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Abstract

In the widely accepted lambda cold dark matter (ΛCDM) framework, dark matter

haloes acquire their initial angular momentum through tidal interactions and grow

in mass and size through accretion and/or repeated mergers. Galaxies form in

the centres of these haloes when the baryonic matter collapses and the subsequent

formation of stars occurs. Galaxies are complex systems whose properties reveal

their evolutionary history. Understanding how they acquire their properties and

identifying the dynamical processes responsible is a fundamental question in modern

astrophysics. In this thesis, I address these issues by studying the characterisation

and origin of the morphology of galaxies across multiple scales and epochs. For that

purpose, I combine observational data with various theoretical tools, as outlined

below.

Determining which galaxies develop dynamical instabilities, which components

are involved and how stability is restored is still an open question. Even though

gaseous discs significantly contribute to the global stability, most semi-analytic mod-

els (SAMs) only identify and address stellar disc instabilities. Therefore, in Chap-

ter 2, I introduce the new instability formulation we developed which significantly

improves the predictions of the L-Galaxies SAM. The updated recipe takes into

account the gravitational contribution of gas in conjunction with the stellar compo-

nent and more accurately follows the physical processes responsible for bulge growth.

Hence, our model produces galactic properties which are in closer agreement with

observations than previous work.

There is a prominent connection between understanding the formation and evo-

lution of galaxies and exploring how and when galactic components form. Therefore,

a method that accurately identifies the constituent stellar populations and provides

an additional way of exploring their properties is of great importance. Hence, in
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Chapter 3, I introduced the new method we developed to identify kinematically dis-

tinct components. We applied our method to the Eagle cosmological simulation

and studied the imprint of secular and violent processes on galaxies. By creating

Mollweide projections of the angular momentum map of each galaxy’s stellar parti-

cles we identified a number of features which indicate distinct galactic morphologies.

Thus, we were able to both classify and decompose galaxies and reproduce the ob-

served tight relations.

Finally, in order to advance the field of structure formation and improve our

theoretical tools, it is imperative to understand our models and the non-linear ef-

fects they introduce. For that reason, in Chapter 4, I investigate how AGN feedback

alters stellar dynamics and affects bar formation. I re-simulated three Auriga galax-

ies using two different AGN feedback prescriptions in an effort to constrain their

impact on the halo and galaxy properties. In addition, we use Imfit to perform

bar/bulge/disc decompositions and quantify the effect of AGN on the relative growth

of each component.
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Chapter 1

Introduction

In this thesis, I explore the characterisation and origin of the morphology of galaxies

across multiple scales and epochs. Below, I set out the scientific topics of each

chapter. The thesis is structured as follows. In Chapter 1, I provide a brief review

of the cosmological and astrophysical concepts relevant to this thesis, along with an

overview of the physical models and methods included in the L-Galaxies model

(Henriques et al., 2015), and the Eagle (Schaye et al., 2015) and Auriga (Grand

et al., 2017) simulations. In Chapter 2, we extend the L-Galaxies model to better

follow gravitational instabilities and galactic sizes. In Chapter 3, we introduce a

new method to identify kinematically distinct galactic components. In Chapter 4,

we quantify the effects of different AGN feedback modes on the properties of stellar

and gaseous components. Finally, in Chapter 5, I summarise my conclusions and

reflect upon the next steps.

1.1 Background

A few years after Hubble (1929) showed that the Universe is expanding, cosmologists

and astrophysicists started painting a comprehensive picture of the Universe and its

structures (e.g. Blumenthal et al., 1984; Peebles, 1984), known as the ΛCDM model.

The main components in this cosmological framework are the baryonic matter, cold

dark matter, and dark energy. Even though the ΛCDM model has been proven

to accurately predict the formation and evolution of structure in the Universe, the

nature of the cold dark matter and dark energy are still unknown (Peebles and
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Ratra, 2003).

Below I summarise a few key concepts of the ΛCDM model that are relevant to

this thesis.

1.1.1 Cosmological background

Standard cosmology relies on the cosmological principle, which is the assumption

that at large scales the Universe is homogeneous and isotropic. However, if the

cosmological principle applies perfectly on all scales, the matter distribution in the

Universe would also be uniform and isotropic, which would result in no structure

formation (Mo et al., 2010). In order for structures to form, small deviation from a

perfect homogeneity and isotropy are needed.

