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Galaxy evolution is still relatively poorly understood. Specifically, star formation, merg-
ers and the influence of a central supermassive black hole are all thought to be key
drivers in regulating galaxy formation and evolution, but their relative contributions
are not well constrained. Velocity dispersion (σ), a measure of the statistical variance
of stellar motions in a galaxy, is known to be a key galaxy property, effectively trac-
ing a galaxy’s gravitational potential well. The evolution of σ with cosmic time is also
not well understood, despite having the potential to shed light on the relative impor-
tance of mergers versus star formation in building galaxies. σ is also known to be
closely connected to the mass of the central supermassive black hole, via a tight cor-
relation with slope of ∼ 4−6, which theories suggest could be a result of energetic
winds/jets from active galactic nuclei (AGN) impacting onto the surrounding inter-
stellar medium. In this work, I present a comprehensive semi-empirical approach to
compute σ via detailed Jeans modelling, assuming, for the first time, both a constant
and scale-dependent mass-to-light ratio M∗/L. I compare with a large sample of local
galaxies from the MaNGA survey and find that both models can reproduce the Faber-
Jackson relation and the weak dependence of σ with bulge-to-total ratio. I also explore
the dynamical-to-stellar mass ratio within R ≲ Re, and show that the full dynamical
mass within the effective radius can be fully accounted for by a gradient in M∗/L or
a dark matter halo with an NFW profile. I then build velocity dispersion evolutionary
histories, using the average histories of main progenitor dark matter haloes, assigning
stellar masses, effective radii and Sérsic indices via a variety of abundance matching
and empirically motivated relations. I find clear evidence for downsizing in velocity
dispersion histories along the progenitor tracks, and a steady increase in velocity dis-
persion at fixed stellar mass with increasing redshift. I extract comparable velocity
dispersion tracks from the TNG50 hydrodynamic simulation. The relative ‘flatness’ of
these tracks is shown to be driven by the increasing dark matter fraction within Re,
whilst showing a steeper evolution in the presence of a stellar gradient. I then show
that a combination of mergers and internal star formation are likely responsible for the
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constant or increasing σap[M∗, z] with time. I then present new evidence for the fun-
damental nature of the relationship between black hole mass and σ, and show that my
σap[M∗, z] tracks are consistent with a nearly constant and steep Mbh − σ relation at
z ≲ 2, as predicted by AGN feedback models, with black hole masses derived from the
LX − M∗ relation. I also show that AGN clustering can place new constraints on black
hole-galaxy scaling relations, and explore the creation of AGN mock catalogs. Finally, I
present an outcome of these mock catalogs, Astera, my cosmological visualization tool,
which presents a real-time rendering of the large scale universe. Astera can represent
an invaluable tool for survey planning and, due to its high user interactivity, also for
gaming and educational and outreach activities.
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When I consider your heavens,
the work of your fingers,
the moon and the stars,

which you have set in place,
What is mankind that you are mindful of them,

human beings that you care for them?
You have made them a little lower than the élöhı̂m,

and crowned them with glory and honor.

Psalms 8:3-5
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Chapter 1

Introduction

1.1 Overview

Galaxies are truly the most astounding places in the cosmos. Immense systems of stars
(of which our sun is just one among trillions), these truly colossal objects have been
dubbed ‘island universes’ in their own right. If you were to do the impossible and
‘zoom out’ your view of the universe and perceive it on the largest scales, you would
see billions of galaxies scattered like glittering jewels on a pall of dark velvet. You
would see the vast diversity in galaxy structure (‘morphologies’) with colossal, ancient
elliptical galaxies and intricate, tightly wound, youthful spiral galaxies. The variation
in colours would be dazzlingly beautiful, and the large-scale structures of billions of
galaxies would follow the mysterious and magnificent cosmic web. Galaxies are the
masterpieces of the large scale universe, havens of light and heat in the vast void of
extra-galactic space, and within their gravitational cradle stars, planets and even life
itself can be nurtured.

Remarkably, galaxies have only been recognized as such relatively recently in human
history. Charles Messier was known to have referenced ∼100 luminous objects that
he classified as ‘spiral nebulae’ (Messier, 1781), immediately recognising that these ob-
jects were different from stars due to their helical structure. A century later William
Herschel (Herschel, 1864) expanded this catalog to around 5000 ‘nebulae’ (at the time
a ‘nebula’ being a generic term for any visibly diffuse object). However, despite this,
the precise nature of these objects was not well understood, with some theories sug-
gesting that these objects were luminous clouds within the Milky Way, or indeed true
‘extra-galactic’ sources, the ‘island universes’ of the philosopher Immanuel Kant almost
a century before. This great debate came to a head in 1920, with a decisive conclusion
provided by Hubble (1929a), who used Cepheid variable stars to calculate the distance
to the Andromeda ‘nebula’, showing that it appeared at a distance larger than the phys-
ical size of the Milky Way itself. The universe was larger than we had imagined. Rapid
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FIGURE 1.1: This image from the Hubble Space Telescope shows the spiral galaxy
UGC 2885, 232 million light-years away in the constellation Perseus. Some foreground
stars from the Milky Way can be seen in the image (with clear diffraction spikes).
This spiral is sometimes named ‘Rubin’s galaxy’, after astronomer Vera Rubin. Credit:

HST/NASA

advances in observational techniques (specifically the development of CCDs (Charge
Coupled Devices), photographic plates and other observational equipment that oper-
ates outside of the visible wavelengths) revealed thousands of galaxies in the universe
around us, and a second monumental discovery by Hubble (1929b) showed via spec-
tral analysis that the wavelength of light from a distant galaxy is shifted towards the
red end of the spectrum, proportional to its distance from the observer, suggesting
that distant galaxies recede faster than closer galaxies. The inevitable conclusion that
was drawn from this is that the universe itself is expanding, as suggested by Hubble
(1929b) and Lemaı̂tre (1927), in turn suggesting that the universe could be traced back
to a single point (his so-called ‘primeval atom’). This theory has now been refined into
the so-called ‘hot big bang’ model, suggesting that the universe has expanded from a
significantly hotter and denser state than we observe today. Modern cosmology, cou-
pled with Albert Einstein’s theory of General Relativity presented in 1916 (mass-energy
content itself determines the structure of space-time), has been remarkably successful
at explaining a broad range of observed phenomena, including the abundance of light
elements, structure on large scales, the cosmic microwave background and Hubble’s
Law itself.
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In parallel, significant progress has been made in understanding the evolution of galax-
ies themselves. Surveys of the nearby universe have examined millions of galaxies
across the electromagnetic spectrum, capturing a wide range of galaxy masses, types
and environments. Multi-wavelength coverage has also allowed for the assembly of in-
tricate Spectral Energy Distributions (SEDs) for a large number of individual galaxies,
allowing for accurate estimates of parameters such as stellar mass and star formation
rate (e.g. Ahn et al., 2012). Photometry from tens of thousands of galaxies have also
been acquired by medium-deep surveys (e.g. Chambers et al., 2016), and ultra-deep
surveys have identified hundreds to thousands more (e.g. Lawrence et al., 2007). Re-
markably, a galaxy was recently observed at redshift1 z = 11.06 (∼13.4 billion years
ago), currently the most distant known galaxy in the observable universe (Oesch et al.,
2016). Naturally, the most significant observable property used to classify galaxies
was their structure or ‘morphology’, with Hubble (1926) presenting his now famous
‘tuning fork’ diagram, partitioning galaxies into ellipticals, spirals, barred spirals and
irregulars. Broadly speaking however, galaxies can generally be classified into ellipti-
cals (oblate, diffuse spheroids with randomly oriented orbits) and spirals (thin, dense
disks with relatively fast rotations). It is generally agreed that each morphological type
represents an evolutionary ‘juncture’, with most galaxies starting life as spirals (ac-
quiring their disk shape from tidal torques and conservation of angular momentum),
with major merging events or disk instabilities disrupting these relatively fragile sys-
tems and establishing elliptical galaxies. These processes, and the current ‘best picture’
of the evolution of galaxies in general, will be discussed at length in subsequent Sec-
tions. Galaxy evolution is still a relatively poorly understood field within astronomy
and astrophysics, with no ‘standard model’ yet existing (unlike e.g. particle physics).
The relative importance of dark matter, morphological types, star formation, galaxy-
galaxy mergers etc, still remain poorly understood. Galaxies represent intensely large
and complex gravitational systems, and it is still beyond the power of computational
modelling to simulate them ‘ab initio’, leading to a variety of modelling approaches
including Hydrodynamical, Semi-Analytic and Semi-Empirical models. Of central in-
terest to this work is the understanding of a galaxy’s so-called ‘velocity dispersion’, or
a measurement of the statistical dispersion of velocities about the mean velocity of stars
in a galaxy, and a key structural parameter.

Along with stars, galaxies are home to many other objects, including (arguably the
most mysterious) black holes, intense gravitational singularities that maim the fabric
of space-time itself. It is known that the centres of possibly all galaxies play host to a
central black hole of truly epic proportions, with masses that can exceed a billion times
the mass of our sun and event horizons many times larger than the solar system itself.
These objects are still not well understood, and the complex interplay between these

1Redshift, z is a measure of increase in wavelength of light from distant objects due to the expansion of
the universe, used as a distance measurement in Astronomy.
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FIGURE 1.2: The Andromeda Galaxy (M31), photographed by the author using just
a mobile phone and binoculars. At 2.5 million light years, Andromeda represents the
closest major galaxy to the Milky Way. This photograph is the result of stacking 478
exposures of 2 seconds, taken with a Samsung Galaxy Note 10 through a pair of 7x50
binoculars, showing the remarkable sensitivity of modern mobile CMOS sensors, and
the remarkable results that can be achieved with even basic astronomical equipment.

‘supermassive’ black holes and their host galaxies is likely to in turn strongly influ-
ence the growth and evolution of both objects. The mass of a supermassive black hole
is known to be strongly linked to many of its host’s properties (particularly velocity
dispersion, see Ferrarese and Merritt, 2000), suggesting a close relationship. How do
these black holes grow? It has long been suspected that so-called ‘active’ galaxies, per-
sistently bright nuclear regions that exist within a subset of galaxies, represent actively
accreting supermassive black holes. This shows that these black holes can grow by
the direct accretion of matter, but it is also highly likely that these objects grow by black
hole-black hole mergers following a host galaxy merger event. The relative significance
of these contributions to a black hole’s mass is not yet well constrained, and exploring
the growth of supermassive black holes through the lens of their host galaxy is one of
the key aims of this work.

This thesis for the degree of Doctor of Philosophy presents an exploration of the co-
evolution of galaxies and black holes through the lens of galaxy velocity dispersion. As
discussed later in the thesis, velocity dispersion is a key dynamical property of galaxies,
which responds in different ways to different evolutionary channels (e.g., mergers vs
gas accretion). All scaling relations, including the one with the central supermassive
black hole, appear more tight when expressed in terms of velocity dispersion. The
main aim of this thesis is to model, via transparent and flexible cosmological models,
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the evolution of velocity dispersion, and in turn extract from them valuable information
on the assembly histories of galaxies and their black holes.

In this Chapter I will start by reviewing the necessary background material required to
explore galaxy evolution in a cosmological context, starting with the ΛCDM cosmol-
ogy, the hierarchical growth of dark matter haloes and galaxies, and the impact these
have on galaxy velocity dispersion. I will then introduce supermassive black holes, the
Active Galactic Nuclei (AGN) population, and the significance of the scaling relations
between black holes and their host galaxies. I will then summarize at the end of the
Chapter the key questions I seek to answer in this thesis and the methods I will employ
to answer them.

1.2 Background

1.2.1 ΛCDM Cosmology

The foundation of modern cosmology is based on the cosmological principle: the uni-
verse is isotropic and homogeneous on large scales. This is coupled with Einstein’s the-
ory of General Relativity (mass-energy content itself determines the structure of space-
time) to provide equations that characterize the evolution of the universe. There is an
abundance of observational evidence suggesting that the universe has been expanding
for the past ∼13.6 billion years, from an immeasurably hot and dense state (see e.g. Mo
et al., 2010). The most important event in the very early (∼ 10−34 seconds) universe
from the perspective of galaxy evolution was cosmic inflation, an extremely brief and
intense period of exponential expansion. Hypothesized to have been triggered by the
disconnection of the strong and electroweak interaction (Tsujikawa, 2003), cosmic in-
flation rapidly increased the size of the universe by a factor of at least 1026. Quantum
density fluctuations in the pre-inflationary epoch, ‘amplified’ by inflation, created the
seeds for the formation of structure. These density fluctuations create (tiny) temper-
ature fluctuations which are detectable in the Cosmic Microwave Background (CMB),
dim electromagnetic radiation that is believed to be radiation released at the epoch of
recombination (when protons and electrons first bound to form hydrogen), famously
mapped by the COBE (Mather et al., 1994), WMAP (Bennett et al., 2013) and Planck
Satellites (Ade et al., 2016).

It has long been known that a variety of astrophysical measurements point towards
a vastly greater abundance of mass than can be explained by the presence of visible
matter alone. This has led astronomers to hypothesize the existence of ‘Dark Matter’,
believed to be an undiscovered type of non-baryonic subatomic particle, that makes
up as much as ∼ 80% of the mass content of the universe. Evidence for Dark Mat-
ter comes from a variety of observations. As a first example, rotation curves of spiral
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galaxies do not decrease as a function of radius as expected, but instead remain flat
even at large radii, pointing towards a greater presence of mass than observed, effec-
tively ‘binding’ the galaxy together when it should spread apart (Corbelli and Salucci,
2000)). Secondly, the velocity dispersions of galaxies in clusters do not match predic-
tions derived from the observed mass distribution; this was first noticed by Zwicky
(1937). Thirdly, the distortion of space-time in the presence of massive objects can be
indirectly observed via gravitational lensing. The direct distortion of background light
in this way is called ‘strong lensing’ and allows the calculation of the mass of the ob-
ject (in this case a galaxy cluster) to be obtained (Taylor et al., 1998). In the same way,
on larger scales the minuscule distortions of space-time caused by clusters of galax-
ies can infer a mass distribution; this is known as ‘weak lensing’ (Refregier, 2003). In
both cases, the discrepancy between the observed distribution of visible matter and the
calculated mass points towards a large additional presence of invisible matter. There
is additional evidence in the power spectrum of the Cosmic Microwave Background
(CMB) (Hinshaw et al., 2009), Dark Energy measurements (via observations of Type 1a
supernovae, see (Kowalski et al., 2008), Baryon Acoustic Oscillations (Percival et al.,
2007), Redshift-Space Distortions (Peacock et al., 2001) and others.

Among theorized subatomic particles there are several potential candidates for dark
matter (Bergström, 2009). Regardless, the currently accepted view is the ‘cold’ dark
matter paradigm, where dark matter particles have been moving relatively slowly since
the early universe, and have little or no interaction with the electromagnetic spectrum
or other types of matter (Blumenthal et al., 1984). Crucially, the gravitational interac-
tions of dark matter wholly dominate all other interactions on large scales. The initial
dark matter distribution, perturbed by the primordial density fluctuations, collapse
under gravity to form the ‘skeleton’ of galaxy formation, upon which baryonic matter
accretes, forming galaxies surrounded by dark matter ‘haloes’.

On larger scales, the expansion of the universe (initially driven by radiation and mat-
ter) is now known to be accelerating (Peebles and Ratra, 2003). The exact mechanism
behind this (dubbed ‘Dark Energy’) is unknown, but the best picture so far is drawn
from Einstein’s equations of General Relativity, specifically the introduction of a ‘cos-
mological constant’ Λ. Adding this to the cold dark matter picture yields the popular
‘ΛCDM’ model. The expanding universe on large scales leads to an ever-decreasing
background density, and the accretion of dark matter into dark matter haloes leads to
an increasingly ‘craggy’ substructure, superimposing large and small overdensities and
large voids. A visualisation of this dark matter substructure is shown in Figure 1.3.

Through numerical simulations, the ΛCDM model has been notably successful in re-
producing observational structure at medium to large scales (greater than a few kilo-
parsecs), e.g. Primack (2005). Traditionally, the dark matter substructure is simulated
independently of baryonic components in a so-called ‘N-body’ simulation. Dark mat-
ter is predominantly thought to interact only gravitationally, so some number of dark
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FIGURE 1.3: A visualisation of the ‘cosmic web’ of dark matter, created using the
Bolshoi simulation data (Klypin et al., 2011b) within Unreal Engine (Astera, (Marsden
and Shankar, 2020) see Chapter 5). Dark matter haloes are represented by dark points,

which form filaments, clusters and voids.

matter particles can be simulated within a cosmological volume and simply evolved
under their own gravity. Conceptually, this method is very simple. Some number of
point particles are placed in a simulated box, and the force applied to each mass from
the gravitational influence of every other particle in the simulation is calculated by
solving the Poisson equation. This can then be used to calculate acceleration, and the
simulation is evolved in a series of time steps. The effect of any desired cosmological
expansion of space must also be considered, as must the effect of the borders of the
simulation (periodic boundary conditions are often considered a reasonable approxi-
mation to a large or infinite universe).

While conceptually simple, when large numbers of particles are introduced, the calcu-
lation of a distance from each particle to every other particle becomes extremely ex-
pensive (O(n2) operations for n particles), so techniques have been developed to sim-
plify this. This includes the ‘tree code’ (Barnes and Hut, 1986), which only considers
nearby particles individually, the ‘particle mesh’ approach (Hockney and Eastwood,
1988), which divides the domain into a grid and computes potential via Fourier trans-
form, and a tree-mesh ‘hybrid’ approach, effectively mesh codes that use tree methods
on small scales; GADGET-2 (Springel, 2005) being a popular example. Modern N-body
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simulations can utilize as many as 1012 particles (Kim et al., 2011), and many simula-
tions are starting to utilize technologies such as dedicated graphics (Belleman et al.,
2008) for even larger potential simulations.

The behaviour of dark matter within N-body simulations follows hierarchical assembly.
Dark matter, initially following some density field (namely the initial power spectrum),
collapses into areas of greater density. Haloes of dark matter collapse further, increas-
ing their density, and growing via the smooth accretion of dark matter particles and full
mergers with other haloes, increasing their mass. The resulting structure is known as
the ‘cosmic web’, where haloes arrange themselves into clusters, filaments and voids.
A representation of this structure is shown in Figure 1.3, a rendering of the Bolshoi
Simulation (z = 0 snapshot) Klypin et al. (2011b) using Astera (Marsden and Shankar,
2020) (see Section 5.2.3).

Once a simulation itself has been run, the opening process is to (numerically) iden-
tify the dark matter haloes where galaxy formation occurs. Because a concentration
of dark matter particles is not discrete (i.e. it is not necessarily clear which halo (if
any) a particle belongs to), defining the exact borders of a halo is a somewhat difficult
process. The traditional method is to define a halo within a sphere which contains an
average density ∆vir with respect to the background density of the universe. Many
groups adopt ∆vir = 200, which is rounded up from the approximate density pertur-
bation in an Einstein-de Sitter Universe (≃178). Further complications arise in defining
‘sub’ haloes (haloes within haloes, in the process of being gravitationally stripped and
merging with their host). An overview of techniques for halo and subhalo finding and
consideration of their merits can be found in Klypin et al. (2011).

Once haloes and subhaloes have been identified, they are compiled into a merger tree;
this construct records the masses of haloes at all times across the evolution of the sim-
ulation, tracing haloes as they merge to form larger haloes across the simulation. This
construct can act as the foundation for the next stage of galaxy modelling, namely
semi-analytic and semi-empirical modelling (as mentioned, hydrodynamical simula-
tions simulate the baryonic and dark matter components together, so such an approach
is not necessary). It is worth noting that there are other ways of generating mergers
trees without the full N-body simulation, such as the Extended Press-Schechter formal-
ism (Lacey and Cole, 1993) or the PINOCCHIO algorithm (Monaco et al., 2002).

1.2.2 Galaxies: Hierarchical Growth

The gas accreted in the deeper potential wells of the host dark matter haloes will start
cooling at different rates depending on its density and initial temperatures. At ‘high’
temperatures (T > 107 K) the gas will cool principally via bremsstrahlung radiation,
at ‘medium’ temperatures (in the range T ∼ 104−7 K) by ionized electron decay and
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electron recombination, and at ‘low’ temperatures (T < 104 K) by metal line cooling.
If radiative processes are not sufficient, a so-called ‘cooling flow’ can form, where the
central regions at higher temperatures cool faster, and the outer regions collapse (or
‘flow’) into the inner regions. Gas that has sufficiently collapsed will eventually become
supported by its own angular momentum, obtained from tidal torques (Mo et al., 2010).

In the most central regions of a dark matter halo, gas may become dense enough to be-
come self-gravitating. Denser regions cool faster, and some regions may reach densities
sufficiently intense to kindle nuclear fusion. The processes behind which stars form is
still not well understood (McKee and Ostriker, 2007). Stellar evolution is a dynamic
process, and can infuse a galaxy with products such as metals and cosmic dust. Many
of these features contribute to a galaxy’s SED, which can be extracted via Stellar Popula-
tion Synthesis techniques (Conroy, 2013). Galaxies are also known to accrete primordial
hydrogen from the cosmic web, in principle leading to ongoing growth throughout a
galaxy’s lifetime. This ‘in-situ’ star formation is thought to be one of the main processes
driving galaxy growth (e.g. Kennicutt, 1998).

Galaxy properties are commonly represented by expressing a comoving number den-
sity as a function of a global property; this is known as a ‘distribution function’. The
distribution functions of many galaxy properties commonly follow a distinguishing
shape described by a ‘Schechter’ function (or gamma distribution) (Schechter, 1976),
which can be described by a power law and an exponential fall-off at a characteristic
value. Estimates of the Stellar Mass Function (SMF) over cosmic time show that galax-
ies also gain mass through merging (‘ex-situ’ growth) (Conselice et al., 2003; Somerville
and Davé, 2015). The ‘Hierarchical’ model (see Madau and Dickinson, 2014) predicts
that large structures are built from the merging of smaller structures. It is also be-
lieved that high mass galaxies formed relatively early, as the number density of higher
mass galaxies increases rapidly between z∼2-3 but stays predominately constant be-
tween z∼2-0 (Muzzin et al., 2013). The lower mass galaxies observed today appear to
have formed later and on a longer timescale (so-called ‘mass assembly downsizing’, see
Cimatti et al. 2006). It is however unclear how the most massive galaxies have assem-
bled their mass, as some models suggest a relatively limited role of mergers (e.g. Lapi
et al., 2011), while others suggest that mergers can have a strong impact (e.g. González
et al., 2011b).

Intimately connected with the growth of galaxies is the observed variations in galaxy
morphology. Edwin Hubble, the father of extragalactic astronomy, provided the first
galaxy classification scheme (the ‘tuning fork’ diagram) apportioning galaxies into the
classifications of ellipticals, spirals (barred and non-barred) and irregulars. Although
this classification has since been expanded (e.g. van der Marel et al., 1994), modern ob-
servations show that almost all galaxies generally exhibit a morphology that broadly
falls into one of these categories. More generally however (for the purposes of this
work) I assume galaxies can be classified as having a ‘bulge’ and ‘disk’ component
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FIGURE 1.4: Cartoon image showing the hierarchical model. In this model, small
galaxies form first, and their merging forms larger structures. This process is driven
by the gravitational effect of the underlying dark matter substructure, which is not

shown here.

in some combination (parameterised by the B/T (Bulge-to-total) ratio). The bulge is a
broadly spherical, compact region of stars that are supported by random motions, and
can be fitted with a Sérsic brightness profile (Sérsic, 1968). More generally, elliptical
galaxies, whilst lacking a disk, follow an extremely similar brightness profile, leading
to ellipticals and bulges being frequently grouped together as ‘spheroids’ (Caon et al.,
1993; Ciotti and Bertin, 1999; Graham et al., 2001)2. Disks are larger, flatter and rotation-
ally supported and commonly exhibit active star formation, and can be fitted with an
exponential brightness profile (Mo et al., 2010). Figure 1.5 shows M104, the Sombrero
galaxy, which is (visually) a good example of a nearby galaxy with strong bulge and
disk components. The bulge is the central diffuse ‘glow’ (actually comprised of stars

2It should be noted that strictly speaking bulges should be classified into two types, classical bulges,
with classical ‘elliptical’ Sérsic profiles, and pseudobulges, the latter of which have more ‘sprial-like’ mass
distributions. See e.g. Kormendy (1993); Fisher and Drory (2008); Gadotti (2009); Erwin (2008). I do not
consider pseudobulges in this work.
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FIGURE 1.5: The Sombrero Galaxy (M104), a good example of a galaxy with prominent
bulge and disk components. Image credit: HST/NASA.

with randomly oriented orbits), and the disk is the flat, almost edge-on component
strongly emphasised by prominent dust lanes 3.

Spectroscopically, galaxies seem to fall into one of two persuasions; a colour-mass di-
agram shows a discrete ‘red sequence’ (typically ellipticals) and a broader ‘blue cloud’
(typically spirals) (Bell et al., 2004; Strateva et al., 2001; de Vaucouleurs, 1961). Spectro-
scopic pointers towards stellar age and photometry in the UV and IR show that the red
sequence is comprised of ‘quiescent’, non-star forming galaxies with older stellar pop-
ulations, whereas the blue cloud contains galaxies with a relatively adolescent stellar
population and considerable ongoing star formation (Schiminovich et al., 2007; Baldry
et al., 2004; Martin et al., 2007; Brinchmann et al., 2004; Salim et al., 2007; Noeske et al.,
2007). Between these regions lies the so-called ‘green-valley’ (Bell et al., 2004; Martin
et al., 2007; Faber et al., 2007; Fang et al., 2012; Schawinski et al., 2014). Deep surveys
have shown that this bimodality exists up to at least z∼2 (and possibly higher), and that
the number of quiescent galaxies has been slowly increasing over cosmic time, whereas
the number of star forming galaxies is decreasing (Muzzin et al., 2013; Brammer et al.,
2011). The implication is therefore that over cosmic time there is some physical pro-
cess that is ‘quenching’ star formation, the nature of which is not yet fully understood
(Schawinski et al., 2014; Chen et al., 2020). Quenching processes can be broadly di-
vided into two categories, processes that forcibly expel gas from the galaxy (‘ejective’
feedback) and processes that heat gas so that it can no longer collapse to form stars
(‘preventative’ feedback) (Kereš et al., 2009).

3The B/T ratio of this galaxy is generally accepted to be ∼ 0.77, although this is debated (Cohen et al.,
2020).
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There are several physical effects that could occur in a galaxies lifetime4 that are reg-
ularly invoked to explain the diversity (both morphological and spectroscopic) in the
galaxy population:

• Major Mergers. Merger events occur when two galaxies actively collide and merge
together to form a more massive galaxy. Several examples of ongoing mergers
have been observed. Merger events are classified according to their merger ra-
tio, or ratio of the mass of the smaller galaxy to the mass of the larger. A merger
event is classified as ‘major’ if this ratio exceeds some value, normally ∼0.3. Such
a violent interaction will inevitably disrupt any pre-existing galactic structure, re-
moving angular momentum from the disk (Toomre, 1977; Barnes, 1988; Barnes
and Hernquist, 1992; Hernquist, 1992; Mihos and Hernquist, 1996). There is sig-
nificant debate as to the role major mergers play in quenching and in building
massive elliptical galaxies. While initially intense star formation is likely to be
triggered, a major merger could also shock heat any gas component, potentially
quenching the galaxy (Lambas et al., 2012). Stellar feedback from any star forma-
tion can also contribute (Cox et al., 2006). However, hydrodynamical simulations
have shown that gas-rich mergers can instead lead to the re-formation of disks
(Springel et al., 2005; Hopkins et al., 2009a; Robertson et al., 2006a). This sug-
gests that morphological transformation must be intimately linked with quench-
ing; some process is required to remove the gas before galaxies merge, and to
prevent new gas from cooling.

• Minor Mergers. Minor mergers occur when there is a large difference in mass
between the merging galaxies. In this case, the merging galaxy does not have
enough mass to fully disrupt the parent, instead thickening disks (Moster et al.,
2010a; Walker et al., 1996) and/or drawing stars out of their ordered motions in
galactic disks and into the bulge component (Toomre and Toomre, 1972; Somerville
and Davé, 2015, and references therin).

• Disk instabilities. It has also been suggested that bulges may grow ‘in-situ’, i.e.
without outside interference. Strictly speaking there are two types of processes
that can results in this, but they are collectively termed ‘disk instabilities’. In the
first, clumps can form in the disk, and migrate to the galaxy centre (Dekel et al.,
2009; Bournaud et al., 2011; Elmegreen et al., 2008). The second method involves
the formation of a bar, transferring mass into the compact core (Combes et al.,
1990; Hohl, 1971; Ostriker and Peebles, 1973; Toomre, 1964).

• Shock Heating. A well studied mechanism for limiting the collapse of a gas cloud,
the conversion of gravitational potential energy into heat can potentially result in

4I only consider massive galaxies in this paradigm, so processes that might (for example) quench small
satellite galaxies (such as ram-pressure/tidal stripping) are not discussed here. See e.g. Gunn and Gott
(1972); Balogh et al. (2000)
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a hot halo of gas in massive galaxies (Birnboim and Dekel, 2003; Kereš et al., 2009;
Dekel and Birnboim, 2006). This process alone cannot however be maintained, as
the hot halo will eventually cool (on timescales of ∼2 Gyr), so additional feedback
processes are required (Birnboim et al., 2007).

• Feedback. Within galaxies themselves, it is clear that at the present day only ∼10%
of the total baryonic mass has formed stars; this is unexpected, as without some
kind of feedback mechanism it is likely that almost all gas should have cooled
to form stars at the current age of the universe (Krumholz et al., 2012). It is now
accepted that there are several mechanisms supplying energy to interstellar gas,
from radiation pressure to supernovae feedback (see Hopkins et al. (2012) for
details). Externally, these processes are thought to be driving clear outflows of
gas observed in star forming galaxies (Veilleux et al., 2005). AGN can theoretically
deposit extremely large quantities of energy into the gas in and around galaxies.
This will be discussed at length in Chapter 4, as it is of critical importance to this
work.

Overall, some combination of these effects have most likely driven the evolution of the
galaxies observed today. In a ΛCDM universe, mergers are expected to be ubiquitous,
with major mergers providing a convincing mechanism for the formation of spheroids.
Semi-analytic models of galaxy evolution have generally found that major mergers are
not enough to explain the relative abundances of spheroids observed today, so disk in-
stabilities are often invoked to explain this discrepancy (Parry et al., 2009; De Lucia and
Blaizot, 2007; Guo et al., 2011; Porter et al., 2014). Reproducing the quenched fractions
of galaxies has proven harder, requiring feedback mechanisms from AGN to explain
even the observed colour-magnitude relations, let alone the quenched fractions (Gabor
et al., 2011; Silk and Mamon, 2012; Somerville et al., 2008; Bower et al., 2006; Croton
et al., 2006; Kimm et al., 2009; Somerville et al., 2008).

