Schaye (2018) have shown that star formation burstiness on short (<
1 Gyr) timescales creates ~ 0.25 dex of scatter around the main-sequence in the
EAGLE simulation. It is therefore not feasible that strongly star-forming galaxies are
simply main-sequence galaxies captured at a high SFR, as they are too far offset
from the main-sequence to be explained by short term variability alone, even at

higher redshifts (they are offset by ~ 0.75 dex at 2 < z < 3, see Figure 5.2).

Furthermore, in Section 5.3.1 we investigated the properties of galaxies in the redshift
range 2 < z < 3 both before and after they were strongly star-forming. We found,
relative to an equivalent population of galaxies on the main-sequence, that strongly
star-forming galaxies evolved from a set of galaxies that were less massive (see
Figure 5.3), more gas rich, and whose undermassive black holes had much more
recently entered their rapid growth phase (see Figure 5.4). The fact that the strongly
star-forming galaxies were so offset in their properties from their main-sequence
equivalents both before and after they were strongly star forming further reinforced
the fact that strongly star-forming galaxies are not simply main-sequence galaxies
captured at a high SFR, and they are, in fact, two fundamentally distinct galaxy
populations. These trends were present for the entirety of the redshift range covered

by our sample (1 < z < 6).

We would conclude, therefore, that strongly star-forming galaxies (M, < 10 M)
are fundamentally distinct in their star formation process from the main-sequence

population, at least for z < 6.

The role of the black holes

The evolutionary state of the black holes in strongly star-forming galaxies is likely
the key to their higher rates of star formation. Strongly star-forming galaxies were
found to host undermassive black holes still within their rapid growth phase, whereas

the equivalent galaxies on the main-sequence hosted black holes that had completed
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this phase in their evolution. This resulted in strongly star-forming galaxies being
more gas rich relative to their main-sequence counterparts, as the hosted black
holes were considerably less massive and had yet to meaningfully impact their host
galaxy’s gas reservoirs through AGN feedback, allowing for higher SFRs. This is in
agreement with Matthee & Schaye (2018), who found that the relative efficiency of
black hole growth is a source of scatter around the main-sequence. Despite being
relatively underdeveloped at the time of the starburst, the black holes hosted by
strongly star-forming galaxies went on to become noticeably overmassive relative to
the main-sequence population (see Figure 5.4) and evolved into the most massive
black holes for a given stellar mass at the present day (see Figure 5.7). This is a
strong indication that vigorous black hole growth is directly linked with starbursting

systems.

Are mergers required?

In Section 5.3.1 we found that 80-100% of strongly star-forming galaxies in the
redshift range 2 < z < 3 had undergone, or were about to undergo, either a minor
or merger within the next/previous dynamical time; approximately a factor of two
greater than the equivalent fraction found for the main-sequence population. This
combination of such a high intrinsic fraction coupled with the vast excess over the
expectation value from the galaxies on the main-sequence would strongly suggest
that interactions are important for producing strongly star forming events in this
regime. These intrinsically high fractions were generic for all redshifts covered by
our sample (1 < z < 6), however, the excess above the main-sequence population
was reduced slightly at higher redshifts due to the increase in the background merger

rate with increasing redshift (e.g, Rodriguez-Gomez et al., 2015; Qu et al., 2017).

It would therefore appear that mergers are ubiquitously present around the strongly

star forming phase in galaxies with masses M, < 10! M.