A successful method for generating such density perturbations comes from the

inflationary theory (Guth, 1981; Albrecht and Steinhardt, 1982; Linde, 1982), in

which a rapid phase of exponential expansion (i.e. inflation) produced the initial

perturbations responsible for the formation of the structures we observe in the Uni-

verse today (Starobinsky, 1982). These initial perturbations in the density field

grew with time, since regions with slightly higher densities than the mean density

attracted the surrounding matter. Hence, over-dense regions became denser and

under-dense regions became less dense.

In an expanding universe, the cosmic expansion affects the aforementioned mat-

ter flows. Once the over-densities grow enough and reach the ‘turn-around’ phase,

they decouple from the expansion and start to collapse (Jeans, 1902; Lifshitz, 1946);

this moment signals the beginning of structure formation. In the ΛCDM model,

when a system collapses, its dark matter component violently relaxes and forms the

so-called dark matter halo, while the baryonic gas shock heats to the virial temper-

ature and, if cooling is adequate, later reaches the potential well of the dark matter

halo.
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1.1.2 Astrophysical background

1.1.2.1 Galaxy formation

The cooling of the baryonic gas is a vital step towards galaxy formation and depends

on the temperature, composition, and density of the gas (Somerville and Davé, 2015).

Gas in massive haloes with a virial temperatures & 107 K is expected to be fully

ionized, hence the main cooling mechanism is the Bremsstrahlung emission from free

electrons. For temperatures between 104-106 K baryons can cool via excitation/de-

excitation mechanisms, such as electron recombination with ions or collisional atom

excitation (Rees and Ostriker, 1977). The efficiency of these phenomena depends on

the chemical composition of the gas since different atoms have different excitation

energies; hence they result in distinct cooling rates. Furthermore, gas with temper-

ature < 104 K is expected to be almost neutral, thus the above processes are highly

suppressed. However, heavy elements and molecules can still promote cooling if

present. The former achieve this via collisional excitation/de-excitation of fine and

hyperfine structure lines and the latter through rotational and/or vibrational lines.

Lastly, at redshifts higher than 6, inverse Compton scattering of cosmic microwave

background (CMB) (Penzias and Wilson, 1965) photons by electrons can provide

an additional cooling process especially in hot haloes.

As gas cools it collapses under its own gravity and forms dense clouds which

eventually turn into stars and subsequently form galaxies (commonly referred to as

‘proto-galaxies’). This mechanism is usually termed the quiescent star formation and

typically occurs in rotationally supported discs. In addition to that, some galaxies

experience more aggressive star formation episodes; the so-called ‘starbursts’ (Hop-

kins et al., 2006). These are characterised by star formation rates per unit area

several hundred times larger than that of the Milky Way (Heckman and Thompson,

2017), and usually occur near the centre of the galaxy or during mergers, since they

require a lot of gas confined in small volumes.

Lastly, a process capable of suppressing the formation of stars (either by pre-

venting gas cooling or by reheating cold gas) is energetic feedback. This energy is

released during supernova explosions and/or from active galactic nuclei (AGN) as a

result of gas accretion into supermassive black holes (SMBH) (Begelman, 2004).
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1.1.2.2 Galactic properties

As described above, a proto-galaxy forms from gas that settles into a rotationally

supported disc. In order for such a disc to form, the collapsing gas must have

non-zero angular momentum. Based on the seminal work of Hoyle (1951); Peebles

(1969); White and Rees (1978); Fall and Efstathiou (1980), we know that gas clouds

are able to acquire their angular momenta through tidal torques from nearby (dark

matter and/or baryonic) structures. In principle, this mechanism, in addition to

providing the angular momentum of the gas disc, will also define its scale length,

since under the assumption that the specific angular momentum of the gas is con-

served throughout the collapse/cooling (Mo et al., 1998), the scale length will be

proportional to the specific angular momentum.