1.2.3 Velocity Dispersion

Galaxies are made up of stars that move in orbits. These orbits may vary substantially,
with the combined orbital paths containing detailed information about the assembly
history of the galaxy. This information is partially represented by galaxy’s line-of-sight
velocity dispersion. Absorption lines in the spectra of spheroids are broadened by the
combination of this intrinsic velocity dispersion and integration along the Line of Sight
(LOS). The overall integrated spectrum, weighted by brightness, will therefore be sim-
ilar to that of the individual stars, but with broader absorption lines due to the motion
of the stars. There are a variety of techniques used to obtain this measurement, see
e.g. Burbidge et al. (1961); Minkowski (1962); Morton and Chevalier (1972); Richstone
and Sargent (1972); Simkin (1974); Sargent et al. (1977); Bender and Nieto (1990); Rix
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and White (1992); Barth et al. (2002); Grier et al. (2013). Velocity dispersion is normally
measured within an aperture comparable to the effective radius of the galaxy R ≲ Re,
denoted σap(R). σap(R) is a key property in interpreting galaxy structure and evolu-
tion. Galaxy scaling relations appear much tighter and linear when expressed in terms
of σap(R) than, e.g., stellar mass or size (e.g., Bernardi et al., 2005, 2011a). In addition,
analysis of residuals from scaling relations reveals that velocity dispersion appears as
the most fundamental galaxy property linked to the mass of the central supermassive
black hole (e.g., Bernardi et al., 2007; Shankar et al., 2016; Marsden et al., 2020), with
a weak evolution along cosmic time (e.g., Shankar et al., 2009; Shen et al., 2015) (see
Section 1.2.4). All of these pieces of observational evidence point to velocity disper-
sion as one of the main probes of both galaxy and supermassive black hole growth and
assembly.

As discussed, galaxies appear to be progressively more compact at earlier epochs, with
the more massive early-type galaxies showing the strongest evolution in their struc-
tural parameters (e.g., Trujillo et al., 2006; van Dokkum et al., 2008; Damjanov et al.,
2011; Cimatti et al., 2012; Huertas-Company et al., 2013; van der Wel et al., 2014; Faisst
et al., 2017; Mowla et al., 2019). One of the most popular ways to reconcile the local
and high redshift observations is to invoke mergers, especially if minor and “dry” (gas-
poor) mergers, which models predict to be frequent and effective enough to increase the
sizes, Sérsic indices and to decrease velocity dispersions (e.g., Robertson et al., 2006b;
Covington et al., 2008; van Dokkum et al., 2008; Naab et al., 2009; Nipoti et al., 2003,
2009; Oser et al., 2010; Shankar et al., 2010a,b; Covington et al., 2011; Nipoti et al., 2012;
Oser et al., 2012; Shankar et al., 2013a; Lapi et al., 2018; Zanisi et al., 2021). However,
additional processes can have a significant impact on modifying the structure and dy-
namics of galaxies, e.g., feedback from a central active galactic nuclei (AGN) and/or
internal star formation (e.g., Fan et al., 2008, 2010; Ragone-Figueroa and Granato, 2011)
as we have discussed, or even the appearance of newly-formed larger galaxies that
may drive the observed evolution in a statistical sense (e.g., Carollo et al., 2013; Dam-
janov et al., 2015; Shankar et al., 2015; Fagioli et al., 2016). Indeed, velocity dispersion is
predicted to grow steadily with star formation, but in a non-linear fashion in the pres-
ence of dry (gas-poor) mergers (e.g., Robertson et al., 2006b; Naab et al., 2009; Nipoti
et al., 2009; Oser et al., 2012). Numerical simulations have shown that dry major merg-
ers are expected to have a negligible impact on velocity dispersions, which are instead
predicted to decrease due to the cumulative effect of minor dry mergers. Stochastic
evolutionary sequences driven by strictly dry mergers are thus expected, on average,
to steadily decrease velocity dispersions in galaxies with cosmic time. In Figure 1.6
I show the M∗ vs σ from the SDSS (filled circles with error bars) compared to mod-
elling presented in Bernardi et al. (2011b). A linear relation (long-dashed line) is ‘bent’
when velocity dispersion evolves via a sequence of (gas-poor) minor mergers. Each
line represents a limit to the mass ratio ( fMIN = Msat/Mcent) of merging satellites (at a
rate predicted by numerical simulations). Setting a lower limit strongly increases the
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FIGURE 1.6: The Faber-Jackson relation (M∗ vs σ) from the SDSS vs a merger toy
model presented in Bernardi et al. (2011b).

curvature of this line, showing how sensitive velocity dispersion based observables are
to the exact rate and magnitude of mergers over cosmic time. In merger-free galaxy
growth histories dominated by passive or weak evolution, velocity dispersions should
instead retain memory of the formation epochs of the galaxies (e.g., Granato et al., 2004;
Cook et al., 2010; Lapi et al., 2018). In this framework, using an analytic model Cira-
suolo et al. (2005) were able to reproduce the full local velocity dispersion function of
early-type galaxies by linking velocity dispersion to the circular velocity of the halo
(e.g., Ferrarese, 2002) at the epoch of the main burst of star formation. Dissecting the
σ evolutionary tracks along the progenitors and/or at fixed stellar mass, which is the
main aim of this thesis, can thus shed light on the different channels controlling galaxy
assembly.

Velocity dispersion is also a tracer of the distribution of dark matter in the inner re-
gions of the galaxies, via the dynamical mass Mdyn(< R) ∝ σap(R)2R, which traces
the gravitational influence on test stellar or gas particles of the total mass within a
certain radius R. The ratio between dynamical and stellar mass within the effective ra-
dius, Mdyn/M∗(<Re), appears to be increasing with stellar mass, Mdyn ∝ M∗1+α, with
α ∼ 0.2−0.3 (e.g., Pahre et al., 1998; Padmanabhan et al., 2004; Gallazzi et al., 2006; Hop-
kins et al., 2009b), which is related to the overall “tilt” of the fundamental plane (FP) of
galaxies (e.g., Djorgovski and Davis, 1987; Dressler et al., 1987), where the FP terminol-
ogy is usually mostly applied to earlier type galaxies (e.g., Bernardi et al., 2020, but see
also Ferrero et al. 2021). Different effects could contribute to the tilt of the FP and more
specifically to the slope of the Mdyn/M∗(< Re) ratio, from an increasing contribution of
dark matter in larger/more massive galaxies, to the effect of stellar non-homology, ra-
dial anisotropy, and/or systematic variations of the stellar population properties (e.g.,
Ciotti et al., 1996; Prugniel and Simien, 1997; Trujillo et al., 2004; Bertin and Lombardi,
2006; Cappellari et al., 2006; Hyde and Bernardi, 2009; Hopkins et al., 2009b; Cappellari
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et al., 2013a; D’Onofrio et al., 2013; Zahid et al., 2016; Zahid and Geller, 2017; Bernardi
et al., 2020; Mould, 2020; D’Eugenio et al., 2021).

In recent years it has become evident that the stellar initial mass function (IMF) may not
be a universal constant. The IMF is (at its core) a distribution function that describes the
inital distribution of masses for stellar populations (Mo et al., 2010). Systematic changes
in the IMF, either across the population, or within a galaxy itself, can lead to changes
in the stellar mass-to-light ratio. A large body of relatively recent literature argues that
the systematic increase of Mdyn/M∗ with M∗ is almost entirely due to an IMF-driven
M∗/L variation across the galaxy population (e.g., Cappellari et al., 2006; Conroy and
van Dokkum, 2012; Cappellari et al., 2013a; Lyubenova et al., 2016; Tang and Worthey,
2017; Li et al., 2017, 2018). These studies conclude that the IMF correlates with σap,
becoming more bottom-heavy (Salpeter-like, e.g. Salpeter 1955) in galaxies with larger
σap(< Re), so that stellar mass estimates based on stellar population modelling which
assume a universal IMF are systematically incorrect. However, these analyses assume
that the IMF, and hence M∗/L within a galaxy, is constant. Recent work has shown
that the IMF may, in fact, vary within a galaxy, becoming more bottom-heavy closer to
the galaxy centre (e.g., Martı́n-Navarro et al., 2015; La Barbera et al., 2016; Lyubenova
et al., 2016; van Dokkum et al., 2017; Parikh et al., 2018). This led Bernardi et al. (2018) to
argue that IMF-driven M∗/L gradients within a galaxy could account for much of the
perceived variation in Mdyn/M∗, and subsequent analyses have shown that realistic
gradients may indeed reconcile the Mdyn and M∗ estimates (Chae et al., 2018, 2019;
Domı́nguez Sánchez et al., 2019; Bernardi et al., 2019). In this thesis I will show that
mass and dynamical modelling inclusive of an IMF-driven M∗/L gradient can indeed
reproduce the full systematic increase of Mdyn/M∗ with M∗ as measured by large local
galaxy samples. However, I will also show that ignoring such IMF-related effects when
estimating M∗, still matches some of the main sigma-related observables, which is a
relevant result given that estimating IMF-related effects is costly (high S/N spectra are
required).

More generally, in this thesis I will present a flexible yet accurate Jeans modelling ap-
proach developed under a variety of assumptions: the stellar profile, including wher-
ever relevant a disk component; the inner dark matter profile; and the evolution with
redshift of the galactic structural properties relevant to velocity dispersion. I will show
that, whatever the exact choice of input parameters, all my models are able to repro-
duce the local data and make specific predictions on the relative roles of dark matter
and stellar IMF, and on the evolution with redshift of σap(R) which are difficult to rec-
oncile with models based solely on dry mergers.
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1.2.4 Black Holes

Black Holes are arguably the most mysterious objects in the known universe. Re-
gions of intensely curved spacetime, their gravitational influence is so intense that
not even light can escape. Observational evidence suggests that galaxies host a cen-
tral supermassive black hole (henceforth simply ‘black hole’, not to be confused with
an ‘ordinary’ stellar mass black hole), with masses of the order of ∼106−9M⊙. The
best evidence for the existence of these objects comes from within our own galaxy,
where measurements of stellar dynamics confirmed the presence of a veiled ‘leviathan’
(∼4.4 × 106M⊙) designated as Sagittarius A* (Genzel et al., 1997; Ghez et al., 1998).
Indeed, many nearby galaxies for which high-resolution data can be acquired show
stellar kinematic patterns strongly suggesting the presence of a central massive dark
object (Ferrarese and Ford, 2005; Kormendy and Ho, 2013).

The existence of massive black holes at the centre of galaxies also lends further support
to the widely-accepted paradigm that quasars, and more generally AGN, are powered
by matter accreting onto a central black hole. AGN are compact regions in the centres
of many galaxies that exhibit terrific brightness over large portions of the electromag-
netic spectrum. The release of gravitational energy from an infalling body of mass m
approaching the Schwarzschild radius Rs = 2GM/c2 of a compact object of mass M is
possibly the most efficient energy-release process exhibited in nature. As discussed by
Peterson (1997), the emission from the release of gravitational energy increases with the
compactness of the source M/r. Assuming that most of the gravitational energy E pow-
ering the emission from an accreting black hole originates from within a few times Rs,
say r = 5Rs, one could set E = GMm/5Rs, implying E = 0.1mc2. The latter efficiency
η ∼ 0.1 of energy conversion in units of the rest-mass energy is an order of magni-
tude higher than the efficiency in stellar fusion (η ∼ 0.008). Such titanic energy release
provides an attractive explanation for high AGN luminosities, with theoretical models
also suggesting that the energy/momentum release from the central black hole, (AGN
feedback), could have profound consequences on the fate of its host galaxy, potentially
driving out a galaxy’s gas reservoir and quenching star formation (Silk and Rees, 1998;
King, 2019). The masses of black holes within active galaxies can be estimated using
a technique called ‘reverberation mapping’, although this requires calibration from the
MBH-σ relation (Bahcall et al., 1972; Peterson, 1993).

The central black hole masses, inferred from dynamical measurements of the motions
of stars and/or gas in the host galaxies, appear to scale with galaxy-wide properties
(or perhaps bulge-wide properties), such as stellar mass (Magorrian et al., 1998; Häring
and Rix, 2004) and stellar velocity dispersion (Ferrarese and Merritt, 2000; Gebhardt
et al., 2000; Ferrarese, 2002; Tremaine et al., 2002; Gültekin et al., 2009; McConnell and
Ma, 2013; Savorgnan and Graham, 2015). The existence of such correlations is remark-
able, as the black hole’s (sub-parsec scale) sphere of influence is orders of magnitude
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smaller than the scale of its host galaxy (kilo-parsec scale). These correlations suggest
a close link (a “co-evolution”) between black holes and host galaxies (Silk and Rees,
1998; Granato et al., 2004).

Modern black hole formation theories generally agree that the first black hole seeds
formed at z ≳ 15. There are several possibilities for black hole seeding (Volonteri, 2010),
arguably the most straightforward being the black holes formed from the remnants of
the legendary ‘Population III’ stars (formed from ultralow-metallicity primordial gas),
forming at z ∼ 20 with masses of a few hundred M⊙ (‘light seeds’). This arrangement
has problems explaining the high mass black holes powering AGN at z ∼ 6 (Willott
et al., 2010) without invoking accretion rates exceeding the Eddington limit5. An alter-
native model suggests that it is possible for gas clouds (of low-metallicity, with suffi-
cient virial temperature and suppressed H2 formation from UV background) to collapse
into ‘heavy seeds’ of thousands to tens of thousands M⊙ at z ∼ 10−15 (Bromm and
Loeb, 2003). A variation on this process include the fragmentation of gas clouds into
a compact start cluster, within which stellar collisions assemble a black hole seed of a
few hundred stellar masses (Devecchi and Volonteri, 2009).

Simple integral arguments (as famously suggested by Soltan 1982) suggest that black
holes grow primarily through episodic accretion events. How this evolution is related
to the distribution of black hole masses, the distribution of Eddington ratios, and the
actual probability of a black hole being active (the ‘Duty Cycle’) is still a topic of much
debate. It is generally agreed that a significant fraction of black hole growth is likely
to happen in a ‘Quasar’ phase, most likely triggered by the merging of two massive
galaxies. A quasar phase can grow a black hole by tens of millions to hundreds of
millions M⊙, making these events rare occurrences in a black hole’s lifetime. Further
growth is by lower luminosity accretion phases due the random accretion of cold gas
(Hopkins and Hernquist, 2006).

Black hole growth is also known to occur via mergers. During a galaxy merger event,
it is likely that dynamical friction will eventually bring black holes together. A binary
pair is likely to be formed at a separation of a few parsecs, where the infall process has
ejected sufficient matter to suppress the effects of dynamical friction. Overcoming this
final distance can be problematic (the ‘final parsec’ problem), but solutions involving
the introduction of additional matter or even a third black hole have been proposed
(Merritt, 2013). Such systems are known to exist; Graham and Scott (2015) reported the
observation of a binary black hole system with a separation of approximately 0.1 pc.
At distances ≤ 0.01 pc, energy loss via gravitational waves can cause significant loss of
orbital energy, eventually causing the black holes to merge, a significant gravitational
wave event.

5The Eddington luminosity (or Eddington limit) is the maximum luminosity an object can achieve,
balancing the outward force of radiation and the gravitational force acting inward. The luminosity of an
object is sometimes expressed in terms of its Eddington ratio, or the ratio of its actual luminosity to its
Eddington luminosity.
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The most prominent and studied scaling relation relates the black hole mass MBH to the
stellar velocity dispersion σ (Ferrarese and Merritt, 2000) and the (stellar) mass of the
host bulge, Mbulge (and by extension the luminosity of the bulge Lbulge, see Marconi and
Hunt (2003)). Other types of correlations have been proposed in the literature, such as
correlations with the bulge light concentration cbulge (Graham et al., 2001) and even the
mass of the surrounding dark matter halo Mhalo (Ferrarese, 2002). This work will focus
on the MBH-σ relation, where σ is the stellar velocity dispersion inferred from spectral
absorption lines (see Mo et al. (2010), Chapter 2).

The MBH-σ relation has attracted the attention of the astronomical community since
its discovery (Ferrarese and Merritt, 2000), as it is believed to be closely connected to
the galaxy/halo gravitational potential well, and thus may be related to the above-
mentioned AGN feedback process (Granato et al., 2004). The relation is of the form:

log
MBH

M⊙
= α + β log

σe

200kms−1 . (1.1)

Ferrarese and Merritt (2000) initially retrieved a normalization and slope of, respec-
tively, α = 8.14 ± 1.80 and β = 4.80 ± 0.54, whereas more recent work (e.g., Tundo
et al., 2007) suggests α = 8.21 ± 0.06 and β = 3.83 ± 0.21. There is some debate in
the literature concerning the exact shape of the MBH-σ and its dependence on, for ex-
ample, morphological type or even environment (see, e.g., Lau, Wyithe (2006) and Hu
(2008) for more details). It has been noted (e.g. van den Bosch et al. (2012)) that several
overmassive black holes exist on this relation, hosted by galaxies that have undergone
fewer than usual mergers, in tension with semi-analytic models (Savorgnan and Gra-
ham, 2015). However, these outliers could simply be the result of incorrect modelling
of the galactic bulge/disk (Saglia et al., 2016).

Several groups have noted that the MBH-σ relation only weakly evolves with redshift
(if at all) (e.g. Gaskell, 2009; Salviander and Shields, 2013; Shen et al., 2015). Supporting
work by other groups base their conclusions on direct estimates of the MBH-σ relation
on high redshift quasar samples (Woo et al., 2008), and studies based on comparing the
cumulative accretion from AGN with the local black hole mass density, retrieved from
assigning to all local galaxies a black hole mass via the MBH-σ relation (e.g. Shankar
et al., 2009; Zhang et al., 2012).

On the assumption that all local galaxies host a central black hole, scaling relations
could in principle allow us to assign black hole masses to all local galaxies without
direct dynamical mass measurements, thus generating large-scale black hole mass sta-
tistical distributions such as black hole mass functions or correlation functions (see
Shankar et al. (2009) and Graham and Scott (2015) for reviews on this topic). For exam-
ple, a number of groups have used luminosity, as performed by Shankar et al. (2004),
Salucci et al. (1999) and Marconi et al. (2004), or even Sérsic index, as performed by
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Graham et al. 2007), to generate black hole mass functions. This procedure of course
relies on two assumptions: firstly, that the observer has correctly identified the surro-
gate observable of black hole mass, and secondly that the established scaling relation is
reliable. For example, the MBH-σ and MBH-Lbulge, probably the most commonly used
relations, have led to different black hole mass function estimates (Lau; Tundo et al.,
2007).

An important question is whether the same black hole-galaxy scaling relations hold
for both active and inactive galaxies. Several groups suggest that this is indeed the case
(e.g. Reines and Volonteri, 2015; Caglar et al., 2019; Shankar et al., 2019b). It is important
to stress that the samples of nearby (inactive) galaxies on which the black hole-host
galaxy relations are based, still remain relatively small, only comprising around ∼ 70-
80 objects. A key difficulty relies of course in acquiring sufficiently high-resolution data
to allow for dynamical black hole mass measurements (see Faber (1999), Ferrarese and
Ford (2005) and Kormendy and Ho (2013) for reviews of observational challenges).

Indeed, there is a growing body of work (Bernardi et al., 2007; van den Bosch et al.,
2015; Shankar et al., 2016, 2017a, 2019a,b) supporting the view that current dynamical
black hole mass samples may indeed be “biased-high”, possibly due to angular resolu-
tion selection effects (see Merritt, 2013), with meaningful consequences for any study
based on the “raw” relations. Interestingly, Shankar et al. (2016) showed that, via aimed
Monte Carlo simulations, irrespective of the presence of an underlying resolution bias,
the raw and “de-biased” scaling relations would still share similar slopes and overall
statistical properties (e.g., very similar residuals around the mean), with (noticeable)
differences arising only in the normalization between observed and de-biased scaling
relations. In particular, the MBH-σ was shown to be more robust and the least affected
by possible angular resolution effects.

Standard regression analyses showed that the MBH-σ has the lowest intrinsic scatter
of any black hole scaling relation; e.g. Gültekin et al. (2009), Saglia et al. (2016) and
van den Bosch (2016). This alone suggests σ is different from other variables. Beifiori
et al. (2012) came to the conclusion that MBH was fundamentally driven by σ due to its
relative tightness. This work also tested the possibility of multi-dimensional relations,
concluding that the introduction of additional variables barely reduced the scatter with
respect to the MBH-σ, suggesting that stellar velocity dispersion remains a fundamental
driving parameter. The amount of scatter characterizing diverse black hole scaling
relations has been studied by several groups (Marconi and Hunt, 2003; Hopkins et al.,
2007). These works also explored the addition of the effective radius Re to σ to create
a black hole ‘fundamental plane’ in the black hole scaling relations, further discussing
in Hopkins et al. (2007). This relation naturally arises in their simulations, as a (tilted)
correlation between black hole mass and bulge binding energy. This conclusion was
supported by Saglia et al. (2016), who argued for a multidimensional relation deriving
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from the bulge kinetic energy (Mbulgeσ2
e ), as originally suggested by Feoli and Mele

(2005).

de Nicola et al. (2019) presented a systematic study of black hole scaling relations on an
improved sample of local black holes, confirming that “the correlation with the effec-
tive velocity dispersion is not significantly improved by higher dimensionality”. The
authors concluded that the MBH-σ is fundamental over multidimensional alternatives,
independent of bulge decompositions. This is in line with van den Bosch (2016), who
claimed that the MBH-Mbulge is mostly a projection of the MBH-σ relation.

As mentioned, in terms of galactic scaling relations, velocity dispersion may be statis-
tically more significant and relevant than other galaxy observables (e.g. Bernardi et al.,
2011a,b). Bernardi et al. (2005) analysed the colour-magnitude-velocity dispersion rela-
tion of an early-type galaxy sample of the Sloan Digital Sky Survey (SDSS), concluding
that colour-magnitude relations are entirely a consequence of the combination of more
fundamental correlations with velocity dispersion.

Bernardi et al. (2007) noted that the MBH-σ and MBH-Lbulge predict different abundances
of black holes, with the former predicting a smaller number of more massive black
holes. Interestingly, the combined σ-L relation (for the dynamically measured black
hole sample, e.g. Yu and Tremaine 2002) is inconsistent with the same relation from
the SDSS, with smaller Lbulge for given σ (regardless of the band used to estimate lu-
minosity). This suggests that the dynamical sample of local black holes may be biased
towards objects with higher velocity dispersion when compared to local galaxies of
similar luminosity, which obviously calls into question the accuracy of the raw MBH-σ
and MBH-Lbulge relations. While unable to identify the source of the bias, modelling of
this effect by Bernardi et al. (2007) and Shankar et al. (2016) suggested that the bias in
the MBH-σ is likely to be small, whereas the MBH-Lbulge is likely to predict over-massive
black holes at a fixed galaxy (total) luminosity/stellar mass.

1.2.5 The main parameters controlling black hole growth: towards the cre-
ation of robust galaxy-AGN mocks

Additional and independent clues on the growth histories of supermassive black holes
and on their co-evolution with their host galaxies, can be extracted from studying the
statistical properties of AGN, on the common assumption that most of the past AGN
emissivity is generated from gas accretion onto (central) supermassive black holes. The
luminosity function of AGN represents a vital observational constraint on the growth
of black holes, the shape of which is dictated by the underlying distribution of black
hole masses and their Eddington ratios. For AGN samples to be used as a reliable sta-
tistical tool to probe black hole growth, they must of course be as complete as possible.
X-rays (and radio) provide a highly efficient method for selecting AGN, which would
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otherwise often be obscured and undetectable in other wavelength. X-Rays provide a
highly efficient method for selecting AGN, especially as a fraction of the AGN popu-
lation are surrounded by gas and dust that can obscure emission in some wavelengths
(Obscured AGN), so sources too faint for optical detection can be identified. Intrinsic
AGN X-ray emission is thought to originate from the immediate vicinity of the black
hole, via Compton up-scattering in the accretion disk corona (Done, 2010; Gilfanov and
Merloni, 2014). Some AGN are also known to exhibit X-ray ‘jets’ that can have strong
links to X-ray continuum emission (e.g. Miller et al. (2010), see also Blandford et al.
(2019)).

Studies of the AGN population have revealed a number of observational trends. It’s
known that, for example, a large proportion (∼80%) of AGN are obscured, and that the
obscured fraction decreases with time towards z = 0 (Ueda et al., 2014). Observations
have allowed the X-Ray AGN luminosity function to be measured up to z ∼ 4−5 (e.g.
Georgakakis et al., 2016; Bongiorno et al., 2012, 2016; Aird et al., 2012), which has in
turn revealed that AGN are a strongly evolving population. The abundance of AGN (or
more accurately their spatial density) is known to peak at ‘cosmic noon’ of z ≃ 1.5−2
(Aird et al., 2010, 2015). These trends are also observed in optically selected AGN (e.g.
McGreer et al., 2013; Ross et al., 2013). AGN selected using X-ray observations also
tend to exhibit ‘downsizing’ whereby more luminous sources seem to have abundances
that peak at earlier epochs (implying that more luminous sources assemble earlier, see
Ebrero et al. 2009). It has also been noted that the mean mass accretion of black holes
as extracted from the integral of the X-ray AGN luminosity function, closely traces the
cosmological star formation density (e.g. Marconi et al., 2004; Shankar et al., 2009; Aird
et al., 2015).

Much has been done to interpret these trends in a physical context. Naturally, an intu-
itive approach is to consider if there is any correlation between an accretion event and
the properties of the host galaxy, especially it’s morphological type and environment.
Major galaxy mergers are tempestuous events, and provide an ideal way to bring a
large supply of gas to a galaxy’s nuclear regions (Sanders et al., 1988; Barnes and Hern-
quist, 1991). However, studies have shown that a significant fraction of AGN activity
(at least since z ∼ 2) is occurring in ‘untroubled’ main-sequence disk galaxies (Geor-
gakakis et al., 2009; Kocevski et al., 2012). This suggests that the role of major mergers
may be circumscribed to a specific subset of the AGN population, such as only the
most luminous ones (Treister et al., 2012). In turn, the level of star formation within an
AGN host can be used as a tracer of available gas, but there is debate in the literature as
to whether AGN hosts exhibit atypical star formation rates or not (Santini et al., 2012;
Rosario et al., 2013; Mullaney et al., 2015). Further clues may be found in the environ-
ment of AGN hosts, as their position in the cosmic web may yield important leads on
the nature of AGN fuelling modes and the role of large-scale environment (Allevato
et al., 2011, 2014).
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The average growth of supermassive black hole growth of a given mass via gas ac-
cretion depends on a series of parameters, most notably the radiative efficiency, intro-
duced above, the duty cycle, i.e. the fraction of active black holes of that mass active at
that time, and the Eddington ratio, i.e. the rate at which these active black are accreting
mass with respect to their Eddington limit. Despite intense theoretical and observa-
tional studies, these parameters are still ill-constrained.

Several semi-analytical models and hydrodynamical simulations (e.g. Springel et al.,
2005; Hopkins et al., 2006; Menci et al., 2008) have been developed in recent years to
describe the main mechanisms that fuel the central supermassive black holes (BHs).
With suitable adjustment of parameters, these models can explain many aspects of
AGN phenomenology (e.g. Hopkins et al., 2006, 2008). Often relying on a rather heavy
parameterization of the physics regulating the cooling, star formation, feedback, and
merging of baryons (e.g. Monaco et al., 2007), semi-analytic models of galaxy evolu-
tion can present serious degeneracies (e.g. González et al., 2011a; Lapi et al., 2011), or
even significant divergences in, e.g., the adopted sub-grid physics (Scannapieco et al.,
2012; Nuñez-Castiñeyra et al., 2020). Habouzit et al. (2021) present comparison of the
black-hole mass host galaxy scaling relations from different simulations, finding that
the chosen prescriptions for supernovae and AGN feedback can strongly affect the de-
rived scaling relations.

Semi-empirical models (SEMs) represent an original and complementary methodology
to more traditional modelling approaches (see Section 1.3.2). The application of SEMs
are particularly relevant to the creation of active and normal galaxy ‘mock’ catalogues
(e.g. Conroy and White, 2013), which are a vital component of the planning of immi-
nent extra-galactic surveys such as Euclid (Laureijs et al., 2011) and the Vera C. Rubin
Observatory Legacy Survey of Space and Time (LSST; LSST Science Collaboration et al.,
2009). The first step for the creation of mocks consists in assigning galaxies to dark mat-
ter halos extracted from large cosmological N-body simulations (e.g. Riebe et al., 2013;
Klypin et al., 2016), via abundance-matching techniques (e.g. Marinoni and Hudson,
2002; Kravtsov et al., 2004; Vale and Ostriker, 2004; Shankar et al., 2006; Behroozi et al.,
2013; Moster et al., 2013). Despite being based on minimal assumptions, the latter are
not immune to important systematics, mostly related to the input data, which propa-
gate onto the star formation and mass assembly histories predicted by SEMs (e.g. Grylls
et al., 2020a,b; O’Leary et al., 2020).

In the last few years, several studies have focused on the creation of mock catalogs
specifically for AGN that can be utilized for the planning and testing of large-scale
AGN-dedicated extragalactic surveys such eROSITA (e.g. Georgakakis et al., 2019; Com-
parat et al., 2019; Aird and Coil, 2020). These AGN mocks are built by starting from an
empirical galaxy catalog and by assigning to each object a specific accretion-rate that
is proportional to the quantity LX/M∗, drawn randomly from observationally deter-
mined probability distributions PAGN(LX/M∗) (e.g. Bongiorno et al., 2016; Aird et al.,
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2018; Aird and Coil, 2020). This quantity can be measured directly from observations
and provides an estimate of X-ray emission per unit stellar mass for a galaxy.

The PAGN distribution has been derived in the last decade in several studies by using X-
ray selected AGN. Early observational works suggested a nearly universal shape (Aird
et al., 2012; Bongiorno et al., 2012) approximated by a power-law with a slope that does
not depend strongly on either redshift or host galaxy stellar mass, and a break close to
the Eddington limit. More recent investigations suggest a shape of PAGN similar to a
Schechter function that depends on the redshift, the stellar mass and the star-formation
rate of AGN hosts (e.g. Georgakakis et al., 2017; Aird et al., 2017, 2018).

The advantage of this methodology is that by using just a few input relations, namely
the stellar mass-halo mass relation (from abundance matching) and the probability dis-
tribution of specific accretion-rate PAGN, it is possible to create a mock catalog of AGN
that – be design – reproduces the observed X-ray luminosity function (XLF) and the
large-scale bias (see Appendix A.4) at a given host galaxy stellar mass. The explicit
assumption in these AGN mock catalogs is that the large-scale distribution of AGN
is independent of the physics of BH fueling. For example, key information such as
BH mass, the AGN duty cycle (i.e. the probability for a galaxy of being active above a
certain luminosity or threshold), is largely bypassed, which limits the efficacy of these
models in shedding light on the processes controlling the co-evolution of BHs and their
hosts. Moreover, in these models the assignment of specific accretion-rates to mock
galaxies by using PAGN is a stochastic process, and no distinction is made between cen-
tral and satellite galaxies, implying that AGN in satellite and central halos share the
same probability of being active.

In this thesis I will explore how to create AGN mock catalogs. By calibrating the AGN
mocks on the bias at fixed BH mass, stellar mass, and AGN luminosity, I will show a
self-consistent and robust route to break the most relevant degeneracies and narrow
down the choice of input parameters. I will present this work in Chapter 5.

1.2.6 Visualization of the large scale universe

I will now explore how I can ‘bring together’ the science exploring galaxy and black
hole evolution contained in this thesis. In this Section I will briefly review previous at-
tempts to ‘visualize’ the large scale universe, and how this has guided the development
of ‘Astera’, presented in Chapter 5.

As discussed, ΛCDM predicts that structure in the universe forms via the collapse of
dark matter into distinct filaments, voids and haloes (Zel’Dovich, 1970; Peebles, 1980).
This structure is notoriously difficult to visualize in two dimensions, and since the early
days of cosmological research, numerous attempts have been made to visualize the
’‘cosmic web”. Initial attempts by, for example, Doroshkevich and Shandarin (1978)
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showed a representation of the cosmic web as a simple 2D ’‘slice”, with simple-plotted
points representing the density distribution. Since then, increasing advances in digital
graphics have allowed for significantly more visually impressive images (e.g. Springel
et al., 2005; Abel et al., 2012). Despite the impressive quality of these images, it is clear
that a 2-Dimensional projection of the large scale structure of the universe cannot cap-
ture the high complexity its full 3D structure, so more elaborate projections in pseudo-
3D or utilizing iso-surface density have been developed (e.g., in Klypin and Shandarin
1983). The advent of computer graphical rendering has allowed for truly breathtak-
ing video representations of the large scale universe in projected 3D, such as Springel
et al. (2011), Klypin et al. (2011a), Illustris Collaboration (2018), and Aragon-Calvo et al.
(2012).