~J
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A minimum mass to sustain a starburst

Although not explicitly explored by this study, a minimum mass scale is also likely
required to sustain a strongly star forming event. In galaxies below a critical mass
(< L), stellar feedback is efficient at driving an outflow and balances the rate of
cosmic inflow (e.g., White & Frenk, 1991; Finlator & Davé, 2008; Bouché et al.,
2010; Schaye et al., 2010). Therefore strongly star forming events in these systems
(for example those induced by an interaction) would likely ‘burn out’ after a short
period of time, and these galaxies would quickly return to their quasi-equilibrium
state. This critical mass scale is also linked to the black hole, as the growth of
black holes is seriously hindered whilst stellar feedback remains efficient at driving
an outflow (e.g., Dubois et al., 2015; Anglés-Alcazar et al., 2017; Bower et al., 2017,
Habouzit et al., 2017). This critical mass scale today is M, ~ 10'° M, however it
does decrease with decreasing redshift (see McAlpine et al., 2018). Therefore the
galaxies that are capable of sustaining a starburst are also those that host black

holes that are primed to enter their rapid growth phase.

Creating strongly star-forming galaxies

By combining these results we would argue that strongly star-forming galaxies are

the product of a sequence of well timed events.

1. The galaxy must host an underdeveloped black hole (one that has not yet
entered its rapid growth phase); this ensures that the galaxy maintains a gas
rich reservoir and perhaps more crucially that the black hole is not immediately
too massive as to efficiently shutdown the triggered starburst event via AGN

feedback.
2. A merger is required to trigger the initial starburst.

3. The galaxy must exceed the critical mass to sustain the starburst.
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Figure 5.10: The colour—colour relation of Sayum/Sis0um versus
Ss50um/Sas0um for all the strongly star-forming galax-
ies within our sample with Sus0,m > 1 mJy. Low- and
high-redshift sources are indicated by different sym-
bols, and those that are Submm-Bright and Submm-
Faint are segregated by the colour of their symbols. A
simple colour cut, indicated by a diagonal dashed line,
isolates the high-redshift sources. The vast majority
(84%) of galaxies to the lower right of this cut will be
Submm-Faint strongly star-forming galaxies.

If these three conditions are met, the galaxy can produce, and sustain, a strongly

star-forming event.

Identifying strongly star-forming galaxies

In Section 5.3.2 we found that the majority of strongly star-forming model galax-
ies were faint at submm wavelengths (Sssoum < 1 mJy), and would likely remain
undetected by current widefield submm surveys. The existence of a population of
‘hot’, dusty ultraluminous galaxies at high-redshift has been suggested previously

in the literature (e.g., Chapman et al., 2004; Blain et al., 2004; Casey et al., 2009).
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These galaxies exhibit similar radio and optical characteristics to the high redshift
submme-selected population, however, they are faint in the submm, suggesting a
hidden population with hotter characteristic dust temperatures than the detected
submm population. Additionally, studies that stack Sg7oum imaging of high-redshift
sources report characteristic dust temperatures that are considerably warmer than
their lower-redshift counterparts (Cooke et al., 2018; Schreiber et al., 2018). However,
conclusive evidence of a high redshift population of strongly star-forming submm

faint galaxies, as found by EAGLE, has so far remained elusive.

Here we suggest a potential method to observationally identify the strongly star-
forming Submm-Faint population at high redshift. Figure 5.10 shows the ratio of
So4um 10 Sasoum fluxes against the ratio of Sgsoum to Sisoum fluxes for the model
galaxies within out sample. We impose a cut of Sisoum > 1 mJy to emulate a
sensitive Sys0um selected sample at the flux levels achievable with ALMA, however
this only excludes a few sources from our original sample. We indicate low- and high-
redshift strongly star-forming sources separately, whilst also segregating between
the Submm-Faint and Submm-Bright galaxies. We find that imposing a simple
colour cut (indicated by a dashed diagonal line) isolates the high-redshift typically
Submm-Faint strongly star-forming galaxies from their low-redshift and typically
Submm-Bright counterparts. The vast majority of the sources to the lower right of
this diagram are comprised of the Submm-Faint high redshift strongly star-forming

galaxies (84%).