The above simple picture is able to explain the formation of disc galaxies. How-

ever, a plethora of different morphological types exists (Hubble, 1936; Liller, 1966;

van den Bergh, 1976; Kormendy and Bender, 1996; Cappellari et al., 2011b). An

important aspect of the ΛCDM model is hierarchical structure formation (White

and Frenk, 1991). In this framework, dark matter structures merge together and

so do the galaxies residing in them. Hence, massive galaxies are built through re-

peated minor and/or major mergers, which leave an imprint on the merger remnant’s

structural and dynamical properties. In addition to mergers - which are violent phe-

nomena - secular processes, such as disc instabilities or bar formation, can also affect

the matter distribution in galaxies (Athanassoula, 2013; Kormendy, 2013; Sellwood,

2014a). Hence, violent and secular processes can alter the morphology of a galaxy.

Both violent and secular processes have the ability to redistribute stellar orbits

and create central components called bulges. Mergers are expected to create ‘clas-

sical bulges’ which usually have ellipsoidal morphologies, are dispersion dominated

systems, and have properties (e.g. Sersic index, star formation rates) similar to

elliptical galaxies (Gadotti, 2012; Brooks and Christensen, 2016; Kormendy, 2016).

On the other hand, secular processes give rise to ‘pseudo-bulges’ which have either

discy or boxy morphologies, are dominated by ordered motions, and have on-going

star formation (Sellwood, 2014a).

For more details on bulge formation and interactions with other galactic compo-

nents (e.g. bars and black holes) I refer the reader to the following chapters.
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1.2 Semi-analytic models

As described above, galaxy formation and evolution occurs within dark matter

haloes. These haloes contain the vital information needed by SAMs in order to

associate the dark and baryonic components of the Universe (White and Frenk,

1991). In SAMs, the evolution of dark matter is followed numerically by N -body

simulations, while analytic recipes are used to capture baryonic processes, such as

environmental effects, gas cooling, star formation, AGN feedback, and chemical en-

richment.

1.2.1 The L-Galaxies SAM

The SAM used in this work (see Chapter 2) is the Henriques et al. (2015) version

of the L-Galaxies model, which was implemented on the Millennium simulation

(Springel et al., 2005b) merger trees and adopted the Planck Collaboration et al.

(2014c) cosmological parameters: σ8 = 0.829, H0 = 67.3 km s−1 Mpc−1, ΩΛ = 0.685,

Ωm = 0.315, Ωb = 0.0487 (fb = 0.155), and n = 0.96. The L-Galaxies SAM has

been evolving for three decades (White and Frenk, 1991; Kauffmann et al., 1993,

1999; Springel et al., 2001a; Guo et al., 2011; Henriques et al., 2015, 2020) in order

to accurately model the formation and evolution of galaxies.

Below, I briefly describe the construction of merger trees (Section 1.2.1.1) and

the galaxy formation processes relevant to this thesis (Section 1.2.1.2).

1.2.1.1 Dark matter trees

The first step towards modelling galaxy formation with SAMs is constructing Friends-

of-Friends (FoF) group catalogues. These are created by grouping together dark

matter particles with a separation less than 20 per cent of the mean inter-particle

separation (Davis et al., 1985). The mass of each FoF group is defined as

M200c =
4π

3
200ρcrit. R

3
200c =

100

G
H2(z) R3

200c =
V 3

200c

10G H(z)
, (1.1)

where ρcrit. = 3H2(z)/8π G is the critical density, H(z) is the Hubble parameter at

redshift z, R200c is the radius of a sphere containing an overdensity 200 times larger

than the critical value (roughly what is expected for a virialised group, Cole and
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Lacey, 1996), G is the gravitational constant, and V200c =
√
G M200c/R200c is the

virial velocity of the halo.

The next step is identifying the substructures (i.e. dark matter subhaloes) where

galaxies are assumed to reside. In the L-Galaxies project, this is performed with

the Subfind algorithm (Springel et al., 2001a), which searches for gravitationally

bound, locally overdense regions inside the global density field of each FoF group.

Once all dark matter haloes and subhaloes have been identified at each redshift,

their evolution is tracked between snapshots by linking them to their progenitors.

This process creates the so-called ‘merger trees’ which provide necessary information

regarding dark matter structures (e.g. their mass, size, and assembly history) to

SAMs in order to model the formation and evolution of galaxies.