Digital graphics can be broadly categorized into “pre-rendered” graphics and “real
time” graphics. The former requires pre-processing of the digital assets (often at great
computational expense, but only once) into a series of frames that are assembled into
a video format that is fixed in scope but can be replayed on virtually any device. This
is most commonly seen in modern digital animation, commonly used in the entertain-
ment industry. The latter, “real time” rendering, requires digital assets to be processed
”on the fly”, and must be processed quickly enough to ensure that the image can be
recreated many times a second. This requires significant computational power, but
crucially allows for user interactivity, with potentially unlimited scope for the user hav-
ing dynamic control over the experience. Real-time rendering has, until recently, been
restricted solely to video games, with visual quality notably worse that pre-rendered
graphics. However, in recent years the quality of real time graphics has notably im-
proved, allowing for their use in a wide variety of applications, such as on virtual film
sets (Farris, 2020).

Real-time rendering depicting extragalactic scales have not yet been explored with full
scientific accuracy. Several projects have come close; Celestia (Laurel, 2001) is a free
visualizer for many astronomical objects. Its open source nature has led to numerous
extensions, including planned cosmological visualizers. There are numerous sky visu-
alizers that offer an extragalactic view of the universe based on astronomical imagery,
such as WordWide Telescope (Fay and Wong, 2008), Google Sky (Google, 2007) and oth-
ers, focusing on real data. Universe Sandbox (Dixon, 2017) is an interactive educational
software application that simulates gravitational effects in various scales, including in-
teractions between pairs of galaxies. SpaceEngine (Romanyuk, 2010) is a remarkable
achievement, and is capable of procedurally generating a vast universe the user can
explore with scales ranging from individual planets to the extragalactic. Each of these
projects, mostly focused on small-scale bodies such as planets and stars, is limited by
the compelling need to simulate a vast range of length scales, understandably focusing
on the solar system and similar bodies. This methodology inevitably produces a lack
of accuracy when simulating the large scale structure of the Universe.
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As majestic and awe-inspiring as it is, the large-scale universe is yet to capture the
imagination of the general public. Visualization (and interaction) is vital for the com-
munication of complex ideas and concepts, especially when transferring knowledge to
inform and educate. People want to ‘see’ and interact with the universe for themselves.
In this thesis I present a ‘prototype’ for a product that will capture the imagination
of the public and inspire a new generation of astronomers. I call this project ‘Astera’.
Astera generates a dazzlingly beautiful, but also scientifically accurate, interactive view
of the universe on cosmological scales. I will explore Astera in Chapter 5.

1.3 Tools

I have reviewed the necessary background material for this thesis in the previous Sec-
tions, but I will now review the ‘Tools’ that are used by astronomers to explore the
areas that I have highlighted. Specifically, in this Section I will review the computa-
tional models that are used to explore galaxy evolution. Computational modelling has
(relatively recently) emerged as a ‘third pillar’ of Astronomy alongside theory and ob-
servation. Simulations form a bridge between theory and observable, generating hy-
potheses, forecasts and predictions about the real universe. By running simulations,
Astronomers can test theory against observations, and make predictions for future ob-
servations. Each theoretical component of galaxy evolution fits together to form a ‘mo-
saic’ that provides the current best picture of Galaxy Formation and Evolution. How-
ever, pieces might interact together through simulation in unexpected ways, revealing
that pieces in this mosaic that are missing, incomplete or need completely remaking. A
new hypothesis or technique might represent test fitting a new piece, which might be
eventually accepted or rejected. The simulation itself represents the framework within
which one holds these pieces, crucially allowing the modeller to predict and test the
picture. In each case, one compares the output of the simulation to reality, and adjusts
or modifies the parts that fit poorly, and keeps the parts that fit well.

It is clear that a large proportion of the pieces in the current best picture are oversimpli-
fied, and there is much work to be done before a full standard model of galaxy evolu-
tion can be created. Despite this, the general successes of hydrodynamic, semi-analytic
and semi-empirical modelling at reproducing the observed universe are extremely en-
couraging, and will provide a firm foundation on which further work can be built.

1.3.1 Semi-Analytic Models

At its most basic level, a semi-analytic model treats the highly complex astrophysi-
cal processes described in Section 2 using simple analytic approximations. By design,
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to reproduce the wealth of observational phenomena, this methodology necessarily re-
quires a high number of recipes and free parameters. An example of a typical parameter
is the fudge factor in the dynamical friction timescale characterizing the infall timescale
of satellite haloes into more massive haloes. This factor is adjusted until the number
of satellites at the present day matches the number of galaxy satellites observed in the
local Universe (Grylls et al., 2019).

A semi-analytic model will (in general) include the following processes. Initially, af-
ter appropriate cosmological parameters are chosen, a N-body simulation or Extended
Press Schechter formalism will be used to construct a ‘merger tree’ for a series of dark
matter haloes. Within each halo, three mass values for the components of baryonic
matter will be assigned; hot gas, cold gas and stars. The prescriptions described in the
previous Section will be implemented to account for the changes in these values. Cool-
ing processes will convert hot gas into cold, and star formation will convert cold gas
into stars, as well as changing the overall metallicity of the interstellar medium. Proper
prescriptions that account for the complexities of merging (e.g. triggering bursts of star
formation) should also be implemented. The larger galaxy will initially become cen-
tral, whilst the smaller galaxy will become a satellite that ceases to accrete gas until the
galaxies are fully merged on a timescale that is set by dynamical friction. Prescriptions
that affect morphology become relevant here; if there is a large size difference between
galaxies, then it is likely that the larger will exhibit little morphological change. How-
ever, in the case of two similarly sized galaxies merging, two disks may be disrupted
and combine to form an elliptical, for example. The remnant may then continue to ac-
crete gas and further evolve. This procedure will be completed for a large number of
haloes until the present day (z = 0), allowing for the global properties of the simulation
to be compared to local observations.

Early semi-analytic modelling had trouble reproducing the stellar mass function at high
redshifts: far too much gas collapses to form stars (e.g. White and Frenk, 1991; Blan-
chard et al., 1992) without some kind of additional heating, normally suggested to be
supernovae heating. Other problems included reproducing the colour-magnitude rela-
tion, which was remedied by better models of dust extinction and metallicity (e.g. Cole
et al. 2000). Early models also underestimated the number of large bright galaxies,
which suggested that some process was suppressing star formation in massive galax-
ies. Various mechanisms (including AGN feedback) have been suggested, with various
degrees of success (see Somerville and Davé 2015; Silk and Mamon 2012).

Despite these obstacles, semi-analytic models reproduce the observed universe reason-
ably well, implying that current hypotheses for galaxy evolution are generally reason-
able. However, due to the large number of physical assumptions and parameters, there
is still some broad disagreement among different models, and a ’standard model’ for
galaxy formation and evolution has not yet been achieved.
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1.3.2 Semi-Empirical Models

Semi-empirical models are a relatively recent ‘variation’ of semi-analytic models, and
aim to overcome the main disadvantages by minimizing their assumptions and pa-
rameters. This is achieved by using observational inputs instead of theoretical quan-
tities; whilst this somewhat limits their scope, semi-empirical models are best used as
a remarkably powerful complementary tool to semi-analytic and hydrodynamic mod-
elling. Best used to investigate a specific aspect of galaxy evolution, a semi empirical
model will (like a semi-analytic Model) start with a merger tree and assign a central
galaxy to each dark matter halo. The properties of this galaxy will be assigned using
empirical relationships; for example the stellar mass of the galaxy might be assigned
using the observed Stellar Mass - Halo Mass relation at the specified redshift. This pro-
cess is repeated at each timestep, so the assigned property varies as in the real universe.
This approach allows the modeler to effectively test a much smaller number of assump-
tions (e.g. the amount of matter stripped from a satellite galaxy before merging), and
compare the results to the real universe.

While this approach is still somewhat in its infancy, several successful semi-empirical
models have been created. Hopkins et al. (2008) tested the ansatz that galaxy mergers
trigger quasar activity, and reproduced a wide range of quasar host galaxy distribution
functions at a range of redshifts. Other examples include Zavala et al. (2012), who
investigated the relationship between mergers and disks, and Shankar et al. (2014),
comparing semi-analytic, semi-empirical and observational catalogues.

Overall, semi-empirical models are a relatively new and unexplored approach that has
the potential to overcome a lot of the limitations of semi-analytic models to focus on
specific problems. This focused methodology may be limited in scope, but seems likely
to yield exceptional results on the specific problems it is applied to. In this work, I will
utilize techniques from semi-empirical models (e.g. empirical prescriptions) for much
of my modelling of velocity dispersion and black holes, using the average evolution
of dark matter haloes, combined with simple prescriptions for the evolution of galaxy
properties (e.g. stellar mass, sizes etc). This approach will initially bypass the need for
a full hierarchical model, but I will also use the more sophisticated model DREAM (Fu
et al. in prep) to explore the effect of mergers.

1.3.3 Hydro Simulations

In brief, a hydrodynamic simulation explicitly computes the dynamics of continuum
media (e.g. fluids, gases). From the perspective of a cosmological modeller, this means
the simulation of the dynamics of the dark Matter, gas, stars and black holes together,
considering not only gravitation, but also baryonic processes such as star formation,



1.3. Tools 29

FIGURE 1.7: A proto-cluster region within the TNG50 simulation. Dark matter struc-
tures are shown in white. Vigorous feedback processes combat the inflows of cosmic
gas into these gravitational potential wells, resulting in a complex interplay of gas mo-

tions. Credit: TNG

thermodynamics, etc. A hydrodynamic simulation is highly complex: it requires solv-
ing the Euler equations with conservation of mass, momentum and energy. This is
typically done in one of the following three ways. Firstly, Lagrangian methods apply
a smoothing kernel to the simulation particles to acquire information about the fluid
(see e.g. Hernquist and Katz 1989; Read and Hayfield 2012; Hopkins 2012). Lagrangian
methods are highly adaptive, can provide a broad scope given appropriate computa-
tional resources, but can struggle to effectively simulate shocks and surface instabilities.
Eulerian methods, suffer from the ‘reverse’ problem: better modeling of surface insta-
bility and shocks at the expense of a lack of flexibility, discretizing the simulation into a
(possibly adaptive) grid and compute the transmission of properties of the fluid (nor-
mally pressure) across cell boundaries (see e.g. Bryan et al. 2014). The final approach
is a combination of the two (a ‘Lagranian-Eulerian’ method) such as AREPO (Springel,
2010), with an adaptive mesh composed of polyhedral cells. This mesh ‘follows’ the
particles like a Lagrangian method, but also handles instabilities and shocks extremely
well like a Eulerian method. In general, however, different techniques are most effec-
tive when applied to the problems they excel at, so most well-applied modern hydro
methods yield effective results, making it hard to assign supremacy to any one method.
For a more comprehensive overview of these topics, see Somerville and Davé (2015).

Hydro simulations appealingly fully model the spatial and time evolution of physical
systems that otherwise must be treated using idealized, analytic prescriptions. The
primary limitation of the hydro method is, at its core, computational resource. With the
rapid evolution of this industry in recent years, such as the rise of parallel processing
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and dedicated GPUs, it remains to be seen if the full potential of the hydro simulation
will be able to mature (Silk and Mamon, 2012).

In this work, I will compare my results to the outputs of Hydrodynamical simulations,
namely the Illustris TNG50 simulation (Nelson et al., 2019b; Pillepich et al., 2019). Illus-
tris TNG is an ongoing series of Hydro simulations that aim to illuminate the physical
processes that drive galaxy formation. TNG succeeds the original Illustris simulation,
and includes three primary runs spanning a range of volumes and resolutions; TNG50,
TNG100, and TNG300.

1.4 Key Questions

In this Chapter I have summarised the main processes shaping galaxy evolution, namely
mergers, star formation and quenching. I have discussed the strong connection be-
tween galaxies and their central supermassive black holes. I have then highlighted that
galaxy velocity dispersion is a key ingredient to unveil the assembly histories of both
galaxies and supermassive black holes, and predicting its dependence on stellar mass,
black hole mass and cosmic time will be the main aim of this thesis. More precisely, this
thesis aims at answering the following key open questions in galaxy evolution:

• How does velocity dispersion evolve with redshift for galaxies of different stellar mass?
What ultimately drives this evolution? Is this evolution consistent with what predicted by
hierarchical galaxy assembly models? To answer this question I will first present, in
Chapter 2, a semi-empirical detailed Jeans modelling technique inclusive of con-
stant and radially-varying mass-to-light ratios, bulge-disk decompositions, halo
and stellar profiles. I will show in the first part of Chapter 3 that my Jeans model
is capable of reproducing all the main trends with velocity dispersion observed
in large samples of local galaxies with integral field spectroscopy, with a particu-
lar focus on the role played by radially-varying mass-to-light ratios in dynamical
mass estimates. Equipped with Jeans models anchored to the local Universe, in
the second part of Chapter 3 I will predict the evolution of galaxy velocity dis-
persion along the main progenitor branches of the host dark matter haloes in a
semi-empirical fashion, that is in ways independent of any specific galaxy evo-
lution model, and I will dissect the relative role of the inner dark matter in driv-
ing velocity dispersion at high redshifts. In the final part of Chapter 3, I will
compare my data-driven velocity dispersion evolutionary track with predictions
from (dry) merger models (using the semi-empirical code DREAM, introduced in
Chapter 2) and from the TNG50 hydrodynamic simulation.

• Is the MBH-σ relation truly fundamental? How does the this relation evolve with red-
shift? Is it roughly constant in slope and normalization as predicted by AGN feedback
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models? I will address these questions in Chapter 4. In the first part of Chap-
ter 4, I will set out detailed analysis of the residuals applied to the local sample
of galaxies with dynamical measurements of their central black hole masses to
show that indeed velocity dispersion seems the variable most closely correlated
with black hole mass. In the second part of Chapter 4 I will couple the σ evo-
lutionary tracks presented in Chapter 3, with black hole accretion histories inde-
pendently derived from the X-ray luminosity-stellar mass relation derived from
stacked X-ray AGN. My results do indeed point to a steep and constant MBH-σ re-
lation in line with quasar-driven AGN feedback models and local data. In the last
part of Chapter 4 I go a step further and show that AGN clustering at fixed black
hole mass is efficient in constraining black hole-galaxy scaling relations in AGN
samples in ways independent of the duty cycles and Eddington ratio distribu-
tions, thus finally providing an efficient methodology to break the degeneracies
in black hole/AGN accretion models. I will show that the MBH-M∗ relation of
local dynamically-measured black holes is biased high and does not reproduce
the clustering, while the MBH-σ relation performs much better.

Equipped with a deeper understanding of black hole-galaxy scaling relations, I will
present in Chapter 5 a step-by-step methodology to build realistic mock populations
of active and inactive black holes by populating dark matter haloes with galaxies and
black holes in ways to avoid degeneracies in the input parameters. These type of mocks
are extremely relevant to provide robust predictions for the next-generation of astro-
nomical facilities that will observe millions of galaxies, but also for educational pur-
poses, as described in the last part of Chapter 5 in which I will present my 3D inter-
active visualisation of the Universe. I will conclude the thesis in Chapter 6, in which I
will discuss my main results in the context of galaxy and black hole evolution models.
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Chapter 2

Methodology

2.1 Overview

In the first part of this Chapter I detail my Jeans model to compute velocity disper-
sions under a variety of conditions for both the stellar and dark matter profiles at both
z=0 and at higher redshifts, including the methodology for handling a constant and
radially-varying M*/L ratio and to incorporate redshift-dependent galactic properties
(such as an increasing effective radius with cosmic time). In the second part of the
Chapter I will introduce the cosmological semi-empirical DREAM (the DiscRete semi-
EmpiricAl Model), which has been developed in my group in the last years and to
which I substantially contributed. I will deploy DREAM to model the merger rate
histories of satellite galaxies infalling on central galaxies and thus in turn model the
expected evolution of velocity dispersion in hierarchical models of galaxy formation. I
will finally provide an overview of the datasets I use as a reference to my models in the
final part of the Chapter.

My overall methodology to compute σ is summarised in Figure 2.1. I start from an
observational sample (see Section 2.4) of central galaxies with measured luminosities,
stellar masses (in the case of a fixed IMF), effective radii and Sérsic indices at z ≈ 0. I
then associate to each galaxy a dark matter halo mass extracted from the (inverse) of a
stellar mass-halo mass (SMHM) relation (e.g., Shankar et al., 2017b). I then follow the
procedure, described in detail below, to compute velocity dispersions within an aper-
ture for the given stellar and halo profiles. For the Sérsic-Exp fits, I include a depen-
dence on B/T ratio. At higher redshifts, uniformly selected observational samples are
scarce, so I compute velocity dispersions assuming a variety of empirically-motivated
effective radii and halo masses as discussed below. From the behaviour of velocity dis-
persion with stellar mass, time, aperture and halo mass, I will infer some key properties
on the evolution of galaxies and their central supermassive black holes.
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FIGURE 2.1: Cartoon image showing the contribution of the various elements of my
model. Stellar masses are assigned to haloes (or vice-versa) using the relation from
Grylls et al. (2019), refined by Zanisi et al. (2021), and associated disk and bulge prop-
erties are assigned using appropriate scaling relations (see text for details). The bulge,
disk and dark matter components are brought together at fixed aperture size to simu-
late σap(R) . This image was created using the Blender software, using assets from the

Astera project (Marsden and Shankar, 2020).

2.1.1 Simulating Velocity Dispersion, σ.

I here detail my step-by-step methodology for computing the galaxy velocity disper-
sion σap(R) within a given aperture R. my method closely follows Desmond and Wech-
sler (2017) for models with a constant M∗/L, and Bernardi et al. (2018) for models with
an IMF-driven scale-dependent M∗/L. For objects that are well described by a single-
Sérsic light profile, I treat the stellar mass as a single dynamical component, whereas
for two-component Sérsic+Exp models I explore what happens if I separately calculate
the disk and bulge/spheroid velocity dispersion (within a given aperture) and then
sum them in quadrature:

Lap,totσ
2
ap, tot = Lap,bulgeσ

2
ap, bulge + Lap,diskσ2

ap, disk (2.1)

where Lap ≡ 2π
∫ Rap

0 dR R I(R) and Lap,tot ≡ Lap,bulge + Lap,disk. Since the bulge typi-
cally dominates on small scales, this smoothly interpolates between the bulge and disk
values. I will show below that all my models, irrespective of the chosen light profile
and/or M∗/L, predict a weak dependence on B/T, in excellent agreement with what is
measured in the reference observational sample. In the following subsections I discuss
how I model the contribution for both the bulge and the disk.
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2.1.2 Spheroids/Bulges

2.1.2.1 Solving the Jeans Equations

I compute the velocity dispersion of a spheroid by solving the Jeans equation (e.g.,
Jeans, 1915; Binney and Tremaine, 2008) assuming spherical symmetry and no stream-
ing motions:

d[ρ(r)σ2
r ]

dr
+ 2

β(r)
r

ρ(r)σ2
r = −ρ(r)

GM(r)
r2 . (2.2)

In Equation 2.2, r is the radial distance, ρ(r) is the radial (mass) density of the galaxy,
M(r) is the total cumulative mass within r, σr is the radial component of the velocity
dispersion, and β(r) the radial velocity anisotropy:

β(r) = 1 − σ2
t

σ2
r

, (2.3)

with σt = σθ = σϕ the tangential component of σ. Assuming β = 0 corresponds to per-
fect isotropy, β = 1 to fully radial anisotropy and β → −∞ fully tangential anisotropy.
Unless otherwise noted, I will assume β = 0 throughout this work, which is a good
approximation to reproduce the MaNGA data at z = 0. I verified that none of my
main results, especially the ones referring to the time evolution of velocity dispersion,
change qualitatively when assuming, for example, a non-zero anisotropy β ∼ 0.3 − 0.4
as often adopted in massive early-type galaxies (e.g., Mamon and Łokas, 2005; Chae
et al., 2019). Note that if the two components in a SerExp fit are spheres with differ-
ent dynamics (but the same β), then the result of writing equation (2.2) for each of
the two components and summing the two expressions is again equation (2.2) with
ρtotσ

2
r,tot = ρSerσ2

r,Ser + ρExpσ2
r,Exp. I discuss how I treat the possibility that the Exponen-

tial component is a rotationally supported disk shortly.

The general solution to Equation 2.2 can be written as

ρ(r)σ2
r (r) =

1
f (r)

∫ ∞

r
f (s)ρ(s)

GM(s)
s2 ds, (2.4)

where f is the solution to the differential equation (see, e.g., van der Marel et al., 1994)

d ln f
d ln r

= 2β(r) . (2.5)

Projecting the velocity ellipsoid along the line of sight, it can be shown (Binney and
Mamon, 1982) that the line-of-sight velocity dispersion σlos(R) at projected radius R is

1
2

I(R)σ2
los(R) =

∫ ∞

R

ℓ(r)σ2
r rdr√

r2 − R2
− R2

∫ ∞

R

βℓ(r)σ2
r dr

r
√

r2 − R2
. (2.6)
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Inserting Equation 2.4 and Equation 2.5 into Equation 2.6, implies

I(R)σ2
los(R)

G
= 2

∫ ∞

R

f ℓM
s2 ds

∫ s

R

1
f

rdr√
r2 − R2

−R2
∫ ∞

R

f ℓM
s2 ds

∫ s

R

d f /dr
f 2

dr√
r2 − R2

.
(2.7)

On the assumption of constant anisotropy ( f (r) = r2β), it can be shown (e.g. Mamon
and Łokas, 2005, Appendix A) that Equation 2.7 reduces to

I(R)σ2
los(R)

G
= 2

∫ ∞

R
K
( r

R

)
ℓ(r)M(r)

dr
r

, (2.8)

where

K(u) ≡ 1
2

u2β−1

[(
3
2
− β

)√
π

Γ(β − 1
2 )

Γ(β)

+βB
(

1
u2 , β +

1
2

,
1
2

)
− B

(
1
u2 , β − 1

2
,

1
2

)]
.

(2.9)

In Equation 2.9, B is the incomplete beta function in the format B(z, a, b)1. Various
alternative expressions for K(u) can be adopted, as summarised by Mamon and Łokas
(2005). Finally, the aperture velocity dispersion is computed as (e.g., Mamon and Łokas,
2006; Cappellari et al., 2006; Chae et al., 2014)

σap ≡ σ(Rap) =

√√√√∫ Rap
0 I(r)σ2

losrdr∫ Rap
0 I(r)rdr

. (2.10)

I adopt Equations 2.8 in the case of a constant IMF and mass-to-light ratio Υ = M∗/L,
which implies a linear and constant scaling between light and stellar mass and reduces
computational cost as it does not require calculation of the radial velocity dispersion. In
the case of a scale-dependent IMF and mass-to-light ratio Υ(R) instead (Section 2.1.3), I
first numerically solve Equation 2.4 to derive σ(r) and then “light-weight” it via Equa-
tion 2.6 to obtain the line-of-sight velocity dispersion σlos(R).

2.1.2.2 Spheroids: Mass and Stellar Profiles

Following the formalism presented in the previous Section, computing σ requires knowl-
edge of the projected light density profile I(R), of the total cumulative mass profile
M(r), the 3D light density profile ℓ(r), and the 3D stellar density profile ρ(r) which, in
the case of a constant M∗/L, is simply given by ρ(r) = Υℓ(r). For a bulge or a spheroid,
the projected light density profile I(R) is well approximated by a Sérsic profile (Sérsic,

1In the third term of Equation 2.9, where necessary I recursively use the transformation B(z, a, b)a =
za(1 − z)b + (a + b)B(z, a + 1, b).
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1968)

I(R) = Ie exp

{
−bn

[(
R
Re

)1/n

− 1

]}
, (2.11)

where n is the Sérsic index and bn is chosen so that the luminosity within Re is half the
total luminosity. Ciotti and Bertin (1999) approximate bn as

bn ≃ 2n − 1
3
+

0.09876
n

. (2.12)

The corresponding “deprojected” 3D light profile ℓ(r) is well approximated by a similar
expression (Prugniel and Simien, 1997)

ℓ(r) = ℓ0

(
r

Re

)−pn

exp

{
−bn

(
r

Re

)1/n
}

, (2.13)

where

ℓ0 =
I0bn(1−pn)

n

2πR3
e

Γ(2n)
Γ[n(3 − pn)]

(2.14)

and
pn = 1 − 0.6097

n
+

0.00563
n2 . (2.15)

When adopting a constant stellar mass-to-light ratio Υ, both the projected and 3D stellar
density profiles will be identical to the light profiles simply scaled by Υ. The stellar
cumulative profile M∗(r) also has an analytic expression in this case which reads as

M∗(r) = M∗ γl [n(3 − pn), bn(r/Re)1/n]

Γ[n(3 − pn)]
, (2.16)

with γl the (lower) incomplete gamma function. In the case of an IMF-driven M∗/L
gradient, I instead obtain M∗(r) via direct integration of the 3D stellar mass density
described in Section 2.1.3.

Finally, the total galaxy cumulative mass profile M(r) is obtained by linear addition of
the different components of stars, dark matter, gas and central black hole

M(r) = M∗(r) + Mhalo(r) + Mgas(r) + Mbh . (2.17)

In my reference model I will assume a single Sérsic light profile, and the corresponding
M∗(r) refers to the total stellar mass of the galaxy. In models in which I explicitly dis-
tinguish the bulge and disk components of the galaxy, I set instead M∗(r) = Mbulge(r)
in Equation 2.17. The latter approximation stems from the fact that in most cases the
bulge is significantly more compact than the disk implying that the gravitational ef-
fect of the disk on the bulge is negligible at the scales of interest to this work. The
dynamical effect of the disk is then added in quadrature via the circular velocity, as
described in Section 2.1.4. I here adopt as a reference the Navarro, Frenk and White
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(NFW) profile (Navarro et al., 1996) for the dark matter component Mhalo(r), with a
concentration-halo mass relation from Ishiyama et al. (2020), although in some cases I
will also show the impact of switching to a cored dark matter profile (Burkert, 1995).
I assume throughout that Mgas(r) and Mbh have a negligible contribution to the ve-
locity dispersion within the central regions of the galaxy, and I checked that including
them using common prescriptions as suggested in the relevant literature (e.g., Mamon
and Łokas, 2005; Peeples and Shankar, 2011; Shankar et al., 2016) does not alter any of
my main results to any significant degree. I further discuss the impact of black hole
mass to the central velocity dispersion and of gas mass on the evolution of σap[M∗, z]
in Section 3.2.

2.1.3 Stellar Mass-to-light ratios

The transition from stellar light to stellar mass depends on the chosen mass-to-light
ratios Υ = M∗/L which is tightly linked to the chosen IMF. To specifically explore
the impact of a scale-dependent IMF on my predicted velocity dispersions and their
evolution with redshift, I follow Bernardi et al. (2018) and define a scale-dependent
mass-to-light ratio Υ(R) of the type

Υ(R) =

Υouter

(
1 + ϕ − ξ R

Re

)
R < Re

Υouter R ≥ Re

(2.18)

where, for simplicity, I set ξ = ϕ, thus ϕ becomes the only parameter controlling the
gradient of the profile. Equation 2.18 states that when R ≥ Re, the projected stellar
mass-to-light ratio reduces to a constant stellar mass-to-light ratio Υouter, whereas at
R < Re the stellar mass-to-light ratio increases linearly until it reaches a maximum
Υinner = Υ0(1+ϕ) at R = 0. In Appendix 3, I include a Table containing values for Υouter

and Υinner as a function of the measured galaxy velocity dispersion and r-band absolute
magnitude, as calibrated by Bernardi et al. (2019) and Domı́nguez Sánchez et al. (2019),
which I use to calculate stellar masses in the MaNGA sample when adopting a scale-
dependent M∗/L.

I can now directly multiply Equation 2.18 by the projected brightness profile (Equa-
tion 2.11) to obtain the new projected stellar mass density profile

J(R) ≡ I(R)Υ(R) . (2.19)

The corresponding deprojected stellar mass density profile can then be retrieved from
the integral (Binney and Mamon, 1982)

ρ∗(r) = − 1
π

∫ ∞

r
dR

dJ/dR√
R2 − r2

. (2.20)
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The 3D stellar mass density in Equation 2.20 can be written as a sum of two terms

ρ∗(r) = ρ∗Ser(r) + ∆ρ∗(r) , (2.21)

where the first term represents the standard deprojected stellar density profile assum-
ing a constant mass-to-light ratio, ρ∗Ser(r) = Υouter ℓ(r), and the second term represents
the “extra” contribution to the stellar mass density profile. The latter can be computed
as follows. The gradient in Equation 2.18 effectively adds, at each radius R < Re, a
projected stellar mass ∆Υ(R) = Υouter

(
ϕ − ϕ R

Re

)
, which can be deprojected via Equa-

tion 2.20 to yield, when adopting a Sérsic light profile as in Equation 2.11, the extra
stellar mass density

∆ρ∗(r) =
IeΥouter

πRen

∫ 1

y

dY
Y
√

Y2 − y2
exp

(
−bn

[
Y1/n − 1

]) [
nϕY + bn(ϕ − ϕY)Y1/n

]
(2.22)

where Y = R/Re and y = r/Re. Once the deprojected stellar mass density ρ∗(r) is
acquired, the cumulative stellar mass M∗ can be obtained from a simple spherical inte-
gral.

I conclude this Section pointing out that so far, when computing the effect of a scale-
dependent M∗/L on velocity dispersion, I have strictly followed the formulation put
forward by Bernardi et al. (2018), Bernardi et al. (2019) and Domı́nguez Sánchez et al.
(2019), i.e., I neglected any possible segregation in the phase-space distribution func-
tion of low- and high-mass stars (e.g., Caravita et al., 2021). Nevertheless, as further
detailed in Appendix 4, accounting for such a segregation in the Jeans Equation leads
to relatively small differences in the shape and amplitude of σlos(R) at R < Re. The
main point is that, irrespective of the exact dynamical modelling applied via the Jeans
Equation, whenever a realistic IMF-driven gradient is included in the M∗/L, the re-
sulting velocity dispersion profile in the inner regions is rather different from the one
obtained with a constant M∗/L, as emphasized by Bernardi et al. (2018).

2.1.4 The contribution from the disk component

In the models in which I adopt a Sérsic+Exponential stellar light profile, the contri-
bution from the galaxy disk to the aperture velocity dispersion σap is constructed as
follows:

σ2
ap, disk ≡ σdisk(Rap)

2 =
1

Mdisk(Rap)

∫ Rap

0
2πR Σdisk(R)v2

rot(R)sin2i dR (2.23)

Here Mdisk = Υ0Ldisk is the stellar mass of the disk always computed assuming a con-
stant mass-to-light ratio. Rap is the aperture radius, Σ(R) is the projected disk stellar
mass density, vrot(R) the disk circular velocity, and i is the disk inclination. I assume
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exponential disks of the form

Σdisk(R) =
Mdisk

2πh2 exp (−R/h) (2.24)

where h is the disk scale length. The disk circular velocity is parameterised as follows
(see e.g. Freeman 1970; Tonini et al. 2006)

vrot(r)2 =
GMdisk

2h
q2B

( q
2

)
+ v2

DM +
GMbulge(< r)

r
(2.25)

where q = r/h, and B(x) = I0K0 − I1K1, a combination of modified Bessel Functions
that account for the disk asphericity. The second term is the circular velocity of the dark
matter halo, and the final term represents the gravitational contribution of the bulge on
the disk.