5.5 Conclusions

We have investigated the triggering, descendants and submillimeter properties of
strongly star-forming (M* > 80 My, yr!) galaxies within the EAGLE hydrodynamical

cosmological simulation. Our main conclusions are as follows:

e Strongly star-forming galaxies and ‘typically’ star-forming ‘main-

sequence’ galaxies do not follow the same evolutionary pathway.
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With the exception of the most massive strongly-star forming galaxies (M, 2
10™ M), which are the typical star-forming population for their stellar mass,
the majority of strongly-star forming galaxies (M, < 10" M) evolve from
a set of galaxies that are less massive (see Figure 5.3), have higher gas frac-
tions and host less-massive black holes that have entered their rapid growth
phase more recently (see Figure 5.4), all relative to the ‘typical’ star-forming

population.

o Interactions are important for triggering a strongly star-forming
phase in lower mass galaxies (M, < 10! Mg). The merger fractions
of strongly star-forming galaxies are ubiquitously high at all redshifts. For
lower-mass strongly star-forming galaxies the merger fractions are close to 100%
and are a factor of &~ 2 greater than the less active star-forming population

(see Figure 5.5).

o The descendants of galaxies which experienced a strongly star-forming
phase are among the most massive galaxies today. However, not all
of the most massive (M, = 10* M) central and satellite galaxies today had
strongly star-forming progenitors (see Figure 5.7). To experience a strongly star
forming phase is rare; only ~ 30% of galaxies more massive than M, > 10 M
today have ever been strongly star forming (M, > 80 My, yr~') in their past (see
Figure 5.6). There is little to distinguish the strongly star-forming descendants
and the general population at z = 0, however, strongly star-forming galaxies
have, on average, overmassive black holes for their stellar mass compared to

the general population (see Figure 5.7).

« Not all strongly star-forming galaxies are submillimetre bright. Only
~ 30% of strongly star-forming galaxies (M, > 80 Mg yr~!) are ‘bright’ at
submillimeter wavelengths (Sgs0,m > 1 mJy). The majority of strongly star-
forming galaxies would therefore likely be missed by current submillimeter sur-

veys. However, the population of ‘warm’, high-redshift, Submm-Faint strongly
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star-forming sources (see Figure 5.8) could potentially be identified using a

combination of deep mid-infrared and submm observations (see Figure 5.10).

o Strongly star-forming galaxies are produced through a culmination

of three coinciding events:

1. The galaxy must host an underdeveloped black hole (one that has not yet
entered its rapid growth phase); this ensures that the galaxy maintains a
gas rich reservoir and perhaps more crucially that the black hole is not
immediately too massive as to efficiently shutdown the triggered starburst

event via AGN feedback.
2. A merger is required to trigger the initial starburst.

3. The galaxy must exceed the critical mass to sustain the starburst.
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Conclusions

The accuracy of hydrodynamical simulations has dramatically increased over the
course of the past 25 years. This is due in large part to an increased understanding
of the physical prescriptions that are used to govern the astrophysical processes.
Even though these remain unresolved, the continued development of state-of-the-art
‘subgrid’ models that faithfully capture the coarse-grained effects of unresolved scales
have provided a better understanding of ‘calibration’ versus ‘validation’. Because
of this, hydrodynamical simulations have been able to broadly reproduce many of
the observed properties of galaxies within the Universe; most notably the cosmic
star formation history (e.g., Springel & Hernquist, 2003; Schaye et al., 2010) and
the galaxy stellar mass function (e.g., Crain et al., 2009; Oppenheimer et al., 2010;
Puchwein & Springel, 2013). Additionally, the advancements in the computational
efficiency of the gravity and hydrodynamics solvers, and in the developments of com-
puter architectures, have also been key. Following this, many large collaborations
have now managed to produce accurate hydrodynamical simulations on cosmological
scales; such as the ILLUSTRIS (Vogelsberger et al., 2014) and ILLUSTRIS-TNG (Pil-
lepich et al., 2018) simulations, the EAGLE (Schaye et al., 2015; Crain et al., 2015)
simulation, the HORIZON-AGN (Dubois et al., 2016) simulation and the ROMULUS
(Tremmel et al., 2017) simulation. These collectively represent the state-of-the-art