2.1.5 Effective radii and Sérsic indices

Important features to properly describe the structural properties of bulges and spheroids
are effective radii and Sérsic indices. All my models start at z = 0 from MaNGA galax-
ies with already measured structural (from light profile) parameters for both the bulge
and disk components. To provide a complete prediction of velocity dispersion evo-
lution along cosmic time, I would need reliable structural parameters even at higher
redshifts. However, this information becomes gradually less clear or less accessible
at earlier times on a galaxy-by-galaxy basis as in the MaNGA sample, but it can be
retrieved when averaged in stellar/luminosity bins (e.g., Dimauro et al., 2019). For
this reason, I rely on empirically motivated analytic fits to the mean redshift evolution
in effective radius Re and Sérsic index n as a function of stellar mass as derived from a
compilation of different data sets by Ricarte and Natarajan (2018, see also, e.g., Huertas-
Company et al. 2013). In the Equations that follow below, stellar mass is strictly defined
via a constant mass-to-light ratio, i.e. M∗ = Υ0L with L the total galaxy luminosity.

Following Ricarte and Natarajan (2018), I assume a stellar mass-dependent size evolu-
tion of the type

Re(M∗, z) = Re(M∗, 0) f (M∗, z) . (2.26)

The Re(M∗, 0) are the effective radii as measured in the MaNGA sample, while the
evolutionary factor f (M∗, z) is expressed as

f (M∗, z) = (1 + z)−γ(M∗) . (2.27)
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FIGURE 2.2: The effective radius evolution parameter γ versus stellar mass. The
shaded regions mark the regions of observationally calibrated γ by Huertas-Company
et al. (2013) in some bins of stellar mass between 0 < z < 1. The blue line shows the
prescription used by Ricarte and Natarajan (2018). The green line shows the double

power law fit utilized in this thesis.

Ricarte and Natarajan (2018) assume γ to be dependent on the galaxy stellar mass at
z = 0, but introduce a redshift dependence as

γ(M∗) = max
[

0,
1

0.85
(log10 M∗ − 10.75)

]
. (2.28)

Equation 2.28 presents a discontinuity, which would propagate creating a visible break
in velocity dispersion histories. I thus adopt a smoother dependence for γ on redshift

γ(M∗) = A log10 M∗
[(

B log10 M∗)p
+

(
C log10 M∗)s

]−1
, (2.29)

where A = 3.05 × 10−3, B = 9.67 × 10−2, C = 0.204, p = −39.0 and s = −4.30.
Figure 2.2 shows that my prescription is very similar to the one adopted by Ricarte and
Natarajan (2018), but allowing for a smooth variation in γ and retaining consistency
with some of the available observations (Huertas-Company et al., 2013).

In a similar fashion to effective radii, Sérsic indices are assigned at any given epoch
using a redshift evolution of the type

n(M∗, z) = n(M∗, 0)(1 + z)−1 , (2.30)

as suggested by van Dokkum et al. (2010, see also Shankar et al. 2017b). The local
n(M∗, 0) are the Sérsic indices as measured in the MaNGA sample. Both Re(M∗, 0) and
n(M∗, 0) from MaNGA and their associated fits are shown in Figure 2.3.
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FIGURE 2.3: Re(M∗, 0) (left) and n(M∗, 0) (right) for MaNGA (blue line), with shaded
region representing 1σ uncertainty. Also shown are the fitting functions (green lines).

2.1.6 Implementation

The contributions from the bulge and disk (where present) are combined using Equa-
tion 2.1. The list of the parameters required by my model are shown in Table 2.1.
To maintain excellent performance, I implemented my code in the C and C++ pro-
gramming languages with Adaptive Richardson Extrapolation (Richardson, 1911) for
fast and accurate integration, and paralleled using OpenMP. My code is available at
github.com/ChrisMarsden833/VelocityDispersion. I also provide in Appendix A.1
a useful analytic formula to compute from my fiducial model with constant mass-to-
light ratio the virial coefficient F = GMtot(< Re)/Reσ

2
ap, which in turn can be used to

retrieve the dynamical mass, at any redshift z ≲ 3, any aperture R ≲ Re, and effective
radius and Sérsic index within the ranges probed in this work.

2.2 DREAM

As anticipated above, I require a fiducial model that can predict the merger rates of
galaxies in a cosmological context, which I will then use to infer the expected velocity
dispersion evolution under solely (gas-poor) mergers, which I will then compare with
my Jeans models described in the previous Section. To reliably estimate galaxy merger
rates, I adopt the semi-empirical model DREAM. In this Section, a concise summary of
the methodology behind DREAM is outlined, whilst a more comprehensive overview
will be published in Fu et al (in prep).

In brief, my starting point is to start from bins of dark matter halo mass at z = 0. To
each ‘typical’ host halo I assign an average growth history as derived from N-body
numerical simulations and analytic models (van den Bosch et al., 2005). Dark mat-
ter subhaloes infalling onto the progenitor halo are at each time step assigned via the
subhalo mass function (SHMF). The latter has been recently recalibrated by Jiang and

github.com/ChrisMarsden833/VelocityDispersion
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TABLE 2.1: List of variables used in my model.

Component Variable Description
Rap Aperture

Bulge, Const. M∗/L


Mbulge Bulge Stellar Mass (Υ0Lbulge)
Re Half Mass Radius of the Bulge
β Bulge Anisotropy Parameter
n Sérsic Index

Bulge, Var. M∗/L



Lbulge Bulge Luminosity
Re Half Mass Radius of the Bulge
β Bulge Anisotropy Parameter
n Sérsic Index
Υ0 Mass-to-light ratio at Re
ϕ Mass-to-light ratio gradient

Disk

{ Mdisk Disk Stellar Mass (Υ0Ldisk)
i inclination
h Disk Scale length

Halo
{ Mhalo Halo Mass

c Halo Concentration
Black Hole MBH Black Hole Mass

FIGURE 2.4: Cartoon depiction of DREAM. The halo mass function is used to generate
a catalogue of central haloes (left). A mean accretion history is assigned to each. I
compute the SHMF for all subhaloes as well as for each order, and use it as probability
density distribution for generating the subhaloes population. Finally, the redshift of
infall is assigned to subhaloes via fitted analytical equations, depending on their order

and mass.
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van den Bosch (2014, 2016) who found a universal fit for the distribution of subhalo
(unstripped or “unevolved”) mass independent of host halo mass and redshift. The
unevolved subhalo mass function is distinguished by ‘order’ of accretion in the merger
tree, with first order subhaloes being the ones falling directly onto the main branch, and
second order subhaloes the ones already satellites in first-order subhaloes at the time
of accretion onto the main branch (see centre right of Figure 2.4). I neglect any higher
order of accretion as their contribution to galaxy growth is minimal. Once a subhalo
first falls into its host halo, it is affected by tidal stripping and dynamical friction. The
typical timescale that a subhalo needs in order to fully merge with its progenitor from
the time they first accreted is well described by the merging timescale formula given
by Equation (5) of Boylan-Kolchin et al. (2008):

τmerge = τdynA
(Mh,host/Mh,sub)

b

ln(1 + Mh,host/Mh,sub)
exp

[
c

J
Jc(E)

][
rc(E)
Rvir

]d

(2.31)

where J/Jc(E) the orbital energy and (A, b, c, d) are parameters taken from McCavana
et al. (2012) that govern the dependence of the merging timescale on the mass ratio.
For further details, I direct the reader to Grylls et al. (2019) and Fu et al. (in prep).
Galaxies are assigned to central and infalling satellite haloes via abundance matching
techniques. I note that, although DREAM can also work on object-specific assembly
histories, in this thesis I only consider in the average evolution of stellar mass (and
velocity dispersion) and thus I only follow in time average quantities in terms of halo
mass, central galaxy mass, and subhalo masses. The key advantage of DREAM over
conventional N-body derived merger trees to calculate average galaxy assembly histo-
ries, is that the poor statistics that arise from mass resolution and/or volume limita-
tions within N-body simulations is entirely avoided, allowing the average properties
of even the largest mass haloes to be explored without limitation. My methodology is
also much faster, more flexible, and it naturally incorporates all subhaloes down to the
chosen resolution limit, as detailed below. DREAM is consistent with the halo accretion
histories as extracted from the Millennium simulation, as well as with the satellite rich-
ness and mean star formation rates from the latest observations (see details in Grylls
et al. (2019, 2020a,b), Fu et al. in prep.).

2.3 Abundance Matching

An underpinning technique used throughout this work is that of abundance matching,
so I will briefly discuss it here. Abundance matching is explained by Figure 2.5, where
the relative abundances of haloes (parameterized by the halo mass function, top panel)
are compared to the relative abundance of galaxies of a particular stellar mass (right
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TABLE 2.2: Parameters for equation 2.32.

Mn N β λ σ

Central, z = 0.1 11.95 0.032 1.61 0.54 0.11
Total, z = 0.1 11.89 0.031 1.77 0.52 0.10
Evolution, z > 0.1 0.4 -0.02 -0.6 -0.1 N/A

panel). The corresponding number densities define which haloes host galaxies, defin-
ing the halo mass - stellar mass relationship. This must be done at multiple redshifts. I
use the results from Grylls et al. (2019), who use a multi-epoch approach without satel-
lite evolution to fit the evolution parameters, before adding a satellite SMF and com-
paring to the total SMF from the data minimizing the sum of the root mean squares
error over eight redshift steps.

I here briefly recall the parameterization of this halo mass - stellar mass relation, in-
cluding the correction from Zanisi et al. (2021), which I use as a reference throughout
the work. The analytic formula is

M∗(Mhalo, z) = 2 Mhalo N(z)
100.1

[(
Mhalo
Mn(z)

)−β(z)
+

(
Mhalo
Mn(z)

)γ(z)
]−1

N(z) = N0.1 + Nz
( z−0.1

z+1

)
Mn(z) = Mn, 0.1 + Mn, z

( z−0.1
z+1

)
β(z) = β0.1 + βz

( z−0.1
z+1

)
γ(z) = γ0.1 + γz

( z−0.1
z+1

)
.

(2.32)

Here M∗ represents the stellar mass of the galaxy and Mhalo represents the host halo
mass. The values of the parameters N, Mn, β and γ are given in Table 2.2 (the subscript
0.1 refers to the value of the parameters at z = 0.1). The Grylls et al. (2019) relation is
mostly valid in the redshift range 0.1 < z < 4. For an overview of how this relation
is derived, and more information on abundance matching in general, see Grylls et al.
(2019).

2.4 Observational and numerical comparison data

Here I briefly discuss the datasets that I use to compare to my modelling. In what
follows, I will compare my numerical models for galaxy velocity dispersions with both
simulated and observed samples. The former comes from the TNG50 hydrodynamical
simulation (Pillepich et al., 2019; Nelson et al., 2019a,b) developed in a 50 Mpc box,
resolved down to a baryonic mass of 8 × 104 M⊙. As detailed below, from TNG50
I select a variety of central galaxies of different stellar masses at z = 0, follow their
evolution along their main progenitor branches, and at each timestep compute their
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FIGURE 2.5: Cartoon image showing the principles behind abundance matching. The
HMF (top left panel) and SMF (right lower panel) are matched by abundance. The
combined mapping allows halo mass and stellar mass to be connected, the SMHM

relation (left lower panel).

(stellar) velocity dispersions (within the specified aperture) directly from the available
stellar particle data, as described below.

The latter consists of a large sample of galaxies published by Fischer et al. (2019) which
was part of an early release (SDSS-DR15, Aguado et al. 2019) of the MaNGA (Mapping
Nearby Galaxies at Apache Point Observatory; Bundy et al. 2015) Survey. MaNGA
provides integral field unit spectroscopy and accurate kinematic maps (stellar rotation
velocity and velocity dispersion) for each galaxy. The photometric parameters and
bulge-to-total (B/T) decompositions are from Fischer et al. (2019) based on single com-
ponent Sérsic (e.g., Sérsic, 1968) or two-component Sérsic+Exponential light profiles,
with additional morphological properties derived from supervised Deep Learning al-
gorithms based on Convolutional Neural Networks (Domı́nguez Sánchez et al., 2018a).
I restrict the observational sample to only those galaxies with a reliable fit to a single
Sérsic profile (flag fit=1, 1402 galaxies) or to a Sérsic+Exponential profile (flag fit=0 or
2, 1516 galaxies) . I will sometimes refer to the two components as the bulge and disk
components, even if there is no hint of a disk in the imaging. For each object, I con-
sider two definitions of stellar masses: one is based on the total stellar mass-to-light
ratio from Mendel et al. (2014), which assumes a Chabrier (Chabrier, 2003) stellar ini-
tial mass function (IMF) for all galaxies; the other allows for a gradient in M∗/L which
is driven by an IMF gradient in each object, as described in Section 2.1.3.
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2.4.1 Determination of Stellar Velocity Dispersion from TNG

Here I briefly describe the process of extracting velocity dispersions from the TNG
galaxies, as projected velocity dispersions within an aperture are not available in the
provided datasets (or even just stellar velocity dispersions, as the current catalogs seem
to focus on the velocity dispersion of all member particles, including dark matter, gas
etc). Firstly I select the main progenitor history of all galaxies within an appropriate
mass bin, and at each snapshot calculate σ as follows. I first project the stellar particles
belonging to the galaxy (determined using a FOF method, see the TNG documentation
for more details) along an arbitrary direction. Next, to obtain realistic values for Re (and
also n, although I do not utilize this in this thesis), I fit a Sérsic profile to the projected
density of these particles. Next, I eliminate all particles that are not within my projected
aperture size. I then calculate the velocity dispersion of the remaining stellar particles
in the projected dimension, weighted by their masses

σx =

√
N

N − 1

√
∑ mi(vi,x − v̄x)2

mi
, (2.33)

where (given N particles) for particle i, x is the projected direction (hence vi,x is the
component of the velocity in direction x). v̄x is the average (component of) velocity
of all the particles, again weighed by the mass2. Discounting the projection and aper-
ture, this process is identical to how the velocity dispersion of all particles identified
as members of the halo, not just stellar particles are calculated in the TNG Group Cat-
alogues (variable ‘SubhaloVelDisp’). I compute the projected velocity dispersion for
each galaxy three times, projecting in the directions x, y and z (in the simulation co-
ordinate system), and take the mean of these values to minimize any bias due to the
projection axis.

2Additional corrections must naturally be applied for the periodicity of the box, cosmology etc, as
described in the TNG documentation.
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Chapter 3

Results: Velocity Dispersion

In this Chapter I present the main outputs of my modelling of velocity dispersion de-
tailed in Chapter 2. I will first show in Section 3.1 that my models provide a good
match to the data from MaNGA in the local Universe. Anchoring my model at z = 0
allows us to make predictions at higher redshifts, which I present in Section 3.2, based
on empirically informed recipes for the evolution of the stellar mass and structural pa-
rameters of galaxies with redshift. For each of my most relevant steps, I will present
results adopting both a constant and radially varying mass-to-light ratio. I will also
include an extended discussion Section at the end of this Chapter.

3.1 The Low Redshift Universe

Before providing a detailed comparison of my models with the low redshift data, it is
informative to first describe the overall behaviour of my Jeans modelling against all
the main input parameters (Figure 3.1). Here I simply show the case with a constant
M∗/L, as labelled, though the trends are similar for a radially-dependent mass-to-light
ratio. The upper left panel of Figure 3.1 shows the velocity dispersion σap(R) as a func-
tion of aperture1 normalised to the effective radius Re, whilst the other panels show
the dependence of σap(R) , calculated within an aperture of R = Re/8, on several dif-
ferent quantities, from left to right and from bottom to top, the effective radius, the
Sérsic index n, the orbital anisotropy parameter β, the host halo mass Mh, the host halo
scale radius Rs, the host halo concentration c, the central black hole mass Mbh. The
different coloured lines are for different galaxy stellar masses, as labelled in the top,
left panel. The solid circles in different panels mark the mean velocity dispersion in
MaNGA that corresponds to that stellar mass. The most striking feature apparent from

1The profile for σap(R) as a function of aperture is consistent with the usual formula (e.g., Equation A2
in Shankar et al. 2019b) for transforming σap(R) between different aperture sizes.
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FIGURE 3.1: Dependence of (single-Sérsic profile) velocity dispersion σap on all main
input parameters. Each coloured line represents a galaxy of fixed stellar mass at z = 0,
with all non-varying parameters in each panel assigned following the fiducial model
(ap = Re/8, except in panel 1). Solid circles show the typical values of some galaxy
parameters for the chosen stellar mass bins. Dotted lines show the calculated veloc-
ity dispersion when the dark matter component is neglected; except for the largest

masses, the dark matter contribution within Re is negligible
.

all panels is that my models predict velocity dispersions with extremely weak depen-
dence on almost all input parameters, with only two possible exceptions, very small
effective radii (upper middle left panel) and/or very large black hole masses (bottom
right panel). The flatness of these curves strongly suggests that varying, e.g., the map-
ping between stellar mass and halo mass, and/or details on the structure of the stellar
or the dark matter component would not significantly alter the velocity dispersion at
fixed stellar mass (at least in the local Universe, I will show in the next Section that this
is not strictly true at higher redshifts). This weak dependence on the input parameters
could in turn explain the tight correlation of velocity dispersion as a function of stellar
mass, as anticipated by, e.g., Bernardi et al. (2010), and further discussed below.

Equipped with a clearer understanding of the dependencies of velocity dispersion on
input parameters, I can now move to a close comparison to the observational data sets,
most notably MaNGA (Section 2.4). To this purpose, to each MaNGA galaxy with a
measured velocity dispersion and luminosity profile, I assign a halo mass via abun-
dance matching techniques. More specifically, I make use of the inverse of the stellar
mass-halo mass relation (SMHM hereafter)2, and then apply the formalism discussed
above to predict its velocity dispersion within a given aperture σap(R) which I then

2The latter is computed by first generating a large catalogue of host halo masses from the Tinker et al.
(2010) halo mass function, assigning stellar masses via the (direct) stellar mass-halo mass relation, inclu-
sive of normal scatter in stellar mass at fixed halo mass, then binning in stellar mass and finally computing
the mean halo mass and scatter around the mean.
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FIGURE 3.2: Coloured circles with error bars show the mean (with 1σ spread) σap
versus B/T for MANGa galaxies of different stellar mass of width 0.5 dex, as labelled.
The solid and dot-dashed lines show the predictions of models with single-Sérsic and

Sérsic+Exponential light profiles when I ignore M∗/L gradients.

compare with the measured one. Here stellar mass is again intended to be the one com-
puted at fixed mass-to-light ratio, M∗ = Υ0L. When adopting a gradient in the M∗/L, I
still assign halo masses to galaxies of a given luminosity L using the Grylls et al. (2019)
relation based on stellar masses derived from a constant Υ0 = M∗/L. In other words,
a SMHM relation derived with constant M∗/L = Υ0 can actually be considered, on av-
erage, a mapping between galaxy luminosity and host halos mass, though the relation
between stellar mass and halo mass when adopting a gradient will be different, in fact
steeper, than the case with constant M∗/L (see, e.g., Shankar et al., 2017b).

Figure 3.2 shows velocity dispersion computed within an aperture of Rap = Re/8 as a
function of bulge-to-total (B/T) ratio as measured in the MaNGA sample (filled circles)
for different stellar bins, as labelled, and assuming a constant M∗/L. It is clear from the
data that, for all stellar mass bins, velocity dispersion decreases as B/T decreases, but
it flattens out at B/T ≳ 0.25. This remains true for larger apertures Rap ≲ Re and when
I consider models with scale-dependent M∗/L. I compare the MaNGA data with my
predicted velocity dispersions – computed following the methodology outlined previ-
ously, using both the full bulge-to-disk decomposition (solid lines) and the single Sérsic
profile with zero anisotropy (dotted lines), assuming a constant M∗/L. The two com-
ponent SerExp-based model predicts an initial increase of σap(R) with B/T and then a
flattening above B/T ≳ 0.3, while the single-Sérsic model is overall flatter, especially at
low B/T, but still very much consistent with the data, implying that modelling velocity
dispersion adopting spherical symmetry is still a good approximation for a wide range
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galaxy with properties equal to the average properties of the galaxies from the selected
MaNGA sample. Also shown are the corresponding bulge, disk and dark matter con-

tributions to the total σap(R).

of galaxy morphologies, as long as appropriate galaxy luminosity-dependent effective
radii and Sérsic indices are included in the model. In my models, the weak dependence
of velocity dispersion on B/T is just a reflection of the virial theorem – velocity disper-
sion depends more on the total mass within an aperture and less on how this mass is
distributed in it. This may partly explain the similarity in the scaling relations of early
and late-type galaxies (e.g., Bernardi et al., 2011a; Ferrero et al., 2021), as well as the
universality of the Mbh − σ relation (e.g., Ferrarese and Merritt, 2000; Shankar et al.,
2016).

The main reason behind the weak dependence of velocity dispersion on B/T in Fig-
ure 3.2 can be ascribed to the dominance of the bulge component to the dynamics in
the inner regions. I would expect a progressively larger contribution of the disk when
considering larger apertures. Figure 3.3 compares the (mean) predicted velocity dis-
persion σap(R) as a function of aperture size for galaxies with B/T = 0.50 ± 0.05,
and log10 M∗/M⊙ = 10.5 ± 0.1 dex (solid blue line), with the mean velocity disper-
sion profile (solid circles) extracted from 25 galaxies (light gray lines) in the MaNGA
sample in the same range of stellar and bulge masses (constant M∗/L). The model
very well aligns with the data (solid blue line), and it shows that the total velocity dis-
persion is vastly dominated by the bulge (dotted green line). The relative dynamical
contributions of the disk itself on the rotational velocity and thus on the velocity dis-
persion (dot-dashed red line) is relatively minor even up to the effective radius (≲ 40%
at R = Re). Similarly, even the contribution of the dark matter component (dashed cyan
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x-axis uses the Mendel et al. (2014) stellar masses), blue dotted line shows that in the

SDSS and cyan dashed lines show the relation in the TNG50 simulation.

line) is contained in the inner regions, reaching ∼ 30% at Re ∼ 8 kpc, though I will see
dark matter fractions are relevant in shaping the evolution of velocity dispersion with
cosmic time. Once again, both data and models in Figure 3.3 highlight an extremely
flat velocity dispersion as a function of aperture size.

To further validate my modelling, in Figure 3.4 I compare my predicted mean velocity
dispersion-stellar mass relation, also known as the Faber-Jackson (FJ) relation (Faber
and Jackson, 1976), with the one measured in MaNGA (filled blue circles). The left
panel shows that my predicted σap calculated at an aperture of R = Re/8 for both mod-
els with a single-Sérsic and Sérsic+Exponential light profiles (solid green and red lines,
respectively) and constant M∗/L are very similar to each other and to the MaNGA
data. This very good match with the data extends up to the effective radius, as shown
in the middle panel of Figure 3.4, in which I also include the FJ from the SDSS data3 as
calibrated by Shankar et al. (2019b, dotted blue line and purple region). Both data sets
are in very good agreement with each other despite the significant differences in galaxy
selections and velocity dispersion measurements.

The right panel of Figure 3.4 shows the FJ relation at an aperture of R = Re with the
same MaNGA data as before, only now the model curves result from including the
IMF-driven M∗/L gradient as described in Section 2.1.3.

It is interesting to compare the curves in this panel with those in the middle one (the
symbols are the same but the stellar masses somewhat different due to the inclusion of
the IMF-driven M∗/L gradient). I have already made the point that the two-component

3I apply a constant horizontal shift of -0.05 dex to the σap − M∗ SDSS relation by Shankar et al. (2019b)
who increased all their stellar masses by an average 0.05 dex to account for the relatively small difference
between the Mendel et al. (2014) and Bell et al. (2003) mass-to-light ratios following Bernardi et al. (2017).
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values derived from the velocity dispersion from the MaNGA sample, with faint error
bars showing the associated 1σ uncertainty, and solid bars showing the error on the
mean. The green line, red triangles, cyan dotted line and purple crosses represent the
predicted values from my fiducial model, my fiducial model at fixed Sérsic index, no
dark matter and with a Burkert DM profile respectively. Accounting for an IMF-driven
M∗/L gradient makes Mdyn ∝ M∗ within the effective radius. The dashed yellow line

in the left panel indicated a slope of α = 0.5 to guide the eye.

Sérsic+Exponential models (red) are more accurate. In the middle panel, these models
systematically underestimate the measurements at large masses; this is the difference
that is usually explained by assuming that the IMF becomes bottom heavy at large
masses. In contrast, the panel on the right, which includes an IMF-driven M∗/L gradi-
ent in the Jeans equation analysis – shows no such systematic underestimate. Thus, the
price I pay for ignoring IMF-related effects altogether is the small deficit between the
red curves and the measurements in the middle panel.

For completeness, in both the left and middle panels of Figure 3.4 I also include the
FJ relation derived from the TNG50 simulation (I discuss below and in Appendix 2.4.1
how I extract velocity dispersions in TNG50), which is also remarkably close to the data
at high masses and only slightly below them at log10 M∗/M⊙ ≲ 11.

Figure 3.5 shows with filled blue circles the ratio between dynamical mass and stellar
mass both as measured in MaNGA within an aperture equal to the effective radius R =

Re for a constant (left panel) and scale-dependent M∗/L (right panel) with superposed
errors on the mean (thick lines) and variance (shaded lines). In this plot I retain all
galaxies irrespective of their morphological types though, interestingly, very similar
results are found when limiting the analysis to only early-type or elliptical galaxies.4

The dynamical masses are simply computed as

Mdyn = kσ2Re/G, (3.1)

4In this plot I limit the analysis to galaxies with Sérsic index n > 1.8 to avoid the inclusion of noisy
velocity dispersions.
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with k = 1.8 and 2.8 in the left and right panels. These constant ‘virial’ coefficients k are
simply chosen to normalise the Mdyn/M∗ ratio towards unity at low stellar masses, and
thus differ from the more accurate values computed in Appendix A.1, which include
the effects of, e.g., stellar profile and anisotropy. When assuming a constant IMF (left
panel), the measurements (symbols) show evidence for a “slope” in the dynamical-to-
stellar mass ratio especially at R = Re. (The slope is shallower at Re/8.) This trend of
increasing Mdyn/M∗ with stellar mass is reproduced by my fixed IMF models, without
any extra fine-tuning. In these models it is mainly the fraction of dark matter within the
effective radius which drives this trend: if I assume there is no dark matter (dotted cyan
line), then my models return no trend. In fact, switching to a Burkert (1995) dark matter
profile generates a flat Mdyn/M∗ ratio (purple line with cross markers). In addition,
structural parameters tend to play a secondary role in shaping the Mdyn/M∗ ratio. For
example, setting Sérsic index n = 4 for all galaxies yields nearly identical results to my
base model (red line with triangular markers).

It is interesting that my fixed IMF model seems to be in good agreement with the data,
despite the large body of literature arguing that the IMF must change across the pop-
ulation (if, as I have done here, one assumes there are no M∗/L gradients). In fact, if
I plot Mdyn/M∗ versus σ instead, then the models significantly underpredict the mea-
surements as σ increases, in good agreement with the literature (e.g. Cappellari et al.,
2013a). The agreement in the left hand panels of Figure 3.5 must result from the fact
that the scatter between σ and M∗ is large enough to hide the problems at large σ.

For completeness, the right panel of Figure 3.5 shows Mdyn/M∗ after assuming an IMF-
driven M∗/L gradient (this changes the denominator of the data, and both numerator
and denominator of the model) as described in Section 2.1.3. In this case the resulting
Mdyn/M∗ ratio is flat as a function of stellar mass both in the MaNGA data (blue filled
circles) as well as in the models. (The ratio is also flat when plotted as a function of σ.)
Reducing the fraction of dark matter (purple line with cross markers) or setting n = 4
for all objects (solid red line with triangles) has negligible impact on the predicted ratio.
All in all, my results show that when an IMF-driven gradient in M∗/L is included in
the Jeans analysis, then Mdyn ∝ M∗ within Re, in agreement with Bernardi et al. (2020).

3.2 The high redshift Universe

I showed in Section 3.1 that my model to build velocity dispersion profiles for galax-
ies of different stellar masses is successful in matching the local data. In particular, I
showed that the models can reproduce the weak dependence on B/T ratio, as well as
the full velocity dispersion profile, FJ relation and dynamical-to-stellar mass ratio, ir-
respective of the exact (constant or spatially varying) M∗/L. In this Section 3.2 I make
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predictions on the velocity dispersion σap[M∗, z] evolutionary tracks, and their implica-
tions for the evolution of the FJ relation and of the dynamical-to-stellar mass ratio. To
generate the σap[M∗, z] tracks I adopt the following strategy:

• I consider stellar masses defined by a constant M∗/L in the MaNGA data set. I
then select a stellar mass bin and compute its mean effective radius and Sérsic
index which I choose as my starting point in Equations 2.26 and 2.30.

• I compute the mean host halo mass competing to the chosen bin of galaxy stellar
mass at z = 0 via the inverse of the SMHM relation, and then follow backwards
in time the mean halo assembly history ⟨Mhalo(z)⟩ competing to that halo. I use
the halo growth histories from van den Bosch et al. (2014), which were derived
from detailed analytic recipes tested against N-body dark matter simulations.

• I then evolve at each time step the (mean) effective radius via Equations 2.26, 2.27
and 2.29, and the Sérsic index via Equation 2.30.

• At each time step I then apply my numerical formalism to derive the velocity dis-
persion. In my reference/fiducial model I adopt the Grylls et al. (2019) (inverted)
SMHM relation and assume a NFW profile for the dark matter component.

I will further discuss below that the main trends in my output σap[M∗, z] are qualita-
tively unchanged when varying, within reason, any of the input parameters or their
exact evolution with redshift. In what follows, I rely only on single-Sérsic profiles for
two reasons: 1) I do not need to assume any time evolution in the B/T along the main
progenitors, which is still debated (and in any case not too relevant to velocity disper-
sion as emphasized in, e.g., Figure 3.2); 2) I decrease the number of parameters to only
the redshift evolution in effective radius and Sérsic index. All the predictions on the
σap[M∗, z] presented in this Section 3.2 are calculated, unless otherwise noted, within
an aperture of R = Re/8. Although Re/8 is difficult to resolve at higher z, this choice
is mostly driven by the comparison with the TNG50 simulation. Increasing the aper-
ture to R = Re, for example, would significantly increase the computational cost of
extracting and computing TNG50 velocity dispersions on a galaxy-by-galaxy basis. In
addition, larger apertures tend to give more noisy results from TNG50. I note, how-
ever, that my predicted σap[M∗, z] evolutionary tracks are very similar in shape when
adopting an aperture equal to the effective radius, they only slightly reduce in nor-
malization. As discussed in Section 3.1, the choice of a constant or scale-dependent
M∗/L produces different outputs in the dynamical-to-stellar mass ratio within the ef-
fective radius (Figure 3.5), which could be controlled by either the fraction of inner
dark matter mass and/or by a larger amount of low-mass stars (bottom-heavy IMF,
Equation 2.18). Therefore, in what follows, I will present results on the evolution of
σap[M∗, z] with both a fixed IMF and IMF-gradient driven M∗/L[r]. Since there is no
consensus on how IMF-driven gradients evolve, I include them using a very simplified
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FIGURE 3.6: Predicted σap[M∗, z] evolutionary tracks for models with constant M∗/L
along the progenitors (top panels) and at fixed stellar mass (bottom panels) for differ-
ent stellar masses, as labelled. The left column shows my fiducial model. The cen-
tral column shows the fiducial model with effective radii computed via the Kravtsov
(2013) relation. The right column shows σap for galaxies within the same mass bins
extracted from the TNG50 simulation. Dotted lines mark the region where the in-
put empirical scaling relations fall outside the observational parameter space in which

they were calibrated (see text for details).

model: I simply set Υ0 = 4 and ϕ = ξ = 1 in equation (2.18) for all the galaxies in my
higher z runs.

Figure 3.6 shows my predicted velocity dispersion evolutionary tracks σap[M∗, z] at
an aperture of Rap = Re/8, for different stellar masses, as labelled, along the main
dark matter progenitors (top panels) and at fixed stellar mass (bottom panels). The
left panels report the results of my fiducial model, the middle panels contain outputs
of a model that replaces my empirical relations for effective radii (Equation 2.26) with
an empirical linear and tight relation between effective radius and halo virial radius
Re ∝ Rvir (e.g., Kravtsov, 2013; Stringer et al., 2014; Huang et al., 2017; Zanisi et al.,
2020, 2021), and the right panels show the results extracted from the TNG50 hydrody-
namical simulation, for the same bins of stellar mass, with stellar velocity dispersions
computed as described in Appendix 2 and averaged within the same aperture as in my
semi-empirical models. The point to note is that all models show a similar imprint of
“downsizing” in the predicted σap[M∗, z], with the more massive galaxies approaching
the local value of σap[M∗, z] at earlier epochs, comparably to what observed in the rel-
ative mass growth histories of central galaxies along their main progenitor tracks (e.g.,
Moster et al., 2013; Behroozi et al., 2019; Grylls et al., 2019; Shankar et al., 2020a). Ricarte
and Natarajan (2018) also found a clear sign of downsizing in their velocity dispersion
evolutionary tracks.
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FIGURE 3.7: The Grylls et al. (2019) stellar mass-halo mass (SMHM) relation at differ-
ent cosmic epochs, as labelled. The coloured squares mark the value of ζ for a galaxy
of final (z = 0) mass log10 M∗ = 11.3 [M⊙] at z = 0, at the different redshift steps
listed in the legend. The parameter ζ is the stellar-mass-to-total-mass ratio within Re
(ζ = M∗(< Re)/(Mhalo(< Re) + M∗(< Re))). ζ has a weak evolution above the knee

but drops significantly when below the knee of the SMHM relation.

Interestingly, I do not find the downsizing in σap[M∗, z] to be strongly dependent on
the exact choice of my model for the effective radius. For example, computing the
σap[M∗, z] in my fiducial model assuming no redshift evolution in effective radii (γ = 0
in Equation 2.29), would yield similar results. In addition, the close similarity between
the fiducial model and the Kravtsov model in the predicted σap[M∗, z] tracks opens up
the possibility of computing reliable galaxy velocity dispersion in semi-analytic and
semi-empirical models via the use of only the virial radius of the host dark matter halo
(see also Zanisi et al., 2021). The σap[M∗, z] evolutionary tracks in Figure 3.6 are shown
down to a minimum stellar mass of log M∗/M⊙ = 9, below this threshold I do not have
data to calibrate the SMHM relation, nor sufficient velocity dispersion measurements in
MaNGA, and also the Re ∝ Rvir relation has not been well constrained below Re ≲ 0.5
kpc (e.g., Kravtsov, 2013; Somerville et al., 2018), which are the typical scales of galaxies
with M∗ ≲ 109 M⊙. I therefore mark with dotted lines in Figure 3.6 all extrapolations
in my data-driven models below this mass threshold of log10 M∗/M⊙ = 9.

Instead, the downsizing in σap[M∗, z] appears to be largely driven by the shape of the
input stellar mass-halo mass (SMHM) relation. The different lines in Figure 3.7 show
the SMHM relation at different redshifts, as labelled, as derived by Grylls et al. (2019)
and updated in Zanisi et al. (2020). The results show a weak evolution of the SMHM
relation, especially at z≳1 and at higher stellar masses, a conclusion shared by several
previous works (e.g., Shankar et al., 2006; Moster et al., 2010b). The constant double
power-law shape of the SMHM relation inevitably implies a varying fraction of stellar
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FIGURE 3.8: The average velocity dispersion for galaxies of fixed stellar mass (at z = 0)
vs redshift for a fixed IMF (and no M∗/L gradient). The solid lines show the fiducial
model, whereas the dot-dashed lines are without the dark matter component. The
faint lines show the extrapolations of these models in the regions where the input
scaling relations exceed the parameter space of the MaNGA catalogue. Neglecting the

dark matter component produces a much steeper evolution of σ.

mass across different halo masses (e.g., Kravtsov et al., 2004; Vale and Ostriker, 2004;
Shankar et al., 2006). In particular, when a halo crosses the threshold of Mh ∼ 1012 M⊙,
marking the “knee” of the SMHM relation, the amount of stellar mass assigned to the
central halo rapidly drops more steeply than in the host halo, in turn significantly re-
ducing the central velocity dispersion. To illustrate this effect, I mark with filled squares
the evolution along the SMHM relation of the ratio ζ = M∗(Re)/[M∗(Re) + Mhalo(Re)]

for a galaxy with stellar mass of M∗ = 1011.3 M⊙ at z = 0. It is apparent that, whilst the
ratio ζ remains similar when the galaxy resides above the knee of the SMHM relation
(in this specific case ζ ∼ 0.55), it rapidly drops (in this case by up to ∼ 40% at 1 < z < 4)
when the galaxy crosses the knee of the SMHM relation. A similar behaviour in ζ is ob-
served for all galaxy masses of interest here. When the stellar mass M∗(< R) drops
sufficiently, a condition that is more easily met below the knee of the SMHM relation,
the dark matter “takes over” in controlling the velocity dispersion within the aperture
R. It is then natural to expect a flattening in the σap[M∗, z] tracks as the evolution in
Mhalo[< Re, z] is relatively weak along the progenitor tracks. In summary, the top pan-
els of Figure 3.6 point to a pivotal role of the SMHM relation, and in particular of the
location of its knee, in shaping the downsizing in the σap[M∗, z] evolutionary tracks, at
least in models with no M∗/L gradient.

The bottom panels of Figure 3.6 present the σap[M∗, z] at fixed stellar mass for the same
models as in the corresponding top panels and for the same stellar masses at z = 0. To
generate these plots I build a mock catalogue of central galaxies and parent dark matter
haloes at each redshift of interest and then bin in stellar mass. In this case the veloc-
ity dispersions are predicted to steadily increase at earlier epochs in a nearly parallel
fashion. This behaviour could also be ascribed to the role of dark matter in the inner
regions. Given the weak redshift evolution of the input SMHM relation (e.g., Moster
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et al., 2010b), when moving backwards in time at fixed stellar mass implies retaining
a similar host halo mass and thus an increasing central dark matter mass density in-
duced by progressively smaller virial radii and increasing background densities. Our
fixed IMF models (which ignore M∗/L gradients) predict an evolution of velocity dis-
persion at fixed stellar mass of the type σap[M∗, z]∝ (1+ z)0.3, irrespective of the details
of the stellar mass/dark matter profile or of the exact evolution in effective radius. The
exception to this general trend is when a Burkert (1995) (rather than NFW) profile is
used for the dark matter: in this case, a result similar to the no dark matter model (see
Figure 3.8 and following discussion) is obtained, due to the lower dark matter density
in the central regions of the galaxy predicted by the Burkert (1995) profile. My pre-
dicted evolution in velocity dispersion agrees well with the observational findings of
Mason et al. (2015, see also Gargiulo et al. 2016), who find σap(R) ∝ (1 + z)0.20±0.07,
and also consistent with van de Sande et al. (2011) and Cannarozzo et al. (2020), who
found σap(R) ∝ (1 + z)0.4. Some previous semi-empirical models (e.g., Hopkins et al.,
2009b) predicted a very similar evolution in velocity dispersion at fixed stellar mass to
my no-M∗/L-gradient models.

To further highlight the significant role of dark matter in shaping the velocity disper-
sion evolutionary tracks, Figure 3.8 compares the σap[M∗, z] for different stellar masses
along the progenitors (left panel) and at fixed stellar mass (right) with and without the
contribution of dark matter in the mass budget (Equation 2.17, solid and dotted lines,
respectively). Of course, in this exercise I can only rely on my analytic semi-empirical
models and cannot compare with the TNG50 hydrodynamic simulation, as in the latter
it is not possible to remove the dark matter contribution from the gravitational po-
tential and from the stellar particles’ velocities (Equation 2.33), once more proving the
flexibility and usefulness of semi-empirical models as exploratory tools. Velocity dis-
persions are predicted to rapidly drop along the main progenitors in a nearly parallel
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FIGURE 3.10: Predictions derived from my fiducial model of the evolution of the
Faber-Jackson relation and the Mdyn/M∗ ratio as a function of stellar mass and redshift
for a fixed IMF and no M∗/L gradients (left and middle panels) and an IMF driven
M∗/L gradient (right panel). In the central panel, the faint yellow dashed line shows
a slop of α = 0.5 to guide the eye. In both models I find an increase of velocity disper-
sion at fixed stellar mass which is however less pronounced when there is an M∗/L

gradient.

fashion when dark matter is removed (dot-dashed lines, left panel), at least for galaxies
with log10 M∗/M⊙ ≲ 1011. More massive galaxies tend to retain their weak evolution
with redshift as the stellar component dominates the inner dynamics for longer peri-
ods of time before it crosses the knee of the SMHM relation. Removing the dark matter
component also flattens out the σap[M∗, z] at fixed stellar mass (dot-dashed lines, right
panel). As expected, when dark matter is not considered in the mass budget (Equa-
tion 2.17), a steady decrease of stellar mass naturally implies a constant decrease in
the corresponding velocity dispersion. Equivalently, at fixed stellar mass the model
predicts an approximately constant velocity dispersion, further proving the relatively
weak roles of effective radius and Sérsic index in determining central velocity disper-
sions. I note that I have neglected the contribution of gas in the computation of ve-
locity dispersions throughout, also given the sparsity of available data. Nevertheless,
gas fractions in galaxies are predicted and observed to increase at higher redshifts (e.g.,
Stewart et al., 2009, and references thereafter), thus possibly promoting an even weaker
evolution of velocity dispersions along the progenitors and an even steeper evolution
at fixed stellar mass than the trends reported in Figure 3.8.

Figure 3.9 shows the analogue σap[M∗, z] evolutionary tracks along the progenitors
(left) and at fixed stellar mass (right) for models with an IMF driven M∗/L gradient,
for different bins of galaxy luminosity L, as labelled. Similarly to when M∗/L gradients
are ignored, the σap[M∗, z] continue to present a marked downsizing, but their evolu-
tion is similar with (solid lines) and without (dot-dashed lines) dark matter at least up
to z ∼ 1 − 2 before diverging from one another at higher redshifts. This behaviour is
expected from my discussion of Figure 3.5, which supports the fact that a significant
gradient in M∗/L could account for the full dynamical mass within Re. Therefore, in
the case of a variable IMF, the stellar mass tends to dominate over dark matter for a
longer time before the dark matter is able to take over the gravitational budget of the
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central regions of the galaxy. The evolution of σap[M∗, z] at fixed stellar mass is also sim-
ilar to the case with no M∗/L gradients, but is somewhat weaker, roughly described by
the scaling σap[M∗, z]∝ (1 + z)0.2, which is, interestingly, in even better agreement with
the observational results by Mason et al. (2015).

The behaviour of σap[M∗, z] with redshift summarised in Figure 3.8 helps to make solid
predictions on other relevant galaxy probes which I introduced in Section 3.1. The left
panel of Figure 3.10 shows the predicted FJ relation at different redshifts. As velocity
dispersion increases at fixed stellar mass, the FJ will in turn increase in normalization,
consequent to the increasing central dark matter mass density. More specifically, the
evolution in normalization is relatively weak up to z ∼ 1, in agreement with some
observational data (e.g., Zahid et al., 2016), and then it starts increasing at a rate of
∝ (1+ z)0.3, faithfully mirroring the evolution in σap[M∗, z] at fixed stellar mass shown,
e.g., in the right panel of Figure 3.8. I confirm that I observe a similar redshift evolution
in the FJ relation extracted from the TNG simulation. The middle panel of Figure 3.10
reports the predicted evolution of the ratio between dynamical mass and stellar mass
within the effective radius Re, i.e. Mdyn(< Re) ∝ M∗(Re)1+α, in the same format as in
Figure 3.5. It is first of all evident that the normalization of the Mdyn(< Re)/M∗(Re)

ratio increases with redshift consequent to the increase in the inner dark matter density
which drives the increase in velocity dispersion. More interestingly, the initial tilt of
α ∼ 0.5 at z = 0 (as shown in Figure 3.5) rapidly drops, and in fact α becomes negative
at higher stellar masses and at high redshift. The main reason behind this strong and
rapid evolution in this ratio has to be mostly ascribed, in my models, to the steady
decrease in effective radii with redshift which is more pronounced in more massive
galaxies, as parameterised in Equations 2.26 and 2.29 (see Figures 3.4 and 2.2). As
the galaxy effective radii gradually shrink at earlier epochs, the contribution of dark
matter becomes proportionally less relevant in massive galaxies. A similar trend in the
shape of the Mdyn(< Re)/M∗(Re) ratio with time is predicted also in the presence of a
variable IMF (right panel), though the normalization has a much weaker evolution in
this instance, a trend once more mainly induced by the dominance of the stellar mass
within Re.

3.3 Discussion

By using a semi-empirical approach, following dark matter assembly histories and
making use of an input SMHM relation, I have built a flexible model to predict the
velocity dispersion evolutionary tracks σap[M∗, z] of galaxies in the stellar mass range
9 < log M∗/M⊙ < 11.5. I showed that, in models with no M∗/L gradient, which
appear very similar to the predictions of the TNG50 hydrodynamic simulation (Fig-
ure 3.8), the inner relative fraction of dark matter with respect to stars regulates the
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FIGURE 3.11: Graphical representation of equation 3.2, showing the (theoretical)
change in σ under a merger of ratio η = M∗

sat/M∗
cent, assuming basic energy conser-

vation arguments. This plot sets δ = 0.6, as in the text. Note that while the fractional
change appears small, the cumulative effect of many mergers is significant.

σap[M∗, z] tracks, although its role becomes less prominent in the presence of suffi-
ciently steep (IMF driven) gradients in M∗/L. In this Section I discuss my findings
of σap[M∗, z] evolutionary tracks that are constant or increasing with time, in light of
galaxy evolutionary models, in particular focusing on role of “dry” (gas-poor) merg-
ers, and on the link between velocity dispersion and central black hole mass.

3.4 The role of (dry) mergers

One of the key predictions from all hierarchical models of galaxy formation is that ve-
locity dispersion should decrease with cosmic time in the presence of minor, dry mergers
(see Chapter 1.2.4). A simple approximation to velocity dispersion evolution under dry
mergers, derived from basic energy conservation arguments, can be written as (e.g.,
Naab et al., 2009; Fan et al., 2010; Nipoti et al., 2012; Lapi et al., 2018)

σ2
a f ter = σ2

be f ore
1 + η2−δ

1 + η
, (3.2)

where σbe f ore and σa f ter are, respectively, the velocity dispersions of the central galaxy
before and after a merger, η is the stellar mass ratio between the infalling and central
galaxy, and δ is the exponent of the radius-mass relation r ∝ Mδ (which I set to a ref-
erence value of δ = 0.6 following Shankar et al. 2014). This relation is represented
graphically in Figure 3.11. In all cases, the final velocity dispersion is expected to de-
crease by a small amount, with a maximum decrease predicted at η ∼ 0.3.
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FIGURE 3.12: Average σ for galaxies of fixed mass at z = 0, showing the effect of
multiple repeated mergers on the evolution of σ commencing at z = 2 (dashed lines)
and z = 1 (dotted lines). Solid lines show the original tracks. Velocity dispersion
drops unreasonably quickly under repeated mergers, suggesting other processes are

at work.

To simulate the cumulative impact of mergers on velocity dispersions, I apply Equa-
tion 3.2 to the mergers occurring along the dark matter main progenitor branches of
the stellar mass accretion tracks that I generated as the baseline for my σap[M∗, z] evo-
lutionary tracks (Figure 3.8). More specifically, I follow the methodology put forward
by Grylls et al. (2019, 2020b,a), and further developed and refined by Fu et al. (in prep.),
in which infalling dark matter subhaloes at each interval dz are extracted from the un-
evolved (i.e., unstripped), subhalo mass function (e.g., Hopkins et al., 2009b; Jiang and
van den Bosch, 2016). Galaxy stellar masses are assigned to both central and satellite
dark matter haloes via a SMHM relation, and are then assumed to be “frozen” after
infall, i.e. with negligible stripping and star formation once they cross the virial radius,
which Grylls et al. (2019) showed to be a very good approximation for reproducing the
local satellite stellar mass function above M∗ ≳ 1010 M⊙, the range of mass of interest
here. I stress that none of the conclusions discussed below will be qualitatively altered
by allowing for some late evolution in the infalling satellites or by varying the rate
of galaxy mergers via, e.g., the adoption a different input SMHM relation (e.g., Grylls
et al., 2020a). My aim here is to check whether a sequence of repeated dry mergers, at
the rate predicted by a ΛCDM Universe, induces a (late) σ evolution roughly consistent
with the one inferred by my semi-empirical models.

The solid lines in Figure 3.12 correspond to my σap[M∗, z] evolutionary tracks in my
fiducial model with a constant M∗/L for different stellar masses at z = 0, as labelled.
I assume that the galaxy undergoes a two-phase evolution (e.g., Oser et al., 2010; Lapi
et al., 2018), comprising of an early in-situ growth followed by a sequence of mostly
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FIGURE 3.13: Velocity Dispersion, M∗ and fgas histories from galaxies defined as Gas
Rich and Gas Poor within TNG50. Galaxies are selected in mass bins of 0.1 dex (at
z = 0) and for each the ratio of gas to stellar mass within the half mass radius is
computed. The upper and lower quartiles of this distribution are plotted here, as ‘Gas

Rich’ and ‘Gas Poor’ respectively.

dry mergers. I choose the latter phase to kick in either at z = 1 or at z = 2, and thus
from that redshift onwards, for each of my evolutionary tracks, I update the velocity
dispersion following each merger event via Equation 3.2. The result is shown with dot-
ted and dashed lines, respectively. For galaxies with stellar mass M∗ ≲ 1011 M⊙, the
evolution of σap[M∗, z] is predicted to be approximately flat from z = 1 − 2, as natu-
rally expected from Equation 3.2 as galaxy mergers are progressively less relevant at
lower stellar masses (e.g., De Lucia et al., 2006; Hopkins et al., 2010; Shankar et al.,
2013a). Such a flat trend is in tension with the increasing σap[M∗, z] at z ∼ 0.5 − 1,
suggesting that in-situ growth is a dominant component for the mass and dynamical
evolution of lower mass galaxies. More massive galaxies with M∗ ≳ 1011 M⊙ instead
show relatively flat σap[M∗, z] at z ∼ 1 − 2, which however are still in tension with the
evolution via Equation 3.2 which predicts velocity dispersions steadily decreasing with
cosmic time, especially for galaxies M∗ ≳ 2 × 1011 M⊙. I note that adopting a gradient
in M∗/L would induce even steeper evolution in the predicted σap[M∗, z] at all epochs
(Figure 3.9), thus exacerbating the tensions with pure dry merger models. I thus con-
clude that completely dry mergers cannot dominate the late evolution of galaxies, and
that additional in-situ stellar mass growth, even in the most massive galaxies, should
occur during and/or in between mergers to maintain a flat or increasing σap[M∗, z].
This conclusion is consistent with the declining, but still non-zero, star formation histo-
ries inferred in massive galaxies (e.g., Buchan and Shankar, 2016; Leja et al., 2019; Grylls
et al., 2020b, and references therein) and with the presence of substantial amounts of
gas in massive galaxies at intermediate epochs (e.g., Gobat et al., 2018, 2020).

To further probe the role of gas richness in shaping the evolutionary histories of σap[M∗, z],
I dissect the velocity dispersion evolutionary tracks in the TNG50 simulation for differ-
ent gas fractions and stellar masses. The left panel of Figure 3.13 plots the σap[M∗, z] of
galaxies of equal stellar mass at z = 0 (middle panel), but distinct gas fractions at all
relevant epochs (right panel), namely the 95% percentile above and below the mean gas
fractions for galaxies of the selected stellar mass bin (dot-dashed lines and solid lines,
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respectively). I find clear evidence that gas-richer galaxies, as expected, have a signifi-
cantly steeper evolution in both stellar mass and velocity dispersion, whilst gas-poorer
galaxies tend to have a flatter evolution in stellar mass, and a flat or even decreasing ve-
locity dispersion at late epochs, consistently with what predicted from my toy models
in Figure 3.12 (dashed lines). Interestingly, the most massive and gas-poor galaxies in
the TNG50 simulation tend to show a decreasing velocity dispersion at late times z ≲ 2
(solid red line in the left panel of Figure 3.13), which is what it would be expected in the
presence of repeated dry mergers. In order to reproduce this trend in σap[M∗, z] in my
semi-empirical model I would require an input SMHM relation that steepens at earlier
epochs, in a way to keep the ζ = M∗(Re)/[M∗(Re) + Mhalo(Re)] ratio (Figure 3.7) in-
creasing at earlier epochs along the halo progenitor track, a trend that is however not
favoured by current estimates of the stellar mass function at high redshifts (e.g., Kaw-
inwanichakij et al., 2020). My conclusions agree with previous analytic and numerical
work suggesting that dry mergers alone cannot entirely account for the behaviour of
velocity dispersion at late epochs (e.g., Nipoti et al., 2012).
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Chapter 4

Results: Black Hole Scaling
Relations

In this Chapter I firstly present analysis of the residuals around the scaling relations of
the local sample of galaxies with dynamically measured supermassive black hole mass.
I will show that the analysis strongly suggests that velocity dispersion is more funda-
mental than other galaxy properties, most notably stellar mass (additional residuals
test performed on other galaxy properties such as Sérsic index, and other samples such
as active galaxies, are presented in Shankar et al. 2017a and Shankar et al. 2019b). In
the second part of the Chapter I will connect the evolutionary tracks in velocity disper-
sions derived in Chapter 3 with those independently derived for supermassive black
holes from stacked X-ray AGN, to build a MBH-σ relation at all redshifts. Finally, I will
show how I can place additional constraints on black hole scaling relations using AGN
clustering.

4.1 Fundamental MBH−σ - Residuals analysis

In this section I now consider additional evidence that the MBH−σ may be the most
fundamental scaling relation. I start by revisiting the residual analysis on the black
hole scaling relations following the method outlined in Shankar et al. (2016), Shankar
et al. (2017a) and Shankar et al. (2019b). Residuals in pairwise correlations (Sheth and
Bernardi, 2012) allow for a statistically sound approach to probe the relative importance
among variables in the scaling with black hole mass. Residuals are computed as

∆(Y|X) ≡ log Y − ⟨log Y| log X⟩ (4.1)
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where the residual is computed in the Y variable (at fixed X) from the log-log-linear fit
of Y(X) vs X, i.e. ⟨log Y| log X⟩. For each pair of variables, each residual is computed
200 times, and at each iteration five objects at random are removed from the original
sample. From the full ensemble of realizations, I then measure the mean slope and its
1σ uncertainty.

My results are shown in Figures 4.1 and 4.2, which show the residuals extracted from
the recent homogeneous sample calibrated by de Nicola et al. (2019). This sample con-
sists of 109 black holes compiled from several sources, with masses measured using
spatially resolved kinematics (a combination of stellar, gas dynamics and astrophysical
masers (see Kormendy and Ho, 2013)). This sample does not include black hole masses
derived from reverberation mapping or virial methods, as such techniques must be
calibrated using black hole - galaxy scaling relations1.

Figure 4.1 shows that black hole mass strongly correlates with velocity dispersion at
fixed galaxy luminosity with a Pearson coefficient r ∼ 0.7 (top left panel), and even
more so at fixed effective radius with r∼0.8 (bottom left panel), while the correspond-
ing correlations with stellar luminosity or effective radius are significantly less strong
with r ∼ 0.4 at fixed velocity dispersion (right panels). Figure 4.2 shows the residuals
restricting the analysis to only early type galaxies (red circles). The residuals appear
quite similar in both slopes and related Pearson coefficients. These results further sup-
port the findings by Shankar et al. (2016) (shown, for comparison, in Figure 4.3) that
velocity dispersion is more fundamental than effective radius and stellar mass, and
that even disc-dominated galaxies follow similar scaling relations2.

The total slope of the MBH-σ relation can be estimated as MBH ∝ σβ Mα
∗ ∝ σβ+α γ, where

γ comes from M∗ ∝ σγ. Since SDSS galaxies tend towards γ ≈ 2.2 (Shankar et al.,
2017b), and the residuals in Figure 4.1 yield β ∼ 3 and α ∼ 0.4, one obtains a total
dependence of MBH ∝ σ5, consistent with models of black hole growth being regulated
by AGN feedback, as further discussed in Section 4.2 (e.g. Silk and Rees, 1998; Fabian,
1999; King, 2003; Granato et al., 2004).

4.2 Discussion: Fundamental MBH−σ

As I have briefly discussed, a growing body of work is pointing to the fundamental
importance of the MBH-σ. A key perspective that I have so far neglected in regards to

1This sample itself is indeed highly likely be suffer from selection bias, as discussed in Chapter 1, as
larger black holes are more likely to be kinematically resolved. While this has important implications for
the determination of correct galaxy-black hole scaling relations, we must assume here that the relative
importance of the scaling relations is not sample dependant.

2In Shankar et al. (2016), we show additional correlation coefficients. They are however not very infor-
mative, so are not included in this work.
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FIGURE 4.1: Correlations between residuals from the observed scaling relations, as in-
dicated. The residuals are extracted from the recent homogeneous sample calibrated
by de Nicola et al. (2019). It can be clearly seen that black hole mass is strongly cor-
related with velocity dispersion at fixed galaxy luminosity with a Pearson coefficient
r ∼ 0.7 (top left panel), and even more so at fixed effective radius with r ∼ 0.8 (bottom

left panel). Correlations with other relations appear less strong (right panels)
.

black hole scaling relations is that of the theoretical modeller, which I will explore in this
section before considering further applications of this relation as the most fundamental.

The parameters of the galaxy that correlate with MBH tell us which physical processes
are most important in setting the black hole mass. Each parameter is related to certain
physical quantities. For example, velocity dispersion is naturally related to the mass
of the galaxy’s spheroidal component, and by extension to its gravitational potential.
In the simplest case, modelling the bulge as an isothermal density profile, gas density
is ρ ∝ σ2 and its weight (the product of the gas mass and gravitational acceleration) is
W ∝ σ4. Therefore, modelling a connection between the upper limit of the black hole
mass and the weight of the gas surrounding it may indeed be a good starting point to
explaining the correlation. Alternatively, if the SMBH mass were controlled by stellar
processes, such as turbulence driven by stellar feedback, I would expect a strong cor-
relation between MBH and stellar mass. Similarly, if the rate of SMBH feeding from
large-scale reservoirs were an important constraint, a correlation with the bulge size R
or dynamical timescale tdyn ≃ R/σ might emerge. The fact that such correlations are
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FIGURE 4.2: Identical analysis to Figure 4.1, but only early type galaxies. Correlations
with velocity dispersion are comparable.

not seen suggests that these processes are secondary to the host’s gravitational poten-
tial.

A very promising group of models that have emerged over the past two decades are
those based on AGN feedback (Silk and Rees, 1998; Granato et al., 2004; Harrison, 2017;
Morganti, 2017). The common argument is that AGN luminosity transfers energy to
the surrounding gas and at some point drives it away, quenching further black hole
growth. These models are generally capable of explaining not only the MBH-σ relation,
but also the presence of quasi-relativistic nuclear winds and large-scale massive out-
flows observed in many active galaxies. Other models that presume either no causal
connection between galaxy and black hole growth (Peng, 2007; Jahnke and Macciò,
2011) or those that claim the black hole to be merely a passive recipient of a fraction of
the gas used to build up the bulge (Haan et al., 2009; Anglés-Alcázar et al., 2013, 2015)
make no predictions regarding outflows and generally connect the black hole mass to
the mass, rather than velocity dispersion, of the galaxy bulge.

There are several ways of transferring AGN power to the surrounding gas, e.g. radi-
ation, winds and/or jets (Morganti, 2017). Jets are typically efficient on galaxy cluster
scales, heating intergalactic gas and prevent it from falling back into the galaxy (McNa-
mara and Nulsen, 2007). This process, referred to as “maintenance mode” of feedback,
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FIGURE 4.3: Figure 5 from Shankar et al. (2016) showing correlations between residu-
als. Correlations with velocity dispersion (left panels) appear to be stronger than other

relations. The data is from the sample of Savorgnan and Graham (2016).

prevents the SMBH mass from growing above the limit established by the MBH-σ rela-
tion. Jets are considered to be the primary form of feedback in AGN that accrete at low
rates and have luminosities L < 0.01LAGN (Merloni and Heinz, 2007). The opposite
type of feedback is known as “quasar mode”, and it is believed to be most efficient in
more luminous AGN. Here, again, there are two possibilities in which energy can be
transferred. Directly coupling AGN luminosity to the gas in the interstellar medium
is possible if the gas is dusty (due to a very high opacity, see Fabian et al. 2008). On
the other hand, dust evaporates when shocked to the temperatures expected within
AGN outflows (Barnes et al., 2018), potentially limiting the impact of radiation-driven
outflows. A much more promising avenue is to connect the AGN with the surround-
ing gas via a quasi-relativistic wind (King and Pounds, 2015). Such a model naturally
produces both a MBH-σ relation similar to the observed one, and outflow properties in
excellent agreement with observations, both within galaxies (Zubovas and King, 2012a;
Cicone et al., 2014; Menci et al., 2019) and on intergalactic scales in galaxy groups (Lapi
et al., 2005).
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4.2.1 AGN wind-driven feedback

AGN are highly variable on essentially all timescales and are known to occasionally
reach the Eddington luminosity

LEdd =
4πGMBHc

κe.s.
, (4.2)

where κe.s ≃ 0.346 cm2 g−1 is the electron scattering opacity. Under such circumstances,
the geometrically thin accretion disc produces a quasi-spherical wind that self-regulates
to an optical depth τ ∼ 1 (King and Pounds, 2003). Therefore each photon emitted by
the AGN will, on average, scatter only once before escaping to infinity, and the wind
carries a momentum rate

Ṁwvw = τ
LAGN

c
, (4.3)

where Ṁw is the wind mass flow rate, vw is the wind velocity and LAGN ≡ lLEdd is the
AGN luminosity, where l is the Eddington ratio. By writing LAGN = ηṀBHc2, the wind
velocity can be shown to be

vw =
τη

ṁ
c, (4.4)

where ṁ ≡ Ṁw/ṀBH. The value of ṁ is highly uncertain, but should not be extremely
different from unity. To see this, consider the extreme ends of the possible range of
ṀBH. If the accretion rate on to the accretion disc is significantly below Eddington, no
wind is produced, while if the accretion rate rises above the Eddington limit, the wind
moderates the accretion flow. Overall, the highest possible average accretion rate is the
dynamical rate:

Ṁdyn = fg
σ3

G
≃ 64

σ200
ṀEdd, (4.5)

where fg ≃ 0.16 is the cosmological gas fraction, σ ≡ 200σ200 km s−1 is the velocity
dispersion in the galaxy (King, 2010b; King and Pounds, 2015), and ṀEdd = LEdd/ηc2

is the mass flow rate corresponding to the Eddington Ratio. In deriving the second
equality, I used the MBH − σ relation that is derived below, in eq. 4.10. Therefore, in
most cases, the SMBH feeding rate is not significantly higher than the Eddington rate,
unless MBH is well below the observed relation. As a result, I take ṁ ∼ 1 for the rest of
this section. This leads to the final expression for the AGN wind velocity

vw ≃ ηc ≃ 0.1c, (4.6)

which is very close to the average velocity in observed winds (Tombesi et al., 2010a,b).
The kinetic power of the wind is

Ėw =
Ṁwv2

w
2

≃ η

2
LAGN ≃ 0.05LAGN. (4.7)
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The wind rapidly reaches the interstellar medium (ISM) surrounding the AGN and
shocks against it. The shock is strong, since vw/σ ≫ 1, and the wind heats up to a
temperature

Tsh =
3mpv2

w

16kb
≃ 1010K, (4.8)

where mp is the proton mass, and kb is the Boltzmann constant. The most efficient cool-
ing process at this temperature is Inverse Compton (IC) cooling via interaction with
AGN photons (King, 2003; Faucher-Giguère and Quataert, 2012). Most of the photons
interact with electrons in the shocked wind, and a two-temperature plasma develops
(Faucher-Giguère and Quataert, 2012). The actual cooling timescale then depends on
the timescale for energy equilibration between electrons and protons. As a result, cool-
ing is highly inefficient and the shocked wind can expand as an approximately adia-
batic bubble.