in cosmological hydrodynamical simulations today.
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These simulations have strived towards the same goal, to recreate a realistic rep-
resentation of our Universe, however they have concentrated on different aspects
of galaxy evolution, making them a complimentary set of simulation suites. For
example, the ROMULUS simulation suite has focused primarily on an improved set
of supermassive black hole physics; such as physically motivated models for super-
massive black hole formation, dynamics and the accretion of rotationally supported
gas. These simulations are optimal at higher resolutions (in order to resolve the
higher density regions where supermassive black hole are likely to form), which limits
their ability to be performed in much larger volumes (< (100 cMpc)?). HORIZON-
AGN is similarly focused towards the impact of suppermassive black holes upon their
host galaxies, through the combination of a relatively lower resolution cosmological
volume ((100 ¢cMpc)?) and a series of high resolution zoom-in simulations. Both
the ILLUSTRIS and EAGLE simulation suites have adopted a broader scope, aiming
to reproduce key observables of the global population (such as the galaxy stellar
mass function and cosmic star-formation history) in a single, large ((100 ¢cMpc)?),

relatively high resolution simulation.

Each of these simulation suites, whilst adopting alternate subgrid model calibration
strategies and different hydrodynamical solvers, have been shown to broadly repro-
duce many of the observed properties of low- and high-redshift galaxies; however,
each simulation remains subject to a number of shortcomings. For example, the
EAGLE simulation systematically falls short of the observed normalisation of the
cosmic star-formation history by ~ 0.2 dex throughout cosmic time, it also fails
to produce enough galaxies at the ‘knee’ of the galaxy stellar mass function. In-
terestingly, whilst the ILLUSTRIS simulation well reproduces both the shape and
normalisation of the cosmic star-formation history, it overproduces both the amount
of galaxies below and above the knee of the stellar mass function. In addition, both
the ILLUSTRIS and EAGLE simulations have baryon fractions that are too high when
compared to observations. Each of these results would suggest that the feedback

produced from star-formation and black hole accretion remains inefficient in various
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regimes and that their modelling needs to be improved for the next generation,
either through an improved calibration strategy or an implementation of additional

physics.

Even with these shortcomings this generation of cosmological hydrodynamical simu-
lations have been incredibly successful in reproducing many aspects of the cosmos.
In the case of the EAGLE simulation, which is the simulation suite this thesis is
based upon; it has successfully reproduced the observed z = 0 Tully-Fisher relation,
specific star formation rates and the column density distribution of intergalactic
C IV and O VI (Schaye et al., 2015), many of the H I and Hy properties of galaxies
(Bahé et al., 2016; Lagos et al., 2015), the column density distribution of intergalactic
metals (Schaye et al., 2015), galaxy rotation curves (Schaller et al., 2015b), the z = 0
luminosity function and colour-magnitude diagram (Trayford et al., 2015), the evolu-
tion of the galaxy stellar mass function (Furlong et al., 2015b), the high-redshift H I
column density distribution (Rahmati et al., 2015) and the AGN luminosity function
(Rosas-Guevara et al., 2016), to name but a few. The collective successes of the
simulations make them an incredibly useful tool in furthering our understanding of

galaxy evolution.

As the fidelity of the EAGLE model galaxy population has been established, we have
used the simulation suite as a tool to answer the questions that observations cannot
directly address; such as to the origin and evolution of particular populations of
galaxies. For this thesis, we have added to the analysis of the EAGLE simulation suite
by investigating the rarer and more unusual galaxy populations that reside with
our Universe; those that host actively accreting supermassive black holes, and those
yielding unusually high star formation rates for their stellar mass. Each of these
populations represents only the tail end of the full underlying galaxy population
distribution, yet, due to their extreme, and therefore easily detectable luminosities,
they are some of the most well observed objects within our Universe. By using the
EAGLE simulation suite, we have attempted to shed some light on the formation and

evolution of such extreme objects, and to see how representative these populations
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are in relation to the more ‘typical” galaxies within our Universe.