The subsequent evolution of the expanding bubble depends on the density structure
of the ISM. Most of the energy stored in the hot wind bubble escapes through the
low-density channels and creates a large-scale outflow (Zubovas and Nayakshin, 2014).
Denser clouds, however, remain and are mainly affected by the direct push of the wind
material. These two situations create two kinds of outflow, known as energy-driven
and momentum-driven, respectively. The latter kind is responsible for establishing the
MBH − σ relation.

4.2.2 The predicted relation

Momentum-driven outflows push against the dense clouds surrounding the black hole.
These clouds are the most likely sources of subsequent black hole feeding, therefore
their removal quenches further black hole growth for a significant time and establishes
the MBH-σ relation (King, 2003; Murray et al., 2005; King, 2010a). Considering the bal-
ance between AGN wind momentum and the weight of the gas Wgas leads to a critical
AGN luminosity required for clearing the dense gas:

Lcrit = Wgasc ≃
4 fgσ4c

G
, (4.9)

where the second equality assumes that the gas distribution and the background grav-
itational potential are isothermal, i.e. ρ = σ2/

(
2πGR2) (Murray et al., 2005). Equating

this critical luminosity with the Eddington luminosity of the black hole allows us to
derive a critical mass (King, 2010a):

Mcrit ≃
fgκe.s.σ

4

πG2 ≃ 3.2 × 108 fg

0.16
σ4

200 M⊙. (4.10)

This value is very close to the observed one, although it has a slightly shallower slope.
This discrepancy may be explained by the fact that the black hole still grows during
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the time while it drives the gas away (Zubovas and King, 2012b). As the gas is pushed
away, it joins the energy-driven outflow. This outflow coasts for approximately an
order of magnitude longer than the AGN phase inflating it and stalls at a distance
(King et al., 2011)

Rstall ≃
v2

σ
tAGN, (4.11)

where tAGN is the duration of the driving phase and the energy-driven outflow velocity
is (King, 2005; Zubovas and King, 2012a)

v =

(
2ηc
3σ

0.16
fg

)1/3

≃ 925σ2/3
200

(
0.16

fg

)1/3

kms−1. (4.12)

By equating Rstall with either the bulge radius or the virial radius of the galaxy, one
obtains the time tAGN for which the galaxy must be active in order to quench further
accretion on to the black hole and find tAGN ∝ Rσ−1/3 ∝ σ2/3, since R ∝ σ on average
(this relation arises from the Fundamental plane of galaxies, see Djorgovski and Davis,
1987; Cappellari et al., 2013b). Note that this growth does not need to happen all at
once: as long as the outflow is still progressing by the time the next episode begins, the
system behaves as if it was powered by a continuously shining AGN (Zubovas, 2019).

This extra growth steepens the MBH-σ relation beyond the simpler analytical prediction
and brings it more in line with observations (Zubovas and King, 2012b). Furthermore,
it shows that galaxy radius may be an important secondary parameter determining the
final black hole mass.

As a final note, the extra black hole growth while clearing the galaxy also depends on
its spin. Since a rapidly spinning black hole produces more luminosity and drives a
faster outflow than a slow-spinning one, the latter has to be active for longer and grow
more before it clears the gas from the galaxy. Although present-day estimates of black
hole spins are not robust or numerous enough to test this prediction in detail, this might
become possible in the near future (Zubovas and King, 2019).

In general, theoretical models based on momentum-driven outflows are capable of nat-
urally explaining the relationship between black hole mass and velocity dispersion,
primarily due to the latter acting as a tracer of the host’s gravitational potential well.
In addition, these models could account for secondary, weaker dependencies on, e.g.,
galaxy stellar mass or size, which may still be allowed by current data as discussed
above (Figure 4.1).

4.3 σ modelling - Implications for black hole scaling relations

I have seen how the MBH-σ is likely to be the most fundamental scaling relation, and
I now consider how I can apply my σ modelling to reveal more about this relation,
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FIGURE 4.4: The MBH−σ relation as predicted by my model at different redshifts and
compared with various relations at z = 0 from the literature. The blue shaded region

shows the effect of varying the radiative efficiency ϵ (at z = 0) by ±0.05.

particularly at high redshift.

In this Section I attempt to derive the MBH-σ at different redshifts following a method-
ology similar to the one put forward by other groups in the context of the MBH-M∗

relation (e.g., Yang et al., 2018; Carraro et al., 2020; Shankar et al., 2020a). I calculate
the black hole accretion rate ṀBH[z, M∗] integrating at each time step the probability
P(z, LX|M∗) of having a certain X-ray AGN luminosity for a given stellar mass and
converting to an accretion rate via the equation,

ṀBH(M∗, z) =∫ ∞

−2
P(LSX|M∗, z)

(1−ϵ−ϵkin)kbol(M∗LSX)M∗LSX

ϵc2 dlogLSX

(4.13)

where P(LSX|M∗, z) is the probability distribution of specific X-ray luminosity, ϵ is the
mean radiative efficiency (I set this to a nominal value of 0.1), ϵkin is the kinetic effi-
ciency (I set this to 0.15, see, e.g., Shankar et al. 2009 and references therein), and kbol

is the bolometric correction. In Equation 4.13, the (specific) X-ray luminosity is defined
in units of host stellar mass, hence the lower limit of integration, -2, corresponds to
LX ∼ 2 × 1041 ergs−1. For the functions P and kbol , I use the definitions described in
Yang et al. (2019). I then integrate in time the black hole accretion rate derived from
Equation 4.13 along each σap[M∗, z] evolutionary track, which corresponds to a given
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stellar mass growth history M∗[z], to generate a corresponding MBH[z, M∗] and thus
ultimately build an MBH[z]−σ[z] relation.

My result is shown in Figure 4.4 for different redshifts, as labelled. I find an MBH−
σap relation that is roughly constant in both slope (which is around a value of 5) and
normalization up to z ∼ 2, and possibly decreasing in normalization only beyond this
epoch, in good agreement with available observations up to z ∼ 1−2 (e.g., Shankar
et al., 2009; Salviander and Shields, 2013; Shen et al., 2015). When adopting reference
values of ϵ = 0.1 and ϵkin = 0.15 (e.g., Shankar et al., 2020b, and references therein), my
predicted MBH−σ relation at z = 0 is in the ballpark of the one calibrated in the local
Universe from the available sample of supermassive black holes with dynamical mass
measurements (e.g., Ferrarese and Merritt, 2000; Kormendy and Ho, 2013). I note that
the local data are less dispersed in the MBH−σ plane than in the MBH−M∗ one (e.g.,
Shankar et al., 2020b), thus pointing to the former as a stronger constraint for galaxy
evolution models (e.g., Lapi et al., 2018; Li et al., 2020). The modelling of the black
hole accretion tracks MBH[z] via Equation 4.13 generates a downsizing in black hole
growth, as already found by Shankar et al. (2020a), which mimics the one found here in
velocity dispersion, further suggesting a close link between galaxies and their central
black holes.

In more general terms, the black hole accretion rate could be written as (e.g., Aller and
Richstone, 2002; Marconi et al., 2004; Shankar et al., 2004)〈

dMBH

dz

〉
(MBH, z) =

U(MBH, z)λ(MBH, z)MBH(z)
te f

dt
dz

(4.14)

in terms of the duty cycle U(MBH, z), i.e. the associated probability of a black hole of
being active, and an Eddington ratio distribution λ(MBH, z) which, together with the
e-folding time

te f =
ϵ

(1 − ϵ)
4 × 108 yr , (4.15)

controls the average growth rate of a black hole at a given epoch. Equation 4.14 clearly
highlights the degeneracy between duty cycle and Eddington rate in shaping black
hole growth (e.g., Shankar et al., 2013a; Aversa et al., 2015b; Allevato et al., 2021). If
I adopt an average duty cycle U(MBH, z) as suggested by Aversa et al. (2015b, their
Figure 7), in turn derived by continuity equation arguments and physically motivated
black hole light curves, I find that in order for the black holes to remain on a non-
evolving MBH−σ, they must steadily reduce their Eddington ratios with cosmic time,
in line with a number of independent measurements and observations (e.g., Shankar
et al., 2013a, and references therein).

In summary, its fundamental nature and lower inclination towards selection biases (in
comparison to other scaling relations, e.g. Shankar et al. 2016) make the MBH-σ relation
the ideal benchmark for statistical studies of black holes in a variety of contexts. The
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MBH-σ relation should always be the one adopted to constrain the fvir factor used in
reverberation mapping studies (see e.g. Shankar et al. 2019b). The MBH-σ relation also
provides more robust large-scale clustering predictions in black hole mock catalogues
(Shankar et al., 2019a). Furthermore, pulsar timing array predictions of the gravita-
tional wave background (e.g. Kramer and Champion (2013)) are strongly dependent
on the normalization of the black hole scaling relations (Sesana et al., 2008; Shankar
et al., 2016), but they should be based on the MBH-σ rather than on the MBH-M∗ rela-
tion (see Rosado et al. 2015).

4.4 AGN Clustering as a probe of scaling relations

In this Chapter I have shown that there is strong evidence that the MBH−σ is the most
fundamental black hole scaling relation, and I have examined the results of my mod-
elling to explore how the MBH−σ could plausibly evolve with redshift. In the next
Chapter, I will explore the idea of creating mock catalogs of AGN using appropriate
scaling relations, but before this I will conclude this Chapter by exploring additional
constraints on black hole scaling relations, namely by using the clustering of AGN. In
Shankar et al. (2019a), we present a methodology that uses AGN clustering to set new
and valuable independent constraints on the overall shape of the local black hole scaling
relations. As discussed in Chapter 1, different host galaxy morphology, observational
biases and selection effects all tend to result in different black hole mass–host galaxy
scaling relations. To make progress, an independent constraint on these scaling rela-
tions is needed, which is obtained as follows.

Within the framework of a cold dark matter Universe, more massive host dark mat-
ter haloes appear progressively more strongly clustered, i.e., their spatial distribution
shows more marked departures from an underlying random distribution (Cooray and
Sheth, 2002). Galaxies and black holes residing in more massive dark matter haloes
are thus naturally expected to appear more clustered. This methodology builds on this
basic notion of galaxy clustering and it can be briefly outlined as follows:

At any redshift of interest z, we first create large catalogues of host dark matter haloes
from the halo mass function n(Mhalo). To each dark matter halo we then assign a cen-
tral galaxy with stellar mass given the SMHM relation (Grylls et al., 2019). To each
mock galaxy we then assign a central supermassive black hole given by the Shankar
et al. (2016) MBH[z]− M∗[z] empirical relation. we also explore a model in which we
bypass the MBH[z]− M∗[z] relation assigning black holes via the MBH − σ relation. The
combination between black-hole and galaxy property (stellar mass or velocity disper-
sion), and galaxy property with host halo mass effectively predicts a MBH[z]− Mhalo[z]
relation. More massive haloes are more strongly clustered, and their (large-scale) clus-
tering strength is encoded in the bias parameter (b). The bias parameter and how we
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FIGURE 4.5: Predicted bias as a function of black hole mass. Left: Results for the mean
large-scale clustering are shown at z = 0.25 for unbiased and observed (red solid
and long-dashed black lines, respectively), the Reines and Volonteri (2015) (dashed
green line), and the (late-type) Davis et al. (2018) (blue triple-dot-dashed line) MBH-
M∗ relations, as labelled. The data Krumpe et al. (2015) (green squares and purple
triangles are X-ray and optical AGN, respectively) are extracted from the clustering
properties of AGN identified in ROSAT and SDSS in the redshift range 0.16 < z < 0.36.
The models with the unbiased/lower normalization MBH-M∗ relation are favoured
by current data. Right: Similar to left hand panel, but now showing b(MBH) expected

from the observed/biased (dashed) and intrinsic (solid) MBH-σ scaling relations.

calculate it is explained in appendix A.4, but I note here that this methodology does not
depend on duty cycles or Eddington ratio distributions. More massive haloes are on av-
erage characterized by larger b-values. For a given input MBH[z]− M∗[z] relation, we
compute the implied MBH[z] − Mhalo[z] relation, and finally the predicted large-scale
clustering of black holes, encoded in the b − MBH relation. The higher the normaliza-
tion in the MBH[z]− Mhalo[z] relation, the lower is the Mhalo that hosts a given MBH, and
so the weaker is the expected clustering strength of black holes at fixed black hole mass
(and dispersion around the mean). The MBH[z]− Mhalo[z] relation(s) that provide the
closest match to the AGN clustering measurements, will set key constraints on, most
noticeably, the most appropriate input MBH[z]− M∗[z] relation.

The results are presented in Figure 4.5. The data (Krumpe et al., 2015) is represented
by two green squares with error bars (same in both panels) showing the large-scale
bias factors for two samples of low- and high-mass active supermassive black holes
observed in X-ray band. Similarly, the two magenta triangles show the bias factor b
in a low- and high-mass sample of optically-selected AGN. The inferred bias factors
b appear to be rather independent of wavelength, and indeed larger for the samples
with larger black hole mass MBH. The curves in the left-hand panel of 4.5 show the
expected large-scale bias from my model, assuming black hole masses are assigned
via the observed/biased (long-dashed black) or intrinsic/unbiased (solid red) MBH-
M∗ scaling relations Shankar et al. (2016). The predicted bias parameter b based on the
observed/biased scaling relations is too low and is ruled out at high confidence (≳ 3σ),
whilst that based on the intrinsic/unbiased scaling relations provides a good match to
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the data. The agreement is remarkable, given that there are no free parameters to fit.
The dashed green curve shows that the Reines and Volonteri (2015) MBH-M∗ scaling
relation also yields a good match to the clustering measurements, implying that the
AGN clustering measurements are still consistent with MBH-M∗ relations that are even
lower in normalization than Shankar et al.’s intrinsic relation.

It has been argued that host galaxy morphology may play a substantial role in creat-
ing the systematic offset between black hole scaling relations of active and quiescent
galaxies. In fact the former active black holes could be mostly hosted in later-type
galaxies, which are expected to allegedly be hosting lower black hole masses at fixed
stellar mass, while the latter quiescent samples with larger black hole masses tend to in-
habit earlier-type galaxies Reines and Volonteri (2015). However, the Davis et al. (2018)
steep relation of dynamically-measured quiescent black holes in late-type galaxies (blue
triple dot-dashed line), tends to still fall substantially below the bias data at high MBH.
The latter result clearly supports the view of a bias in the observed MBH-M∗ relation
which is independent of galaxy morphology or AGN type. We also expect the Krumpe
et al. (2015) AGN clustering measurements, based on large, serendipitous samples, to
be representative of a variety of host galaxy morphologies and not just late types. We
finally note that all of the data in Figure 4.5 mostly corresponds to Type 1 AGN. Ob-
servationally, Type 2/obscured AGN have been measured to cluster at a comparable
or even higher level, at least at z < 1 (DiPompeo et al., 2016; Jiang and van den Bosch,
2016), which would further strengthen my results in favour of lower normalizations in
the MBH-M∗ intrinsic relation.

In summary, the low-redshift AGN clustering measurements considered here favour
considerably lower normalizations of the MBH-M∗ relation. Scalings in MBH-M∗ with
high normalizations such as the observed/biased one characterizing quiescent galaxies
(black long-dashed line), tend to map black holes to lower stellar masses and thus to
lower host halo masses, significantly decreasing the predicted clustering signal. AGN
clustering thus provides additional, independent evidence for the presence of a bias
in the observed MBH-M∗ relation, at least for quiescent black holes with MBH≳ 3 ×
107 M⊙. At lower black hole masses, AGN clustering data is not currently available and
thus loses its constraining power. For example, for MBH ≲ 3× 107 M⊙, AGN clustering
data are not able to distinguish between the steep (late-type) relation of Davis et al.
(2018) or the flatter one of Reines and Volonteri (2015). This loss in constraining power
is a consequence of the fact that b(Mhalo) becomes nearly constant at low masses (Sheth
and Tormen, 1999).

For completeness, the right-hand panel of Figure 4.5 shows the bias parameter b(MBH)
expected from the MBH-σ scaling relation. Measuring the clustering strength implied
by the MBH-σ relation represents an additional independent test to the overall relia-
bility of the black hole scaling relations. This test is also particularly valuable as it
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circumvents the use of M∗ by directly applying abundance matching between the ve-
locity dispersion-based local black hole mass function and halo (plus subhalo) mass
functions. Moreover, it has been claimed that the MBH-σ relation is less biased than the
MBH-M∗ relation, implying that the former should be closer to the “intrinsic” relation,
in terms of normalization, slope, dispersion around the mean (Bernardi et al., 2007;
Shankar et al., 2016, 2019b). It is thus expected that the related (large-scale) cluster-
ing properties should be less sensitive to observational biases. Indeed, when adopting
reasonable scatter (∼ 0.3 dex) around the mean MBH-Mhalo relation (Shankar et al.,
2010a; Aversa et al., 2015a), when adopting the observed (dashed black) and intrinsic
(solid red) MBH-σ relations, in both cases we find mean b-MBH relations broadly consis-
tent with the data, with the former only slightly disfavoured at the highest black hole
masses.

In summary, I have shown in this section how clustering can be used to place strong
constraints on black hole scaling relations. With this tool at my disposal, I can explore
the creation of mock catalogs, which I will discuss in the next Chapter.
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Chapter 5

Wider Applications: Mock Catalogs

In this Chapter, I will present two further applications of the techniques used in this
work. The first is in the development of AGN mock catalogs, the second is the real-time
visualization of mock catalogs through my cosmological visualization tool Astera. The
background for these applications is discussed in Chapter 1, but the motivation will be
briefly discussed here.

The European Space Agency’s ‘Euclid’ space telescope is scheduled for launch in 2020,
and will capture images and SEDs for millions of galaxies. Although Euclid’s primary
aim is an accurate investigation of Dark Energy, the data will be of truly paramount
importance to numerous other sub-fields within Astronomy. Vital to the preparation
behind the processing of this data will be the development of mock datasets that match
the complexity of the real data; this is required mainly for testing and calibration of the
pipelines prepared to process the vast amount of data that Euclid will generate. Re-
cently a team of scientists within the Euclid Consortium have worked to produce the
largest simulated galaxy catalogue yet produced, the so-called ‘Flagship’ Mock. The
underlying merger trees are based on a 212 particle dark matter simulation (run at the
Swiss National Supercomputing Center), the largest to date (Potter et al., 2017). Atop
this, the full galaxy catalogue is being constructed using halo occupation and abun-
dance matching techniques. Notably absent from the current catalogue are SMBHs
and AGN; the author and several collaborators have been working with the Galaxy
Mock Production Work Package Team to add AGN and SMBHs into the flagship mock,
using the semi-analytic and semi-empirical techniques discussed in this work. Adding
SMBHs/AGN into an existing galaxy catalogue has not been done before, and a tool
would be required that can be applied to any catalogue, and construct several SMB-
H/AGN properties and observables.

As mentioned in the previous Chapters, building reliable mock catalogues of galaxies
and supermassive black holes is a vital exercise not only to provide robust predictions
for the next-generation of extra-galactic missions such as Euclid, but equally important
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for educational and outreach purposes, to create visible and realistic Universes that
can be accessed by the general public and inspire the next-generation of scientists. For
this purpose in this Chapter I will discuss my 3D interactive rendition of the Universe
“Astera” which is built adopting the same semi-empirical routines described in the next
sections.

5.1 How to build realistic AGN mocks?

In this section, I seek to answer the questions: can one create mock catalogs of AGN by
using semi-empirical relations, starting from samples of dark matter halos from large
N-body simulations, to test the effect of different input model parameters? Given this,
can one reveal the right observables that one should focus on to break degeneracies in
the input model parameters, providing a complete framework to build a robust and re-
alistic AGN mock catalog? In Allevato et al. (2021) we showed how observables depend
on the input model parameters (Figure 5.1) and how to build step-by-step robust mock
catalogs of AGN that minimize the danger of inner degeneracies and include knowl-
edge of the underlying black hole mass and Eddington ratio distributions (Figure 5.2).
I will present the outcomes of this work in this section.

The first observable we considered was the specific accretion-rate distribution PAGN,
defined as the convolution of the input AGN duty cycle U and specific Eddington ratio
distribution P(λ):

PAGN(λ ∝ LX/M∗) =
∫

logλmin

P(λ ∝ LX/M∗)U(M∗)dlog(λ) (5.1)

where λ ∝ LX/M∗ describes the rate of accretion relative to the stellar mass of the
host galaxy. PAGN describes the probability of a galaxy hosting an AGN of a given
LX/M∗ at a specific redshift1. The PAGN distribution has been intensively studied in
the last decade, mostly in X-ray selected AGN samples (e.g. Bongiorno et al., 2016;
Aird et al., 2017, 2018; Georgakakis et al., 2017) and it has been extensively used as
the main key observable to generate data-driven AGN mock catalogs (e.g. Comparat
et al., 2019; Aird and Coil, 2020). However, when using models uniquely tuned on
the measured PAGN, we miss info on individual input parameters, such as the AGN
duty cycle U, the Eddington ratio distribution and the BH mass – stellar mass relation.
We showed that for a fixed M∗ − MBH relation, widely different combinations of U
and P(λ) can provide very similar specific accretion-rate distributions and AGN XLFs
consistent with the data. Additionally, any specific accretion-rate distribution PAGN

that reproduces the AGN XLF does not affect the AGN large-scale bias at a given stellar
mass, an observable which is usually adopted as a “success” feature of a given model.

1Note that this convolution also appears in equation 4.13
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Thus the PAGN distribution and the AGN XLF are not suited to constrain the input
model parameters when used in isolation.

We explicitly considered the AGN duty cycle, P(λ) and the BH mass–stellar mass rela-
tion as distinct input model parameters, which we tested against several independent
observables, including the large-scale bias as a function of stellar/BH mass and X-ray
luminosity. In particular, we found that the comparison of observationally derived
PAGN with the predictions of AGN mock catalogs are in better agreement with mod-
els that assume an input BH mass–stellar mass relation lower in normalization with
respect to what is usually inferred in the local Universe from early-type galaxies with
dynamically measured BHs. My mock also prefers AGN duty cycle decreasing with
BH mass (Schulze and Wisotzki, 2010), consistent with what is also derived from con-
tinuity equation arguments (e.g. Shankar et al., 2013b). The agreement with the data,
and in particular with the measured PAGN function, further improves when the input
Eddington ratio P(λ) includes a long tail of high Eddington ratio values, as for example
in a broad Gaussian or in a double power law distribution (e.g. Yang et al., 2019). It
is worth noticing that, when considered in isolation, the PAGN distribution can be also
reproduced, at least at lower luminosities/stellar masses (logλ ≤33), by using in input
the raw BH mass–stellar mass relation and a duty cycle that increases or is constant
with the BH/stellar mass (for both a Gaussian or a Schechter P(λ)). This degeneracy
can be broken by testing the model against additional independent observable, most
notably the AGN large-scale clustering.

The second key observable to consider is indeed the AGN large-scale bias as a function
of both stellar mass and BH mass, which is not affected by the input AGN duty cycle
and P(λ). As shown in Shankar et al. (2020b), the AGN large-scale bias as a function of
BH mass can in fact effectively be used to put constraints on the BH mass–stellar mass
relation and the parameter Q, the ratio of satellite to central active galaxies/BHs. In
Chapter 4 (originally presented in Shankar et al., 2020b) we found that the observed
bias of AGN at z = 0.25 (Krumpe et al., 2015) can be reproduced by assuming a debiased2

MBH − M∗ relation and Q ≤ 2, which corresponds to satellite AGN fractions fAGN
sat ≤

0.15. A similar value (fAGN
sat ∼ 0.18) has been suggested by Leauthaud et al. (2015) for

COSMOS AGN at z < 1. Allevato et al. (2012) performed a direct measurement of the
HOD for COSMOS AGN based on the mass function of galaxy groups hosting AGN
and found that the duty cycle of satellite AGN is comparable or even larger than that
of central AGN, i.e. Q ≥ 1. A very low value of the Q parameter would be in line with
quasars hosted in central galaxies that more frequently undergo mergers with other
galaxies (Hopkins et al., 2008). On the other hand, a relatively high value of Q would
suggest that other triggering mechanisms other than mergers, such as secular processes
and bar instabilities, are equally, or even more efficient, in producing luminous AGN
(e.g. Georgakakis et al., 2009; Allevato et al., 2011; Gatti et al., 2016).

2I define ‘raw’ and ‘debiased’ relations in section 1.2.5
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We find that a model with an input debiased MBH − M∗ relation and Q ≤ 2 would
better match the large-scale bias as a function of the BH mass of X-ray AGN at z < 0.1
(Powell et al., 2018), further extending the results of Shankar et al. (2020b) even at lower
redshifts3. Additionally, the same model is in better agreement with observationally
inferred PAGN distributions. This model also assumes: (i) A stellar mass – halo mass
relation as derived in Grylls et al. (2019), which reproduces the most recent estimates of
the local galaxy stellar mass function by Bernardi et al. (2017), the large-scale clustering
in stellar mass bins of SDSS AGN (Zhang et al., 2020) and galaxies (Domı́nguez Sánchez
et al., 2018b) (ii) A parameter Q ≤ 2 as suggested by observations of the AGN satellite
fraction at low z (e.g. Allevato et al., 2012; Leauthaud et al., 2015). A raw M∗ − MBH

relation with an increasing or constant duty cycle as a function of the stellar mass would
instead require high Q values (> 2) and/or an input stellar mass – halo mass relation as
derived by Moster et al. (2013). More importantly, the latter model is inconsistent with
the large-scale bias versus X-ray luminosity inferred for X-ray AGN at similar redshift
(e.g. Krumpe et al., 2018; Powell et al., 2018), independently of the choice of the input
P(λ) distribution.

The large-scale AGN bias as a function of X-ray luminosity thus represents an addi-
tional crucial and powerful diagnostic to constrain the viable models, being in fact
strongly dependent on the input AGN duty cycle, but weakly dependent on the input
stellar mass - halo mass relation of the P(λ) distribution. Measurements of the bias de-
pendence on LX for X-ray selected AGN at z ≤ 0.1 (e.g. Krumpe et al., 2018; Powell
et al., 2018) can be reproduced by models assuming (i) an input decreasing duty cy-
cle with the BH mass (Schulze and Wisotzki, 2010), and a debiased M∗ − MBH relation
with Q ≤ 2; (ii) or a raw relation with Q > 2 (for both a Schechter or Gaussian P(λ)).
However in the latter case, the corresponding specific accretion-rate distribution PAGN

would be almost one order of magnitude higher than observations. As discussed in
the previous section, the combination of all the observables, namely the AGN XLF, the
PAGN distribution, the AGN large-scale bias as a function of stellar/BH mass and LX

can break the degeneracy in the input model parameters and ensure the creation of
realistic AGN mock catalogs.

Given this, we know that models of mock AGN with any M∗ − MBH relation and a
chosen specific accretion-rate distribution PAGN (obtained as convolution of the input
P(λ) with the AGN duty cycle U) can create mock AGN matching the observed AGN
XLF. In addition, the corresponding large-scale bias at a given stellar mass of mock
AGN is independent of PAGN and the M∗ − MBH relation, simply because the bias only
depends on the parameter Q (ratio of duty cycles between black holes hosted in satellite
and central galaxies) and the input M∗ − Mh relation. Thus, having characterised a
given PAGN that, by design, observationally fits the AGN XLF, is not a guarantee for a

3Specifically, Figure 7 (right panels) of Allevato et al. (2021) proves this, and is further confirmed by
Shankar et al. (2020b) at z = 0.55 and Viitanen et al. (2021) at z=1.2.
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FIGURE 5.1: Sketch of how to build realistic AGN mocks. Full yellow boxes refer to the
observables considered in this work (bx represents the bias of property x. Mstar, Mbh,
LX and AGN XLF represent the stellar mass, black hole mass, X-ray luminosity and
AGN X-ray luminosity function respectively). The dependence of each observable on
one or few input model parameters (empty boxes) is shown as red lines (Mh represents
the halo mass, Q is the Q-parameter, U is the duty cycle and P(λ) represents the distri-
bution of λ, as explained in the text.). From the comparison of observationally derived
relations and the AGN mock catalog predictions we can constrain (grey row) the input
parameters. Additional observables, such as the fraction of satellite AGN (full yellow

circle) can help in breaking the degeneracies among the input model parameters.

unique and valid model to create AGN mocks even when we consider the clustering
at fixed stellar mass, simply because the latter is not affected by the PAGN distribution
and the stellar-BH mass relation.

These results imply a strong degeneracy among the input parameters used to create
mock catalogs of AGN. Only considering all the observables, in particular the AGN
large-scale bias as a function of BH mass and as a function of X-ray luminosity we can
break the degeneracy in the input model parameters. In the following, we provide
the different steps to create a robust and realist mock catalog of AGN. As sketched
in Figure 5.1, the stellar - halo mass relation and the Q parameter can be constrained
by combining the large-scale clustering as a function of stellar mass for both galaxies
and AGN. In particular, my results suggest a model with an input M∗ − Mhalo relation
as described in Grylls et al. (2019) and Q ≤ 2 (Figure 5.1, first two rows). At fixed
input stellar - halo mass relation and Q, the AGN large-scale bias as a function of the
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FIGURE 5.2: Dependence of the observables on the input model parameters.

BH mass can be used to derive the input M∗ − MBH relation. As already discussed
in Chapter 4 (originally in Shankar et al. 2020b) we found that a model with an input
debiased M∗ − MBH relation (with Q ≤ 2) provides a better match to the bias estimates
as a function of the BH mass of X-ray selected AGN (third row). Observational con-
straints on the AGN duty cycle can then be derived from the comparison of the model
predictions with the measured AGN large-scale bias as a function of the luminosity
(fourth row). A model with an input debiased M∗ − MBH relation, Q ≤ 2 and a duty
cycle that decreases with BH mass is able to reproduce the AGN bias as a function of
LX, for both a Gaussian or Schechter P(λ). Finally, fixing the stellar - halo mass relation
(Grylls et al., 2019), the debiased M∗ − MBH relation, Q ≤ 2 and a duty cycle that de-
creases with BH mass, the combination of the AGN XLF and the specific accretion-rate
distribution PAGN will allow us to derive the free parameters of the input Eddington
ratio distribution, independently of the choice of a Gaussian or Schechter shape of P(λ)
(final row).

Estimates of the fraction of active satellites in groups and clusters at the redshift of
interest (e.g. Allevato et al., 2012; Leauthaud et al., 2015) can further help to indepen-
dently constrain the Q parameter. Additional observables can be considered, such as
the average LX-SFR/M∗ relation that mostly depends on P(λ) and on the M∗-MBH re-
lation (Carraro et al., submitted). This work thus reveals the right observables that we
should focus on to break degeneracies in the model input parameters and provide the
steps to have a complete framework to build a robust and realistic AGN mock that is
consistent with many different observables, is physically based, born out of the scaling
relation between galaxies and dark matter halos.
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5.2 Astera

In this section I seek to answer the following questions: Is it possible to digitally ren-
der, in real time, a large cosmological volume, given the performance constraints of real
time rendering? Can such a rendering be set up to reveal the large scale structure of the
universe in a user accessable way? My answer to these questions is ‘Astera’, my cosmo-
logical visualization tool. I will discuss Astera as follows: In section 5.2.1 I discuss the
‘assets’ required for this task, which pertains to the creation of the underlying example
galaxy catalogue that forms the theoretical foundation of Astera, and the astronomical
images used to represent galaxies. This is followed (Section 5.2.2) by a description of
the technical implementation of Astera itself within Unreal Engine 4. In Section 5.2.3 I
present the ‘results’ of this work, namely the 3D universe that Astera creates.

5.2.1 Assets

Assets, as mentioned previously, are the reusable and replaceable components of a digi-
tal project. It is worth emphasizing that these components are able to be changed with a
minimum of effort, so although integral parts of the experience they are not fixed parts
of the software. This includes the underlying galaxy catalogue, and the astronomical
images used to represent galaxies.

5.2.1.1 Galaxy Catalog

In the case of Astera, I am interested in (at least initially) creating a catalogue that can
be “explored” by the user in real time, imitating non-physical superluminal speeds (or
a universe “frozen” with no relative motions of galaxies, no cosmological expansion,
etc). Therefore, the creation of a light cone is not necessary, and a simple cosmological
volume will suffice. It should be noted that Astera itself is Cosmology independent, as
it simply presents coordinates and galaxy imagery. In this section, I describe a very sim-
ple “recipe” that produces what the authors consider to be a reasonable mock catalogue
for showcasing Astera using the techniques described in this thesis, but in principle any
catalogue could be used.

As appropriate for the ΛCDM paradigm, the foundation of my catalogue is a Dark Mat-
ter N-Body simulation. I use both the Bolshoi Klypin et al. (2011b) (500h−1Mpc)3 and
the Multi-Dark (Klypin et al., 2016) (1000h−1Mpc)3 simulation catalogues, depending
on the volume desired (as larger volumes require more powerful hardware, although
it should be noted that volumes can also be ‘’cropped” to manage performance). The
most important variables in this catalogue are naturally the 3D coordinates (x, y, z), as
they dictate the 3D positions of the haloes in the virtual world, but also vitally im-
portant are the virial masses of the haloes, upon which I use statistical ‘’empirical”
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(A) TType (B) Size

FIGURE 5.3: (a) Morphological type (TType) and (b) Size vs Stellar Mass relations
within the SDSS, used to assign the respective parameters to the catalogue. The shaded

regions show the 1σ uncertainty in these parameters.

relations to construct my model. I therefore assume that a galaxy exists at the centre of
every dark matter halo resolved within the catalogue, and assign the stellar mass.

Assigning stellar mass allows for a robust foundation upon which further properties
can be built. Aside from 3D distribution, the most obvious property required for a
visually realistic galaxy catalogue is obviously morphological classification. This was
assigned using phenomenological relations derived from the Sloan Digital Sky Sur-
vey (SDSS) data Blanton et al. (2017). Binning the SDSS by stellar mass allows for an
approximate Stellar Mass-morphological type (TType) relation (see Figure 5.3 (a)). In
short, the catalogue of galaxies is binned in appropriately sized bins of stellar mass, and
the mean TType and scatter for each bin are recorded, producing an (average) relation
allowing transformation from stellar mass to TType. With the associated scatter, this
relation can be applied to the simulation catalogue for a statistically comparable distri-
bution of morphological types to the real universe. Each galaxy is therefore assigned a
TType representing its morphological classification based on its stellar mass. A caveat
here is that this distribution is only valid at low redshifts, limiting this technique to
catalogues representing the universe in the “present day”. This limitation is not insur-
mountable, as numerous semi-analytic models and semi-empirical models are capable
of predicting morphological abundances at varying redshifts, and their datasets could
be easily be used in Astera.

A galaxy’s physical size (parametrised by the effective radius Reff) is also naturally
important for visual realism. These were assigned in identical fashion to morphological
types, using the mean relations from the SDSS (again see Figure 5.3 (b)).

A simple validation to show that these components are “working together” as expected
is shown in Figure 5.4, where I show the average predicted 3D mass density profile for
elliptical galaxies of stellar mass 11.3 < log10 M∗/M⊙ < 11.7. Each elliptical galaxy
in this mass range is additionally assigned a Sérsic index (again according to the mean
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FIGURE 5.4: Predicted (average) 3D density profile haloes hosting elliptical galaxies of
mass 11.3 < log10 M∗/M⊙ < 11.7 for the sample catalogue. The solid black line rep-
resents the combined density, whilst the blue (dot-dashed) and red (dashed) lines rep-
resents the average stellar (Sérsic) and dark matter (NFW) components, respectively.
The pink shaded region represents the empirical fit from Cappellari et al. (2015). The
grey shaded region shows the 1σ dispersion of the total density. The vertical blue dot-
ted line shows the average half light radius, and the solid short black line shows (for

comparison) the established slope of γ = 2.2 at this radius.

relation in the SDSS), a de-projected stellar mass density profile according to the pre-
scription of Prugniel and Simien (1997), and an NFW profile (Navarro et al., 1996) with
halo concentrations according to the model of Diemer and Joyce (2019). Finally, the
average mass density per bin of radius is calculated for the sample. This result is com-
pared to the pure power law model of Cappellari et al. (2015) ρ(r) ∝ r−γ, where γ = 2.2
at r ∼ Re, derived from 2D stellar kinematics and strong lensing measurements. Specif-
ically, Cappellari et al. (2015) inferred that ⟨γ⟩ = 2.19 ± 0.03, valid in the range 0.1Re
to 4Re and 10.2 < log10 M∗/M⊙ < 11.7. This result is shown as the pink stripe in
Figure 5.4, showing good agreement with the model at ⟨Re⟩. The slopes at low radii
were found to be very sensitive to the definition of Re, in this case showing a slight
divergence from the data.

Finally, active galaxies were also considered. The central supermassive black hole
mass was assigned from the stellar mass using the ‘de-bias’ relation from Shankar
et al. (2016), with appropriate Eddington ratios and X-Ray luminosity assigned using
a Schechter function with values chosen to fit the known X-Ray luminosity function
and Eddington ratio distribution. The “Duty Cycle” U or associated probability of a
Supermassive Black Hole being active, was for now set to U ∼ 0.1. We note that this
methodology is somewhat simplified compared to the description at the start of this
Chapter, due to the different timeframes for these projects.
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5.2.1.2 Galaxy Imagery

An obviously vital part of Astera is the galaxies. I elected to use actual astronomical
imagery. For now, I discuss the images themselves. Getting both good quality and
a large variation in galaxy images will contribute greatly to the user experience, so
various approaches were considered. There are relatively few high resolution images
from the Hubble Space Telescope (HST), but much more diverse but lower resolution
images from the Sloan Digital Sky Survey (SDSS), which may be more appropriate.
Further work was also put into investigating the feasibility of creating my own artifi-
cial images based on a relatively small number of starting parameters; this is known
as “procedural generation”. This has been done before using Neural Networks and
Hydrodynamical simulations (Nguyen et al., 2016), but a considerably simpler (at least
initially) approach was desired here. I therefore focused on acquiring actual astronom-
ical imagery.

The actual astronomical imagery from the SDSS is available on their website4. Properly
identifying likely target galaxies is challenging. A list of targets, identified by Meert
et al. (2014), was processed into a list of likely candidates. The most promising targets
had a large angular diameter, allowing the most high quality galaxies to be quickly
identified. Creating a visually appealing astronomical image from the data acquired
in the appropriate bands is a somewhat subjective process. Of vital importance is the
“stretch function” applied to the data, which applies a mathematical transformation to
the pixel values to (ideally) enhance brighter areas and saturate darker areas, eliminat-
ing noise. In this project, the stretch function was applied using the “FITS Liberator”
Christense et al. (2019) software, which offers a GUI to allow the user to select and
tweak the stretch function parameters on the fly. The FITS Liberator can also export
the image into the GIMP (The GIMP Development Team, 1996) image manipulation
software as Red, Green and Blue (RGB) components, creating the image. Some addi-
tional tweaking was required at this point. Background stars and galaxies have to be
carefully erased (GIMP offers many tools to do this, the best of which are actually de-
signed to interpolate out blemishes from images of human skin, but equally applicable
to “blemishes” in the sky), and cubic interpolation to re-scale all the images to the same
size.

Finally, one of the most important steps is the construction of an “alpha” channel. This
image layer contains values that dictate the transparency of the corresponding pixel in
the image; an alpha value of one would signify a fully opaque pixel, whereas an alpha
value of zero would be fully transparent. Setting this up properly is vital for Astera, as
the transparency is the property that will “soften” a geometric mesh into a believable
diffuse galaxy. The alpha channel was assigned in this case using the sum of the RGB

4http://skyserver.sdss.org/

http://skyserver.sdss.org/
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FIGURE 5.5: Example depiction of the importance of the alpha channel. When pro-
jected onto each other, the alpha channel allows the galaxies to appear as diffuse ob-

jects, hiding the sharp edges.

FIGURE 5.6: Composite images of 45 spiral galaxies extracted from the SDSS, pro-
cessed to be visually pleasing.

layers, appropriately normalized “by eye” to appear visually realistic. The importance
of this channel is demonstrated in Figure 5.5.

Using this method, a few hundred distinct galaxies were extracted and processed from
the SDSS dataset. Some examples are shown in Figure 5.6. While these galaxies are
not as high resolution as HST images, their diversity allows for a wide range of galaxy
types and morphological classifications. The Stellar Mass and Morphological types of
each galaxy was also recorded for later use.
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5.2.2 Unreal Engine

The Unreal Engine is a game creation engine. Technically, a complete suite of creation
tools, Unreal is best known as a package containing a rendering engine, sound engine,
physics engine, gameplay framework, animation, artificial intelligence, networking,
memory management and parallel processing support. These reusable software com-
ponents act like a vast library of tools that can be utilized by the game developer to as-
semble their game. Strictly speaking, references to Unreal Engine in this thesis indicate
Unreal Engine 4 (sometimes referred to as “UE4”), the fourth release of the software.
Unreal Engine 4 significantly overhauled many of the features of Unreal Engine 3 when
it was released in 2014, so many of the tools and features discussed and utilized as part
of this project may not be available in earlier versions of the software. Unreal is freely
available for non-commercial use.

There are various possible approaches to render galaxies in the Unreal Engine. It is pos-
sible to render galaxies in real time as a system of diffuse particles. These systems are
often both computationally expensive and visually unrealistic, so a different approach
was considered in the development of Astera. Because each galaxy will be relatively
small on the scales that I are interested in viewing, a single geometric object with an ap-
plied material (sampling a texture based on actual astronomical imagery) will suffice,
and free up resources to show a greater quantity of galaxies in the game world.

This is done as follows. Spiral galaxies are generally disc-shaped, and ellipticals are
vaguely spherical. Although it is possible to construct 3D versions of these shapes,
a more geometrically complex shape is both more expensive to render in bulk and
harder to properly configure with a material. galaxies are diffuse objects, but a simple
approximation allows for a “Static Mesh” object that defines the geometric shape of
the galaxy to be used as a visual proxy. A static mesh will have a “material” applied
to it, which can contain colours and textures (in this case, the galaxy image), but also
a large amount of additional complexity (such as transparency or varying textures in
time, used for AGN activity). Based on this, every galaxy in Astera is based on a simple
two polygon plane to keep the geometry simple (see Figure 5.7, with additional “work”
being done by the material applied to it). As the galaxies will be kept relatively small
with respect to the camera, this should not be problematic.

This is a fair approximation for spiral galaxies. On the other hand, elliptical galaxies
are spheroids, so must be represented differently. The obvious choice would, therefore,
be a spheroidal mesh. However, this does not correctly represent the diffuse nature of
an elliptical. A far more realistic choice requires some visual trickery; if the elliptical
mesh always appears “face on”, then a moving camera will always perceive the object
as a diffuse sphere. This requires all elliptical galaxies to (for now) be essentially spher-
ical, but this is an acceptable limitation. It may be possible in the future to dynamically
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FIGURE 5.7: A wireframe view of a small area with Astera. The instanced static mesh
objects used in Astera to represent galaxies can be seen.

change the scaling of the mesh to a greater extent on one axis based on the camera’s po-
sition, thereby enabling more irregular ellipticals. Lenticular galaxies are problematic
(as they require a combination of these effects) and are therefore structurally treated as
spirals. Unreal Engine’s material system is powerful enough to allow this modification
to take place within the material itself.

Rendering a large number of objects inevitably leads to a performance penalty. It
should be noted at this point that performance in real time rendering, although mea-
surable in many ways, is generally parametrised using “Frames Per Second” (FPS), a
number representing the mean number of updates to the screen per second (higher is
better). Values between 30–60 FPS are generally considered acceptable. Naturally, a
more complex scene requires more computational resources, and may therefore result
in a lower FPS.

Extraordinary care must be therefore taken when rendering large numbers of distinct
mesh objects in Unreal. The best approach in this case requires careful thought. Graph-
ical Processing Units (GPUs) are very efficient at drawing polygons, but need to be
“fed” these data by the (comparatively slow) CPU. Whenever a new object is “drawn”
to the screen, it requires a separate CPU call (going through the graphics driver). An
alternative is to combine these objects into a single mesh; requiring only one draw call.
The only disadvantage to this approach is it requires all objects to have the same ma-
terial and textures. As the galaxies are “duplicated” anyway, this is not a problem; I
simply create one object per available galaxy image asset. Although there are more
draw calls, the overall number of CPU calls is still significantly lower (hundreds as op-
posed to millions), so the performance is still excellent. A mesh created in this way is
called an “instanced” static mesh (ISM), and is the technology that makes a universe as
large as Astera’s possible.
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Based on this technology, spawning the objects takes place as follows (this process is
implemented in C++, using Unreal Engine’s Application Programming Interface). For
each galaxy image extracted for the SDSS, a parent unreal actor (with no mesh of its
own) is spawned and the image and the properties of the imaged galaxy are assigned
to it. Next, each galaxy in the catalogue is assigned to the object with its “nearest” prop-
erties in TType-Stellar Mass space. Practically, this means that the galaxy is assigned to
the object that minimizes A in the following relation:

A2 = α∆T2
type + β∆M2

∗ (5.2)

where ∆Ttype is the difference in TType between the galaxy and the object, ∆M∗ is the
difference in stellar mass. The constants α and β are adjustable normalization factors
to ensure the relative weighting is appropriate. If ∆M∗ was in units of log10 M⊙, then
α = β = 1 was found to be a reasonable choice. The end result is that there will,
of course, be many duplicates; individually assigning unique galaxy images to every
galaxy in the catalogue is computationally unfeasible, and the aforementioned ISM
technology requires duplicates. The aim here is to have a sufficient number of unique
galaxies so that duplicates are not noticeable to the user, but sufficiently few to preserve
performance. An appropriate compromise was a few hundred unique galaxy images,
compared to the millions of galaxies in the catalogue.

Next, each object spawns its galaxies, each represented by a mesh with its galaxy image
applied as a material. Spiral galaxies are assigned random orientations. At this point,
different features can be activated, such as the technology to make the mesh follow the
camera, approximating an elliptical. All galaxies have the capability to be AGN, where
a central oscillating bright source was added with an active period equal to its duty
cycle. The light curve of an AGN is not yet well constrained—e.g., in (Hopkins and
Hernquist, 2009)—so the shape of the curve is approximated by the peak of a sine wave
to give smooth variation in brightness. Naturally the period of this oscillation requires
some level of approximation as to the ‘’rate of time” at which the user perceives the
universe, but keeping this period reasonably long (∼ 60 seconds) presented a visually
pleasing result. Note that this is not entirely realistic, as on the timescales of AGN
phases galaxies will themselves have moved and evolved. This is not something that
Astera (yet) considers.

5.2.3 Results

Screenshots from Astera are shown in Figures 5.8, 5.9, 5.10, 5.11 and 5.12. Note that, in
these images, galaxy brightness has been enhanced to improve visual clarity. Nonethe-
less, the experience Astera offers is hard to communicate in a document such as this. I
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FIGURE 5.8: A screenshot from Astera, showing some nearby galaxies in the fore-
ground and a dense cluster/filament in the background.

strongly encourage the reader to watch the video available at https://astera.soton.
ac.uk/AsteraVid.mp45, to get a full experience of what Astera can offer.

Astera is capable of displaying the entire galaxy catalogue with volume (1000 h −1

Mpc)3 at 60 FPS (on a NVidia Titan GPU), with each galaxy represented by a static mesh
containing a galaxy image, effectively creating a ‘’universe” for the user to explore.
The player has control of the camera facing, position and movement in real time. The
finite nature of the catalogue means that a user can exit the cube and view it from the
’‘outside” (see Figure 5.12).

Astera has also received preliminary adaption for Virtual Reality using the Unreal En-
gine virtual reality tools, which ports Astera from projected 2D to simulated 3D when
viewed through a VR headset. This is an entirely visual effect, but allows for some
level of binocular vision, enabling the 3D large scale structure of the universe to be
experienced in binocular 3D for the first time.

5.2.4 Discussion

This project’s objective was to create a visualization of a mock galaxy catalogue, ren-
dered in real time. This would one of the first attempts to execute a fully realized real
time rendering of the large scale universe. To power this project, the Unreal Engine
4 game engine was selected. A framework was constructed using C++ to read the

5Due to the difficulty video streaming compression algorithms have with many small moving objects,
it is recommended the reader download this video and play it locally.

https://astera.soton.ac.uk/AsteraVid.mp4
https://astera.soton.ac.uk/AsteraVid.mp4
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FIGURE 5.9: A screenshot of Astera showing a relatively dense region. The structure
of the cosmic web is just visible.

FIGURE 5.10: A screenshot showing a distant view of four clusters joined by a fila-
ment.
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FIGURE 5.11: A large scale screenshot showing many millions of galaxies within
Astera.

FIGURE 5.12: A colour-inverted view of the full simulation volume. The large scale
cosmic web is clearly visible. This image is also shown in Chapter 1, but I repeat it

here to illustrate Astera’s capabilities.
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FIGURE 5.13: A cluster of galaxies within Astera, where the large elliptical galaxies
have been circled. The elliptical galaxies preferentially occupy the centre of the cluster,

in line with observations.

data, create mesh instances and place the galaxies. The primary problem behind this
task was performance; how many static mesh objects (representing galaxies) could be
drawn to the screen at an acceptable frame rate. Remarkably, through the use of Unreal
Engine’s Instanced Static Mesh Technology, this was achieved to the extent that every
galaxy in a full frame of a catalogue representing a (1000 h−1Mpc)3 box could be shown
simultaneously on hardware running a NVidia Titan GPU at a full 60 FPS. Less power-
ful hardware can still run large volumes, with a NVidia GTX 760 rendering a (300 h−1

Mpc)3 box at 60 FPS.

This was attained through intelligent use of Unreal’s powerful and efficient Instanced
Static Mesh Technology. Another success of Astera is its compatibility with any dataset.
Any galaxy catalogue could easily be imported (within hardware constraints), a feature
that could allow a researcher to replace the default data and explore their own universe.
Exploring the universe within Astera reveals the large scale cosmic structure in a way
that is vastly easier to understand than a 2D image or even potentially a video. The au-
thor noted that several ’‘wall” like structures become visible in the cosmic web, which
are not apparent in 2D imagery, in agreement with Diemer and Facio (2017). The distri-
bution of galaxy mythologies also seem to follow established trends (see Figure 5.13),
such as elliptical galaxies occupying the central regions of clusters—e.g., in (De Lucia
et al., 2011).
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From an academic perspective, there are unique advantages to creating a mock uni-
verse that is rendered in real time. The first is simply the visual examination of Mock
Galaxy catalogues (e.g., in preparation for large surveys); while not necessarily statis-
tically robust, a quick visual examination can often reveal issues that would not other-
wise be easy to detect. A more nuanced approach could be to reproduce the effects of
a program, such as SkyMaker (Bertin, 2009), where a mock galaxy catalogue is used to
create a simulated astronomical image. Crucially, Astera would render this in real time,
allowing for alternative images to be rapidly explored, or even a simulated sequence
of images over a period of time, which could simulate data from time-variable objects,
such as AGN.

Future “features’ that the authors are exploring include:

• Dark Matter Viewer. The conspicuous absence of Dark Matter in Astera would
be remedied by a view mode that would show the dark matter substructure.

• Time Evolution. An exciting option which would essentially integrate Astera
with a semi-analytic model, the motions and evolution of galaxies would be visi-
ble in (accelerated) real time. The user would be able to, at the press of a button,
watch the universe evolve in front of them. This would dramatically increase the
strain on the hardware to perform this on real time, so the volume of this universe
might be limited.

• Gravitational Lensing. An ambitious proposal, where the weak gravitational
lensing of large clusters could be visually shown. Obviously solving the full
equations from General Relativity would not be viable, but it might be possible
to develop a ‘’lens” object that acts as a close approximation.

• Gamification. As previously mentioned, Astera is a potentially invaluable out-
reach tool for increasing public awareness of the large scale universe. Gamifying
Astera by introducing elements that make exploring the cosmological volume fun
and educational could increase this value even further.

Commercially, I believe that Astera has a bright future, specifically having the potential
to become a product that defines the awareness of the large-scale universe in the public
consciousness. My ‘endgame’ is therefore a digital product that presents a fully mature
software experience that both educates the user about the large-scale universe but also
presents a thrilling gaming experience that will keep players coming back for more.

With a global market value of $151.55 billion in 2019 that is expected to reach a value
of 256.97 billion by 2025, the gaming industry is surprisingly the most valuable en-
tertainment industry (outstripping even Hollywood), and has the potential for the
most growth. Despite strong competition, there have been recent examples of games
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that have met significant commercial success by defy the norm and utilizing complex
and unusual principles derived from physics, mathematics and computer science. In
Astera, I plan to engage the player with the advanced concepts of galaxy evolution, pre-
sented intuitively. A player could, for example, control the evolution of a galaxy over
its lifetime, perhaps choosing when star formation will occur, or when a galaxy will
merge, witnessing first-hand the consequences of these processes on shape and evolu-
tion of galaxies. The player will thus be able to enjoy, visualize and at the same time
learn about the main physical events in the lives of galaxies, a fundamental scientific
topic that would otherwise remain largely inaccessible to the general public. I plan to
develop Astera into a product that can 1) return significant economic benefit as a pop-
ular video game 2) return significant societal benefit through dramatically improving
public participation withing otherwise inaccessible research field.

More information, visual materials and videos can be found on the Astera website
https://astera.soton.ac.uk. I will also update this website with any future details
of Astera’s public release.

At the time of writing, Astera has received major investment to achieve these goals.
Astera has received investment from NVidia, in the form of a GPU grant. The STFC
Impact Innovation Fund has provided funding for Astera to be installed as a dedicated
exhibit at a local attraction in Southampton, the Winchester Science Centre, with up-
grades to “gamify” the experience to allow the user to scan and classify galaxies to
gain points, with the aim of attracting a new generation to extra-galactic astronomy. I
have also received support for the ongoing development of bespoke audio effects6, and
most significantly investment from the STFC Follow-on-Fund for a 10 months of full
time development work for the development of a fully prototyped version of Astera.

6With samples available at https://youtube.com/channel/UCQVFE8MezthphL5PhJa6NxA

https://astera.soton.ac.uk
https://youtube.com/channel/UCQVFE8MezthphL5PhJa6NxA


101

Chapter 6

Conclusions

In this thesis I have first reviewed the main processes shaping galaxy evolution, the
connections between black holes and galaxies and the importance of galaxy velocity
dispersion (Chapter 1). I have created a semi-empirical Jeans modelling technique to
predict galaxy velocity dispersions, inclusive of bulge/disk decompositions and ra-
dially varying M∗/L ratios (Chapter 2). Next, I showed that this model reproduces
the local scaling relations, and predicts the evolution of σ in a semi-empirical fashion,
showing consistency with TNG50, but not with purely dry merger models of galaxy
evolution (Chapter 2). Following this, I set out a detailed analysis of the residuals
of the scaling relations with black hole masses, utilized the sigma evolutionary tracks
computed in Chapter 3 to predict the evolution in the MBH-σ relation, and showed that
clustering can break difficult degeneracies in black hole accretion models (Chapter 4).
Finally, I presented a step-by-step methodology for creating realistic mock populations
of active and inactive black holes, and presented my application of these mock catalogs
for educational purposes and survey planning (Astera). In this Chapter, I will conclude
by providing some relevant answers to the questions posed in Chapter 1.

6.1 Velocity Dispersion

How does velocity dispersion evolve with redshift for galaxies of different stellar mass? What
ultimately drives this evolution? Is this evolution consistent with what predicted by hierarchical
galaxy assembly models?

In this work I have presented a comprehensive analytic Jeans modelling to probe the
galaxy scaling relations involving velocity dispersion σap(R) in the local Universe, as
well as making valuable predictions for the evolutionary tracks σap[M∗, z] along the
progenitors and at fixed stellar mass. I compared my model predictions with a large
sample of local MaNGA galaxies with spatially resolved velocity dispersions, and also
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with the outputs of the TNG50 hydrodynamic simulation. When including both a bulge
and a disk component in my models, I find that, in agreement with what measured in
MaNGA, at fixed stellar mass velocity dispersions are relatively flat (Figure 3.3) and
become largely independent of the bulge-to-total ratio B/T for B/T ≳ 0.25, irrespec-
tive of the exact stellar mass bin or aperture considered (Figure 3.2), or whether or not
a gradient in M∗/L is included. The dynamical-to-stellar mass ratio Mdyn/M∗ ∼ M∗α

can be fully accounted for by a sufficiently steep gradient in the stellar M∗/L ratio (Fig-
ure 3.5). When a flat M∗/L is assumed, the full dependence of the dynamical-to-stellar
mass ratio on stellar mass can be reproduced by assuming a power-law mass density
profile (Figure 3.5, right), showing almost perfect degeneracy between a gradient in
M∗/L and dark matter. The predicted σap[M∗, z] evolutionary tracks show, irrespective
of the exact input parameters, a clear sign of downsizing, with more massive galaxies
reaching their final σap(R) value at earlier epochs, whilst σap[M∗, z] steeply increases
approximately as σap ∝ (1 + z)0.3 at fixed stellar mass at constant M∗/L. Very similar
results are found when extracting velocity dispersions from the TNG50 simulation (Fig-
ure 3.6). I interpret the behaviour of σap[M∗, z] in light of the ratio between stellar mass
to dark matter mass in the inner regions. When a galaxy falls below the knee of the
stellar mass–halo mass relation, a decrease in halo mass implies a stronger decrease in
stellar mass, thus the dark matter component becomes the dominant factor in control-
ling sigma (Figure 3.7). The inclusion of a gradient in M∗/L maintains the downsizing
in σap[M∗, z], but the single evolutionary tracks along the progenitors are steeper, whilst
the ones at fixed stellar mass/galaxy luminosity evolve more slowly as σap ∝ (1 + z)0.2

or less (Figure 3.9). Furthermore, the FJ relation is seen to increase in normalization
as redshift increases, but not to change in slope, at the same pace as the dynamical-to-
stellar mass ratio, closely following the degree of evolution of σap at fixed stellar mass
(Figure 3.10). I show that pure dry merger models are inconsistent with my retrieved
σap[M∗, z] evolutionary tracks (Figure 3.12), calling for additional processes, most prob-
ably residual star formation, as an important ingredient in shaping velocity dispersion
through time. Indeed, I find that in the TNG50 simulation gas-rich galaxies at fixed
stellar mass have a much steeper evolution in σap[M∗, z] than counterpart galaxies with
the same stellar mass (Figure 3.13). All in all, my results point to a complex interplay
between mergers and gas accretion in keeping velocity dispersion evolutionary tracks
relatively flat or even increasing with cosmic time, a condition that supports the view
in which velocity dispersions may retain memory of the initial stages of galaxy evolu-
tion. Our methodology (presented in Shankar et al., 2020b; Allevato et al., 2011) proves
the usefulness of data-driven semi-empirical models as complementary tools to provide
fast and robust predictions on galaxy properties and to probe the interplay of the dif-
ferent components (e.g., dark matter versus baryonic matter), something that would be
difficult to disentangle in, e.g., hydrodynamic simulations.
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6.2 Black Holes

Is the MBH-σ relation truly fundamental? How does the this relation evolve with redshift? Is it
roughly constant in slope and normalization as predicted by AGN feedback models?

I first review previous evidence for the MBH-σ being the most fundamental of all black
hole-host galaxy scaling relations (among those discovered so far) and I have presented
new evidence based on the statistical analysis of the sample recently compiled by de
Nicola et al. (2019). Analysis of residuals (e.g., Shankar et al. 2016) point to σ being
more fundamental than both stellar luminosity/mass or effective radius in their corre-
lation to central black hole mass. Theoretically, as reviewed by King and Pounds (2015),
the MBH-σ arises as a consequence of AGN feedback. In short, the black hole in these
models is expected to grow until it becomes massive enough to drive energetic/high-
momentum large-scale winds that can potentially remove residual gas, inhibiting fur-
ther star formation and black hole growth. The limiting mass reached by the black
hole, which ultimately depends on the potential well of the host, naturally provides an
explanation for the existence of the MBH-σ relation. For each σap[M∗, z] I compute the
growth of the central supermassive black hole derived from the LX − M∗ relation of
stacked X-ray AGN. My resulting MBH − σap(R) relation appears to be nearly indepen-
dent of redshift, at least up to z ≲ 2, with a constant slope of ∼ 5 (Figure 4.4).

I have also described in Chapter 4 how flexible and transparent semi-empirical models
of AGN clustering can be used to place strong constraints on the normalization and
shape of different black hole scaling relations. In particular, I discussed how current
AGN clustering data favour lower normalizations of the MBH-M∗ relation (labelled by
Shankar et al. (2016) as ‘de-biased’), and highlighted how once more the MBH-σ relation
produces a good match to the data

6.3 Wider Applications: Mock catalogs

In this thesis I described a step-by-step methodology to create robust, transparent and
physically motivated AGN mock catalogs that can be safely used for extra-galactic
large-scale surveys and as a testbed for cosmological models of BH and galaxy co-
evolution. My methodology, summarized in Figure 5.2, allows to minimise the danger
of degeneracies and to pin down the underlying physical properties of BHs in terms
of their accretion distributions and links to their host galaxies. The AGN XLF and the
specific accretion-rate distribution PAGN depend on the input M∗-MBH and M∗-Mhalo

relations, Eddington ratio distribution P(λ) and AGN duty cycle U; and are indepen-
dent of the particular choice of Q. Any input stellar-BH mass relation and specific
accretion-rate distribution PAGN (defined as convolution of the Eddington ratio distri-
bution P(λ) and the AGN duty cycle U) produce mock AGN that match the observed
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AGN XLF and large-scale bias at a given stellar mass. Only the combination with addi-
tional observables, namely the AGN large-scale bias as a function of the BH mass and
X-ray luminosity can break the degeneracy in the input model parameters. I have suc-
ceeded in creating what is most likely the first attempt to execute a fully realized real
time rendering of the large scale universe. This project was powered by Unreal Engine
4, and a framework was constructed to read in data, create object instances and place
galaxies. The most difficult challenge was performance; how many galaxies could be
simultaneously rendered at an acceptable frame rate. This was achieved to the extent
that every object in a full frame of a catalogue derived from the MultiDark simulation
(Klypin et al., 2016) could be shown simultaneously a full 60 FPS, on powerful (but
consumer-grade) hardware. The software was also designed to be compatible with any
dataset, a feature that could allow anyone to replace the default data with their own.
Exploring Astera reveals the large scale cosmic structure in a way that is significantly
easier to understand than a 2D image or even a video.