6.1 Thesis results & Future work

In this thesis we have investigated the complex evolutionary pathway taken by the

black holes within the EAGLE simulation, and how such an evolution influences the

properties of the galaxy hosts around them. The black hole evolution was separated

into three distinct phases, each relating to the mass of the host dark matter halo

(see Chapter 3 for an investigation of these three phases of black hole evolution). As

a reminder:

1. The stellar feedback requlated phase. The growth of central black holes within

low-mass haloes (M., < 102 Mg) is almost completely suppressed. This
is due to the efficiency of stellar feedback during this regime, from its ability
to generate turbulence within the gas and drive an effective outflow. The
combination of these processes ensures that the central gas densities within
these galaxies remain low, resulting in an extremely limited growth of the

central black hole.

The rapid black hole growth phase. As haloes grow (M., ~ 10" My), the
stellar feedback loses its ability to drive an effective outflow, and begins to stall.
This gives the first opportunity for a high gas density to build up within the
galaxy centre, and with it the first meaningful period of black hole growth. As
Bondi-like accretion is proportional to the mass of the black hole squared, the
response from the black hole is highly non-linear, and the black holes hosted

by these systems quickly become massive (Mgg = 107 Mg).

The AGN feedback requlated phase. Directly following the burst of rapid growth,
the central black hole gradually becomes able to regulate the gas inflow onto

the halo itself via efficient AGN feedback. Therefore in massive haloes, Mo
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> 102 Mg, a regulatory equilibrium is once again restored, and the specific

growth rates of these black holes dramatically decrease.

These three phases of black hole evolution were found to have a noticeable knock-
on effect to the properties of their galaxy hosts. For example, in Chapter 4 we
discovered multiple relationships between the star-formation rate of galaxies and
the accretion rate of their central black holes depending on the current phase of
black hole evolution. We argued that the multiple relationships created a complex
two-dimensional plane between the star-formation rate and the black hole accretion
rate for the galaxy population, which is ultimately responsible for the alternate
empirical trends found between the two properties depending on the initial selection
method used. Additionally, in Chapter 5 we found that only the galaxies that hosted
black holes that had not yet entered their rapid growth phase (and also experienced
a triggering galaxy—galaxy merger) could go on to become the most strongly star-
forming galaxies for their stellar mass. When considering the interplay between black
holes and their host galaxies, it will always be essential to additionally consider the

current phase of black hole evolution.

6.1.1 Future work

The appeal of cosmological hydrodynamical simulations is in their predictive power.
We have explored in this thesis the nature of supermassive black holes and how they
may share a complex relationship with their host galaxies, and also how short-lived
starbursting galaxies may be formed purely from a merger driven scenario, making
them fundamentally distinct from the general population of star-forming galaxies.
Studies such as these, and others like them, act as a ‘proof-of-concept’, in a first
step towards understanding how such exotic populations may be formed. The onus
moving forward will be to combine the predictions from simulations like EAGLE with

both new and existing observations.
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As an example related to this work, we have presented multiple potential methods

as to how the rapid growth phase of black holes could be discovered observationally.

e The most direct method would be to obtain a large sample of accurate black
hole and stellar mass measurements, in order to construct the black hole mass—
stellar mass relation (making sure to bracket the critical transition stellar mass).
Even in the local Universe, the tell-tale imprints of the multiple phases of black
hole evolution are predicted to be embedded within this relation. Additionally,
if the relation was to be made at multiple epochs, the evolution of the critical
transition mass is also predicted to be seen from this relation. However,
obtaining accurate black hole (and stellar) mass measurements, particularly in

lower mass systems and at higher redshifts, is notoriously difficult.

o An alternate, and potentially more obtainable method, would be to look for
evidence of the three phases of black hole evolution indirectly through the
central gas densities of the galaxy hosts. In systems below the critical transition
mass, the gas densities within the centres of galaxies are predicted to remain low
(due to efficient stellar feedback), the central gas densities are then predicted
to rise as the mass of the galaxy approaches the critical transition mass (as
the stellar feedback begins to stall), and finally the central gas densities are
then again predicted to reduce in systems above the critical mass (due to the
AGN feedback). By examining the spatial gas distributions of galaxies over
a wide dynamic range of stellar masses with instruments such as ALMA, we

could begin to constrain many black hole evolutionary scenarios.

e One final prediction regarding the rapid growth phase was the prevalence
of galaxy-galaxy mergers around the onset of this phase. We found that
galaxy interactions became increasingly important in triggering this phase of
black hole evolution as the redshift decreased, and therefore predicted that a
substantially higher fraction of AGN in galaxies around the critical transition

mass today should be in the state of a merger relative to a control population
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of similar mass galaxies. The AGN merger fraction of critical mass galaxies
was predicted to remain approximately constant at higher redshifts, however
the merger rate of the control population was also predicted to increase. We
note, that it is unclear how AGN variability would effect this observation, and

it will be the subject of future work.

We can take what we have learned from the successes and failures of the current

generation of cosmological hydrodynamical simulations to feed into the improvements

for the next generation. Work on the next generation of simulation suites has already

begun, and will include:

o By identifying the shortcomings of the current generation, by seeing what prop-

erties of the galaxy population cannot be accurately reproduced, we can reflect
and improve upon the subgrid model prescriptions. This can be achieved, in
part, by performing an improved calibration strategy of the subgrid paramet-
ers, in an attempt to provide a better fit to the observational data. A second
option is to revisit to physics that go into these models, from first principles.
For example, obtaining the correct balance of AGN feedback in both low- and
high-mass galaxies is challenging, and has traditionally yielded an excess in
the baryon fractions of high-mass galaxies, leading to an overproduction of
stars. Therefore improvements to the AGN feedback model (or models) will be
one of the critical elements going forward in producing a more accurate galaxy

population.

The current generation of simulations are still considerably too small to replic-
ate the volumes of upcoming (and current) observational surveys. Therefore
to compete with semi-analytic models to provide mock catalogues for these
surveys, the hydrodynamical simulations will be required to increase their
volume by at least an order of magnitude. This will be a tremendous com-
puting challenge, and is not currently feasible (if we wish to remain at the

current resolution). The transition to such large volumes will only be possible
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in the advent of new, more computationally efficient, simulation codes, such
as the parallel task-based code SWIFT (Schaller et al., 2018), which promises

speed-ups of an order of magnitude over previous codes.

Being able to go to much higher resolutions is also an attractive prospect.
Although this sacrifices the investigation of galaxy populations on cosmological
scales, these simulations can provide invaluable incite into individual processes
that operate on much smaller scales. For example; the AURIGA (Grand et al.,
2017) and APOSTLE (Sawala et al., 2016) projects take advantage of such high
resolutions to investigate the satellite populations of Milky Way analogues
within the local group, providing valuable incite to the ‘missing satellites’ and
‘to big to fail’ problems; Pontzen et al. (2017) employ a ‘genetic modification
approach’ to investigate the importance of mergers and AGN to quench star
formation at high redshift; and Costa et al. (2018) investigate radiatively-driven
outflows of high-redshift quasar host galaxies to see how they may also quench
star formation. By using these dedicated simulations to train the physical
prescriptions that go into the full scale cosmological simulations will give us

the clearest picture of galaxy evolution moving forward.

Despite the current limitations, there is still much to be learned from this generation

of cosmological hydrodynamical simulations. The EAGLE simulation has proven to

be an invaluable tool in furthering our understanding of galaxy evolution.
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