6.4 Closing Remarks

In this thesis, I have explored several key areas within galaxy evolution. I first devel-
oped a set of flexible and accurate tools for the simulation of σ, which can unveil pat-
terns in galaxy evolution as they are data-driven and thus independent of any specific
model of galaxy formation and assembly. I have also revealed several key aspects of ve-
locity dispersion that have been hitherto unexplored, such as the role of dark matter in
driving velocity dispersion at high redshift and the effect of a radially varying M∗/L. I
have also explored black holes and their mysterious links to galaxies, providing mean-
ingful contributions to black hole scaling relations and AGN mock catalogs. Finally,
I have developed my cosmological visualization tool Astera, which provides the first
real-time rendering of the large scale universe. I hope that Astera, which arguably has
the most potential of all these works, will take on a life of its own through data plan-
ning, visualization and maybe one day inspire a future generation of astronomers to
explore the large-scale universe.
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Appendix A

Additional Material

A.1 Virial coefficients

In this thesis, I have presented a comprehensive methodology for computing velocity
dispersion. Our source code is publicly available at github.com/ChrisMarsden833/
VelocityDispersion, along with the associated documentation. In addition, I here
provide a convenient and comprehensive look-up Table of virial coefficients that can
be used to compute the total dynamical mass within the effective radius for a constant
M∗/L.

The velocity dispersion of a spheroid within an arbitrary aperture can be well repre-
sented by the following relation

GM(<Re)

Re
= Fσ2

ap (A.1)

where G is the gravitational constant, Re is the scale radius, M(< Re) is the total mass
within Re and σap is the velocity dispersion within the aperture. While some approxi-
mations for F already exist (e.g. Bernardi et al., 2018), a more comprehensive approx-
imation that also takes into account the roles of dark matter and velocity anisotropy β

can be expressed as

F = ζK
(

Rap

Re
, n

)
+ ζhaloL

(
Rap

Re
, n, c

)
+N

(
Rap

Re
, n, β

)
(A.2)

where ζ = M∗(< Re)/M(< Re) is the ratio of stellar mass to total mass within Re (see
Figure 3.7), and ζhalo = Mhalo(< Re)/M(< Re) is the ratio of dark matter mass to to-
tal mass within Re, which is simply ζhalo = 1 − ζ when neglecting gas and black hole
masses. The functions K, L and N are represented by numerical approximations. I
present some example values in Table A.1, but I also include a code in the aforemen-
tioned repository to numerically generate these Tables over arbitrary domains at the

github.com/ChrisMarsden833/VelocityDispersion
github.com/ChrisMarsden833/VelocityDispersion
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TABLE A.1: Table containing numerical values for approximation of equation A.2.
n is the Sérsic index, c is the halo concentration parameter, and β is the anisotropy

parameter.

Rap/Re K L N

1/8

n K
2 2.79
3 2.35
4 1.94
5 1.63
6 1.38

c
5 7 10 14

2 3.99 4.0 4.02 4.03
3 4.01 4.05 4.12 4.22

n 4 3.58 3.64 3.73 3.86
5 3.12 3.18 3.27 3.41
6 2.72 2.77 2.86 2.99

β
−0.15 0.0 0.1 0.25 0.4
0.42 0.0 −0.28 −0.7 −1.12
0.25 0.0 −0.17 −0.45 −0.74
0.15 0.0 −0.11 −0.28 −0.48
0.1 0.0 −0.07 −0.19 −0.32

0.07 0.0 −0.05 −0.13 −0.22

1

n K
2 2.83
3 2.71
4 2.51
5 2.29
6 2.07

c
5 7 10 14

2 2.53 2.57 2.61 2.66
3 2.86 2.89 2.94 2.98

n 4 3.03 3.06 3.1 3.15
5 3.06 3.09 3.14 3.19
6 2.99 3.03 3.08 3.15

β
−0.15 0.0 0.1 0.25 0.4
0.09 0.0 −0.06 −0.16 −0.28
0.07 0.0 −0.05 −0.14 −0.23
0.06 0.0 −0.04 −0.11 −0.19
0.04 0.0 −0.03 −0.09 −0.15
0.04 0.0 −0.03 −0.07 −0.12

TABLE A.2: Table containing numerical values of ζ based on our model, as a function
of stellar mass and effective radius. Stellar Mass (M∗) is listed in units of log10 solar

masses [M⊙], and Re is listed in kiloparsecs [kpc].

Re
1.0 3.0 5.0 7.0 9.0 11.0 13.0 15.0 17.0 19.0 21.0 23.0

9.0 0.5 0.12 0.05 0.03 0.02 0.02 0.01 0.01 0.01 0.01 0.01 0.01
9.5 0.75 0.28 0.14 0.09 0.06 0.05 0.04 0.03 0.03 0.02 0.02 0.02

10.0 0.9 0.53 0.31 0.21 0.15 0.11 0.09 0.08 0.06 0.06 0.05 0.05
M∗ 10.5 0.96 0.75 0.55 0.4 0.31 0.24 0.2 0.16 0.14 0.12 0.11 0.1

11.0 0.98 0.88 0.73 0.6 0.48 0.4 0.33 0.28 0.24 0.21 0.18 0.16
11.5 0.99 0.94 0.85 0.74 0.64 0.55 0.47 0.41 0.35 0.31 0.27 0.24
12.0 1.0 0.97 0.92 0.86 0.78 0.71 0.64 0.57 0.51 0.46 0.41 0.37

desired resolution. Each function depends on the ratio of the aperture size ap to Re. K
additionally depends on the Sérsic index n and Re, L depends on n and the halo con-
centration c, N depends on β, the anisotropy parameter. If dark matter and anisotropy
are neglected, the functions L and N (respectively) can be set to zero. In this case
Equation A.2 reduces to the form presented in Bernardi et al. (2018, see their Equa-
tion 2). Note that there is a subtle difference between their Equation and ours (when
neglecting dark matter and anisotropy), as the left hand side of our Equation requires
the mass within Re rather than the total stellar mass. In Table A.2 I also include some
useful tabulated values of ζ as a function of stellar mass and effective radius, which are
strictly valid for stellar and dark matter mass profiles from, respectively, Prugniel and
Simien (1997) and Navarro et al. (1996), and halo concentrations from Ishiyama et al.
(2020), as discussed in Chapter 2. In table A.1, I show the dynamical mass ratio vs ra-
dius for several of the galaxies from my model, showing that ζ has a strong dependence
on radius.
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FIGURE A.1: The dynamical to stellar mass ratio as a function of radius for the average
(single-Sérsic ) galaxies in my model.

TABLE A.3: Table of the extreme values of the mass-to-light ratios values for galaxies
of different absolute magnitudes and measured velocity dispersion.

Absolute magnitude (r-band) log10 σ [kms−1] Υinner Υouter
Ellipticals

−22.5 > Mr > −23.5
{ 2.4 − 2.5 8.0 3.5

2.3 − 2.4 7.0 3.0

−21.5 > Mr > −22.5
{ 2.3 − 2.4 5.0 3.0

2.2 − 2.3 5.0 2.5

−20.5 > Mr > −21.5
{ 2.2 − 2.3 5.0 3.0

2.1 − 2.2 3.0 2.0
S0s

−21.5 > Mr > −22.5

{ 2.3 − 2.4 6.5 4.5
2.2 − 2.3 5.0 2.0
2.1 − 2.1 2.0 1.0

−20.5 > Mr > −21.5

{ 2.2 − 2.3 5.5 2.0
2.1 − 2.2 3.0 1.5
2.0 − 2.1 2.0 1.5

−19.5 > Mr > −20.5

{ 2.1 − 2.2 4.0 3.0
2.0 − 2.1 4.0 3.0
1.9 − 2.0 1.5 1.5

A.2 Extreme values of Υ(R)

I provide in Table A.3 the values of the scale-dependent mass-to-light ratio at Re (Υouter)
and at the centre (Υinner) for galaxies of different absolute magnitudes and measured
velocity dispersion. As described in Chapter 2, I assume the M∗/L varies linearly be-
tween these two extreme values and it is constant, equal to Υouter, at radii R > Re.
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A.3 The impact of segregation in the SSP phase-space distri-
bution functions

The formulation in Bernardi et al. (2018), which I followed in Chapter 2 to compute
the radial profile and velocity dispersion, assumes that the objects ( low mass stars)
which cause the IMF gradient are not dynamically different from the others (e.g., if
stars always form in clusters, but the stellar IMF in the clusters depends on how far the
cluster is from the centre of the galaxy). In this case, ignoring dark matter for the time
being, Equation 2.4 would read as

ρ∗(r)σ2
r (r) =

1
f (r)

∫ ∞

r
f (s)ρ∗(s)

GM∗(s)
s2 ds (A.3)

with ρ∗(r) = ρ∗Ser(r) + ∆ρ∗(r) and M∗(r) = M∗
Ser(r) + ∆M∗(r). Instead, if one thinks of

a galaxy as being a linear combination of simple stellar populations (SSPs), each having
its own M∗/L ratio, and that each SSP is described by its own distinct phase-space
distribution function, then one would rearrange the Jeans Equation in Equation A.3 in
the following way

ρ∗Ser(r)σ
2
r (r) =

1
f (r)

∫ ∞

r
f (s)ρ∗Ser(s)

GM∗(s)
s2 ds , (A.4)

where the low mass stars, similarly to a dark matter component, would not signifi-
cantly contribute to the total luminosity but only to the total mass and thus would
appear only on the right-hand side of Equation A.4 (see Caravita et al., 2021). Our sim-
ple test shown in Figure A.2 for a given galaxy of with ϕ = 1.3, Υ0 = 3, log L/L⊙ = 11,
indicates that, for M∗/L gradients of current interest, the two formulations only lead to
relatively small differences in the σlos(R) profiles at R ≲ Re. I hope that future datasets
will have sufficient signal-to-noise to determine which of the two formulations of the
dynamics of the stars giving rise to IMF gradients is more realistic.

A.4 Computing large-scale bias

It has long been known that the spatial clustering of observable galaxies does not nec-
essarily mirror the clustering of dark matter in the Universe. Most generally, the galaxy
density can be some function of the underlying dark matter density. This galaxy ‘bias’,
the relationship between the spatial distribution of galaxies and the underlying density
field. Bias is a result of the complex physics of galaxy formation and evolution which
can result in the distribution of baryonic matter being different to that of dark mat-
ter. The abundance of haloes themselves can also be represented by the he bias factor
(b) that represents the overabundance of haloes with respect to the underlying mass
density. For a detailed overview of bias, see Mo et al. (2010).
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FIGURE A.2: σlos(R) radial profiles for a typical galaxy in our MaNGA sample with
ϕ = 1.3, Υ0 = 3, log L/L⊙ = 11, computed via Equation A.3 assuming both a constant
M∗/L (red dot-dashed line) and a scale-dependent M∗/L as given in Equation 2.18
(blue solid line), and via Equation A.4 with the same scale-dependent M∗/L (green

dashed line).

To compare models to clustering data, we first perform abundance matching at the
average redshift of z = 0.25. We then extract large host halo catalogues from the halo
(plus subhalo) mass function and assign galaxies to haloes via the M∗-Mhalo relation
as described in Chapter 4. On the general assumption that black hole scaling relations
do not depend on environment/host halo mass, to each mock galaxy in the catalogue
we assign a black hole mass adopting an input MBH-M∗ relation inclusive of scatter.
In principle, the mean large-scale bias for black holes with mass in the range MBH and
MBH + dMBH could be straightforwardly estimated as

b(MBH) =
1

Nbin

Nbin

∑
i=1

bh [Mhalo,i(MBH)] , (A.5)

where the sum runs over the total number Nbin of (central and satellite) parent haloes
hosting central black holes with mass in the range MBH and MBH + dMBH.

However, A.5 neglects the probabilities for central and satellite black holes to be active.
In the case of AGN in fact, not all galaxies in a given host halo mass bin necessarily
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contribute to the same clustering signal, and A.5 should be modified to include the
duty cycles, or probabilities, Ucen(MBH) and Usat(MBH) of, respectively, central and
satellite black holes of mass MBH to be active at a given cosmic epoch. We here follow
the same convention as in Shankar et al. (2013b) and denote the duty cycles at fixed
black hole mass MBH at a given redshift z as U(MBH, z). As in this work we only focus
on the specific redshift of z = 0.25, we will drop the redshift dependence in the duty
cycles from here onwards. Generalising A.5 to include the central/satellite probabilities
of being active we obtain

b(MBH) =

[
∑Ncen(MBH)

i=1 Ucen,i(MBH)(MBH)bcen,i(MBH) + ∑Nsat(MBH)
i=1 Usat,i(MBH)bsat,i(MBH)

]
[
∑Ncen(MBH)

i=1 Ucen,i(MBH) + ∑Nsat(MBH)
i=1 Usat,i(MBH)

] ,

(A.6)
where both Ucen(MBH) and Usat(MBH) are related to the total duty cycle of active black
holes by the relation NAGN(MBH) = U(MBH)N(MBH) = Ucen(MBH)Ncen(MBH) +

Usat(MBH)Nsat(MBH), with N(MBH) = Ncen(MBH) + Nsat(MBH) the number of cen-
tral and satellite black holes in the mass bin MBH and MBH + dMBH. In the limit in
which all central and satellite black holes are active or share equal probabilities to be
active, i.e., Ucen(MBH) = Usat(MBH), then A.6 reduces to the special case of A.5.

Throughout this work we adopt as a reference the total duty cycle U(MBH) in A.6 as
derived from the continuity equation model by Shankar et al. (2013b), with constant
lognormal Eddington ratio distribution. The exact normalization and shape of the total
duty cycle U(MBH) depends on the minimum luminosity threshold considered and in-
put Eddington ratio distributions P(λ), as anticipated in the previous . As extensively
discussed by, e.g., Shankar et al. (2013b), continuity equation models generally tend to
generate duty cycles decreasing with increasing black hole mass, as also retrieved by di-
rect data modelling by other groups (Shankar et al., 2013b). The latter trend would then
imply that active lower mass black holes would have a larger weight on the bias. How-
ever, when computing the mean bias in narrow bins of black hole mass, the exact shape
or normalization of the assumed total duty cycle U(MBH) are irrelevant. It is in fact
clear from A.6 that, in a relatively small bin of black hole mass, what contributes to the
mean bias is not the total duty cycle U(MBH), rather the relative probabilities for central
and satellite black holes to be active, i.e., the ratio Qbh(MBH) = Usat(MBH)/Ucen(MBH).

For further details, I direct the reader to Shankar et al. (2020a).
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Sebastián F. Sánchez, José R. Sánchez-Gallego, Conor Sayres, Adam Schaefer, Ri-
cardo P. Schiavon, Jaderson S. Schimoia, Edward Schlafly, David Schlegel, Donald P.
Schneider, Mathias Schultheis, Hee-Jong Seo, Shoaib J. Shamsi, Zhengyi Shao, Shiyin
Shen, Shravan Shetty, Gregory Simonian, Rebecca J. Smethurst, Jennifer Sobeck,
Barbara J. Souter, Ashley Spindler, David V. Stark, Keivan G. Stassun, Matthias
Steinmetz, Thaisa Storchi-Bergmann, Guy S. Stringfellow, Genaro Suárez, Jing Sun,
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ton, Robert C. Nichol, and Alexander S. Szalay. Quantifying the Bimodal Color-
Magnitude Distribution of Galaxies. ApJ, 600(2):681–694, January 2004. .

Michael L. Balogh, Julio F. Navarro, and Simon L. Morris. The Origin of Star Formation
Gradients in Rich Galaxy Clusters. ApJ, 540(1):113–121, September 2000. .

D. J. Barnes, R. Kannan, M. Vogelsberger, and F. Marinacci. Radiative AGN feedback
on a moving mesh: the impact of the galactic disc and dust physics on outflow prop-
erties. arXiv e-prints, December 2018.

Josh Barnes and Piet Hut. A hierarchical o (n log n) force-calculation algorithm. nature,
324(6096):446, 1986.

Joshua E. Barnes. Encounters of Disk/Halo Galaxies. ApJ, 331:699, August 1988. .

Joshua E. Barnes and Lars Hernquist. Dynamics of interacting galaxies. Annual Review
of Astron and Astrophys, 30:705–742, January 1992. .

Joshua E. Barnes and Lars E. Hernquist. Fueling Starburst Galaxies with Gas-rich Merg-
ers. Apj Letters, 370:L65, April 1991. .

https://www.youtube.com/watch?v=08LBltePDZw
https://www.youtube.com/watch?v=08LBltePDZw


REFERENCES 117

Aaron J. Barth, Luis C. Ho, and Wallace L. W. Sargent. A Study of the Direct Fitting
Method for Measurement of Galaxy Velocity Dispersions. Astronomical Jmynal, 124
(5):2607–2614, November 2002. .

Peter Behroozi, Risa H. Wechsler, Andrew P. Hearin, and Charlie Conroy. UNI-
VERSEMACHINE: The correlation between galaxy growth and dark matter halo as-
sembly from z = 0-10. MNRAS, 488(3):3143–3194, September 2019. .

Peter S. Behroozi, Risa H. Wechsler, and Charlie Conroy. The Average Star Formation
Histories of Galaxies in Dark Matter Halos from z = 0-8. ApJ, 770(1):57, June 2013. .

A. Beifiori, S. Courteau, E. M. Corsini, and Y. Zhu. On the correlations between galaxy
properties and supermassive black hole mass. MNRAS, 419(3):2497–2528, Jan 2012. .

Eric F. Bell, Daniel H. McIntosh, Neal Katz, and Martin D. Weinberg. The Optical and
Near-Infrared Properties of Galaxies. I. Luminosity and Stellar Mass Functions. ApJ
Supplement, 149(2):289–312, December 2003. .

Eric F. Bell, Christian Wolf, Klaus Meisenheimer, Hans-Walter Rix, Andrea Borch, Si-
mon Dye, Martina Kleinheinrich, Lutz Wisotzki, and Daniel H. McIntosh. Nearly
5000 Distant Early-Type Galaxies in COMBO-17: A Red Sequence and Its Evolution
since z˜1. ApJ, 608(2):752–767, June 2004. .

Robert G Belleman, Jeroen Bédorf, and Simon F Portegies Zwart. High performance
direct gravitational n-body simulations on graphics processing units ii: An imple-
mentation in cuda. New Astronomy, 13(2):103–112, 2008.

R. Bender and J. L. Nieto. Internal kinematics of low-luminosity ellipsoidal galaxies.
A&A, 239:97–112, November 1990.

CL Bennett, D Larson, JL Weiland, N Jarosik, G Hinshaw, N Odegard, KM Smith,
RS Hill, B Gold, M Halpern, et al. Nine-year wilkinson microwave anisotropy probe
(wmap) observations: final maps and results. The Astrophysical Journal Supplement
Series, 208(2):20, 2013.

Lars Bergström. Dark matter candidates. New Journal of Physics, 11(10):105006, 2009.

M. Bernardi, F. Shankar, J. B. Hyde, S. Mei, F. Marulli, and R. K. Sheth. Galaxy lu-
minosities, stellar masses, sizes, velocity dispersions as a function of morphological
type. MNRAS, 404(4):2087–2122, June 2010. .

M. Bernardi, A. Meert, R. K. Sheth, J. L. Fischer, M. Huertas-Company, C. Maraston,
F. Shankar, and V. Vikram. The high mass end of the stellar mass function: Depen-
dence on stellar population models and agreement between fits to the light profile.
MNRAS, 467(2):2217–2233, May 2017. .



118 REFERENCES

M. Bernardi, R. K. Sheth, J. L. Fischer, A. Meert, K. H. Chae, H. Dominguez-Sanchez,
M. Huertas-Company, F. Shankar, and V. Vikram. Stellar mass functions and impli-
cations for a variable IMF. MNRAS, 475(1):757–771, March 2018. .

M. Bernardi, H. Domı́nguez Sánchez, J. R. Brownstein, N. Drory, and R. K. Sheth.
Galaxy properties as revealed by MaNGA - II. Differences in stellar populations of
slow and fast rotator ellipticals and dependence on environment. MNRAS, 489(4):
5633–5652, November 2019. .

M. Bernardi, H. Domı́nguez Sánchez, B. Margalef-Bentabol, F. Nikakhtar, and R. K.
Sheth. The stellar mass Fundamental Plane: the virial relation and a very thin plane
for slow rotators. MNRAS, 494(4):5148–5160, June 2020. .

Mariangela Bernardi, Ravi K. Sheth, Robert C. Nichol, D. P. Schneider, and
J. Brinkmann. Colors, Magnitudes, and Velocity Dispersions in Early-Type Galaxies:
Implications for Galaxy Ages and Metallicities. Astronomical Jmynal, 129(1):61–72, Jan
2005. .

Mariangela Bernardi, Ravi K. Sheth, Elena Tundo, and Joseph B. Hyde. Selection Bias
in the M•-σ and M•-L Correlations and Its Consequences. ApJ, 660(1):267–275, May
2007. .

Mariangela Bernardi, Nathan Roche, Francesco Shankar, and Ravi K. Sheth. Curvature
in the colour-magnitude relation but not in colour-σ: major dry mergers at M∗ &gt; 2
× 1011 M⊙? MNRAS, 412(1):684–704, Mar 2011a. .

Mariangela Bernardi, Nathan Roche, Francesco Shankar, and Ravi K. Sheth. MNRAS,
412(1):L6–L10, Mar 2011b. .

E. Bertin. SkyMaker: astronomical image simulations made easy. Memorie della Società
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garita Rosado, Ashley J. Ross, Graziano Rossi, John Ruan, Rossana Ruggeri, Eli S.
Rykoff, Salvador Salazar-Albornoz, Mara Salvato, Ariel G. Sánchez, D. S. Aguado,
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M. Franx, I. Momcheva, M. L. N. Ashby, G. G. Fazio, V. Gonzalez, B. Holden,
D. Magee, R. E. Skelton, R. Smit, L. R. Spitler, M. Trenti, and S. P. Willner. A Re-
markably Luminous Galaxy at z=11.1 Measured with Hubble Space Telescope Grism
Spectroscopy. ApJ, 819(2):129, March 2016. .

http://dx.doi.org/10.1093/mnras/staa3233
http://dx.doi.org/10.1093/mnras/staa3233


146 REFERENCES

Joseph A. O’Leary, Benjamin P. Moster, and Eva Krämer. EMERGE: Constrain-
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Madore, Bruno Milliard, Alex S. Szalay, Barry Y. Welsh, and Sukyoung K. Yi. UV Star
Formation Rates in the Local Universe. ApJ Supplement, 173(2):267–292, December
2007. .

Edwin E. Salpeter. The Luminosity Function and Stellar Evolution. ApJ, 121:161, Jan-
uary 1955. .

Paolo Salucci, Ewa Szuszkiewicz, Pierluigi Monaco, and Luigi Danese. Mass function
of dormant black holes and the evolution of active galactic nuclei. MNRAS, 307(3):
637–644, Aug 1999. .

S. Salviander and G. A. Shields. The Black Hole Mass-Stellar Velocity Dispersion Rela-
tionship for Quasars in the Sloan Digital Sky Survey Data Release 7. ApJ, 764(1):80,
Feb 2013. .

D. B. Sanders, B. T. Soifer, J. H. Elias, B. F. Madore, K. Matthews, G. Neugebauer, and
N. Z. Scoville. Ultraluminous Infrared Galaxies and the Origin of Quasars. ApJ, 325:
74, February 1988. .

P. Santini, D. J. Rosario, L. Shao, D. Lutz, R. Maiolino, D. M. Alexander, B. Altieri,
P. Andreani, H. Aussel, F. E. Bauer, S. Berta, A. Bongiovanni, W. N. Brandt, M. Brusa,



150 REFERENCES

J. Cepa, A. Cimatti, E. Daddi, D. Elbaz, A. Fontana, N. M. Förster Schreiber, R. Gen-
zel, A. Grazian, E. Le Floc’h, B. Magnelli, V. Mainieri, R. Nordon, A. M. Pérez
Garcia, A. Poglitsch, P. Popesso, F. Pozzi, L. Riguccini, G. Rodighiero, M. Salvato,
M. Sanchez-Portal, E. Sturm, L. J. Tacconi, I. Valtchanov, and S. Wuyts. Enhanced star
formation rates in AGN hosts with respect to inactive galaxies from PEP-Herschel
observations. A&A, 540:A109, April 2012. .

W. L. W. Sargent, P. L. Schechter, A. Boksenberg, and K. Shortridge. Velocity dispersions
for 13 galaxies. ApJ, 212:326–334, March 1977. .

Giulia A. D. Savorgnan and Alister W. Graham. Overmassive black holes in the MBH-σ
diagram do not belong to over (dry) merged galaxies. MNRAS, 446(3):2330–2336, Jan
2015. .

Giulia A. D. Savorgnan and Alister W. Graham. Explaining the reportedly overmassive
black holes in early-type galaxies with intermediate-scale discs. MNRAS, 457(1):320–
327, Mar 2016. .

C. Scannapieco, M. Wadepuhl, O. H. Parry, J. F. Navarro, A. Jenkins, V. Springel,
R. Teyssier, E. Carlson, H. M. P. Couchman, R. A. Crain, C. Dalla Vecchia, C. S. Frenk,
C. Kobayashi, P. Monaco, G. Murante, T. Okamoto, T. Quinn, J. Schaye, G. S. Stinson,
T. Theuns, J. Wadsley, S. D. M. White, and R. Woods. The Aquila comparison project:
the effects of feedback and numerical methods on simulations of galaxy formation.
MNRAS, 423(2):1726–1749, June 2012. .

Kevin Schawinski, C. Megan Urry, Brooke D. Simmons, Lucy Fortson, Sugata Kaviraj,
William C. Keel, Chris J. Lintott, Karen L. Masters, Robert C. Nichol, Marc Sarzi, and
et al. The green valley is a red herring: Galaxy zoo reveals two evolutionary path-
ways towards quenching of star formation in early- and late-type galaxies. Monthly
Notices of the Royal Astronomical Society, 440(1):889–907, Mar 2014. ISSN 0035-8711. .
URL http://dx.doi.org/10.1093/mnras/stu327.

Paul Schechter. An analytic expression for the luminosity function for galaxies. The
Astrophysical Journal, 203:297–306, 1976.

David Schiminovich, Ted K. Wyder, D. Christopher Martin, Benjamin. D. Johnson,
Samir Salim, Mark Seibert, Marie A. Treyer, Tamás Budavári, Charles Hoopes, Michel
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Andrea Lapi. Selection bias in dynamically measured supermassive black hole sam-
ples: its consequences and the quest for the most fundamental relation. MNRAS, 460
(3):3119–3142, Aug 2016. .

Francesco Shankar, Mariangela Bernardi, and Ravi K. Sheth. Selection bias in dynam-
ically measured supermassive black hole samples: dynamical masses and depen-
dence on Sérsic index. MNRAS, 466(4):4029–4039, Apr 2017a. .

Francesco Shankar, Alessandro Sonnenfeld, Gary A. Mamon, Kyu-Hyun Chae,
Raphael Gavazzi, Tommaso Treu, Benedikt Diemer, Carlo Nipoti, Stewart Buchan,
Mariangela Bernardi, Ravi Sheth, and Marc Huertas-Company. Revisiting the Bulge-
Halo Conspiracy. I. Dependence on Galaxy Properties and Halo Mass. ApJ, 840(1):34,
May 2017b. .

Francesco Shankar, Viola Allevato, Mariangela Bernardi, Christopher Marsden, An-
drea Lapi, Nicola Menci, Philip J. Grylls, Mirko Krumpe, Lorenzo Zanisi, Federica
Ricci, Fabio La Franca, Ranieri D. Baldi, Jorge Moreno, and Ravi K. Sheth. Constrain-
ing black hole-galaxy scaling relations from the large-scale clustering of Active Galac-
tic Nuclei and implied mean radiative efficiency. arXiv e-prints, art. arXiv:1910.10175,
Oct 2019a.

Francesco Shankar, Mariangela Bernardi, Kayleigh Richardson, Christopher Marsden,
Ravi K. Sheth, Viola Allevato, Luca Graziani, Mar Mezcua, Federica Ricci, Saman-
tha J. Penny, Fabio La Franca, and Fabio Pacucci. Black hole scaling relations of
active and quiescent galaxies: Addressing selection effects and constraining virial
factors. MNRAS, 485(1):1278–1292, May 2019b. .

Francesco Shankar, David H. Weinberg, Christopher Marsden, Philip J. Grylls, Marian-
gela Bernardi, Guang Yang, Benjamin Moster, Hao Fu, Rosamaria Carraro, David M.
Alexander, Viola Allevato, Tonima T. Ananna, Angela Bongiorno, Giorgio Calderone,
Francesca Civano, Emanuele Daddi, Ivan Delvecchio, Federica Duras, Fabio La
Franca, Andrea Lapi, Youjun Lu, Nicola Menci, Mar Mezcua, Federica Ricci, Giu-
lia Rodighiero, Ravi K. Sheth, Hyewon Suh, Carolin Villforth, and Lorenzo Zanisi.
Probing black hole accretion tracks, scaling relations, and radiative efficiencies from
stacked X-ray active galactic nuclei. MNRAS, 493(1):1500–1511, March 2020a. .

Francesco Shankar, David H. Weinberg, Christopher Marsden, Philip J. Grylls, Marian-
gela Bernardi, Guang Yang, Benjamin Moster, Hao Fu, Rosamaria Carraro, David M.
Alexander, Viola Allevato, Tonima T. Ananna, Angela Bongiorno, Giorgio Calderone,
Francesca Civano, Emanuele Daddi, Ivan Delvecchio, Federica Duras, Fabio La



REFERENCES 153

Franca, Andrea Lapi, Youjun Lu, Nicola Menci, Mar Mezcua, Federica Ricci, Giu-
lia Rodighiero, Ravi K. Sheth, Hyewon Suh, Carolin Villforth, and Lorenzo Zanisi.
Probing black hole accretion tracks, scaling relations, and radiative efficiencies from
stacked X-ray active galactic nuclei. MNRAS, 493(1):1500–1511, March 2020b. .

Yue Shen, Jenny E. Greene, Luis C. Ho, W. N. Brand t, Kelly D. Denney, Keith Horne,
Linhua Jiang, Christopher S. Kochanek, Ian D. McGreer, Andrea Merloni, Bradley M.
Peterson, Patrick Petitjean, Donald P. Schneider, Andreas Schulze, Michael A.
Strauss, Charling Tao, Jonathan R. Trump, Kaike Pan, and Dmitry Bizyaev. The Sloan
Digital Sky Survey Reverberation Mapping Project: No Evidence for Evolution in the
M• -σ∗ Relation to z ∼ 1. ApJ, 805(2):96, Jun 2015. .

Ravi K. Sheth and Mariangela Bernardi. Plain fundamentals of Fundamental Planes:
analytics and algorithms. MNRAS, 422(3):1825–1834, May 2012. .

Ravi K. Sheth and Giuseppe Tormen. Large-scale bias and the peak background split.
MNRAS, 308(1):119–126, September 1999. .

Joseph Silk and Gary A. Mamon. The current status of galaxy formation. Research in
Astronomy and Astrophysics, 12(8):917–946, August 2012. .

Joseph Silk and Martin J. Rees. Quasars and galaxy formation. A&A, 331:L1–L4, Mar
1998.

S. M. Simkin. Measurements of Velocity Dispersions and Doppler Shifts from Digitized
Optical Spectra. A&A, 31:129, March 1974.

A. Soltan. Masses of quasars. MNRAS, 200:115–122, July 1982. .

Rachel S Somerville and Romeel Davé. Physical models of galaxy formation in a cos-
mological framework. Annual Review of Astronomy and Astrophysics, 53:51–113, 2015.

Rachel S. Somerville, Philip F. Hopkins, Thomas J. Cox, Brant E. Robertson, and Lars
Hernquist. A semi-analytic model for the co-evolution of galaxies, black holes and
active galactic nuclei. MNRAS, 391(2):481–506, December 2008. .

Rachel S. Somerville, Peter Behroozi, Viraj Pandya, Avishai Dekel, S. M. Faber, Adriano
Fontana, Anton M. Koekemoer, David C. Koo, P. G. Pérez-González, Joel R. Primack,
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