In the L-Galaxies nomenclature, the most massive subhalo in each FoF group

is called the ‘main halo’ and the corresponding galaxy the ‘central’ or ‘type 0’ galaxy.

The remaining subhaloes contain galaxies which are referred to as ‘satellite’ or ‘type

1’ galaxies if their subhaloes still exist; or as ‘type 2’ or ‘orphan’ galaxies if they

have had their halo disrupted by the central halo but they have not merged with

the central galaxy yet.

1.2.1.2 The formation and evolution of galaxies

In the L-Galaxies SAM, galaxy formation starts by populating each dark matter

halo with gas which shock heats and then cools either immediately or more slowly via

a cooling flow. The resulting cold gas disc fuels the formation of stars, which, when

they die, release energy (that turns the cold gas back into a hot gas component),

mass, and elements into the surrounding medium. An additional form of energetic

feedback comes from black holes. Black holes grow in mass through the accretion of

gas and/or mergers, and they release energy that heats up the gas. Apart from inter-

nal processes, galaxies are also subject to external effects. For example, when dark

matter subhaloes merge, the satellite galaxy spirals into the central halo and merges

on a dynamical friction timescale (Binney and Tremaine, 2008). During this process

a number of environmental effects, such as tidal forces and ram-pressure stripping,

can affect the gas and stars of satellite galaxies. A schematic representation of the

aforementioned mechanisms can be seen in Fig. 1.1.
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Figure 1.1: A schematic representation of the main physical processes captured by the

L-Galaxies SAM. Solid and dashed lines represent the transfer of mass and energy, respectively.

This schematic was provided by Rob Yates.

Below, I describe the onset of galaxy formation and the physical processes rel-

evant to this thesis. For a complete description of the L-Galaxies SAM used in

this thesis I refer the reader to Henriques et al. (2015).

1.2.1.2.1 Infall

In the L-Galaxies SAM, the formation of galaxies begins by assigning a gas

component equal to the cosmic abundance of baryons (f cos
b = 15.5 per cent) to

each subhalo. This primordial gas is expected to shock-heat as it falls into the

gravitational potential well of the halo; hence it is initially placed in the hot gas

component, akin to the circumgalactic medium (CGM).

As subhaloes grow in mass, additional baryonic mass is added in the same way

(i.e. primordial gas in the CGM). However, in order to model the photo-heating by

the ultraviolet (UV) background field, which increases the gas temperature to the

point where pressure effects prevent it from accreting onto haloes, the following step
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is necessary. Henriques et al. (2015) follow Gnedin (2000) who introduced a filtering

halo mass below which f cos
b is reduced to

fb(z,M200c) = f cos
b

(
1 + (2α/3 − 1)

[
M200c

MF(z)

]−α)−3/α

, (1.2)

where α = 2 and MF(z) varies from ∼ 6.5 × 109 M� at z = 0, to ∼ 107 M� at z =

8 (Okamoto et al., 2008). Given the filtering halo masses and the fact that in this

thesis (Chapter 2) we use haloes from the Millennium simulation with minimum

M200c ∼ 1010 M�, we expect equation (1.2) to results in fb(z,M200c) ∼ f cos
b since

M200c/MF(z) will always be & 10. Hence, the baryonic fraction will not significantly

change when the L-Galaxies model is run on the Millennium simulation merger trees.

1.2.1.2.2 Cooling

Following White and Frenk (1991), Henriques et al. (2015) assume that the hot

gas component is distributed similar to an isothermal sphere with density profile (as

a function of radius r)

ρhot(r) =
Mhot

4π R200c r2
, (1.3)

where Mhot is the hot gas mass and R200c is the virial radius. Following the isother-

mal sphere model, the hot gas’ cooling time can be written as

tcool(r) =
3µmH kB T200c

2ρhot(r) Λ(Thot, Zhot)
, (1.4)

where µmH is the mean particle mass, kB is the Boltzmann constant, T200c =

35.9(V200c/ km s−1)2 K is the virial temperature of the halo, ρhot(r) is the hot gas

density, and Λ(Thot,Zhot) is the cooling function where Zhot and Thot are the hot gas

metallicity and temperature, respectively.

The cooling happens within a radius where the cooling time equals the halo

dynamical time

rcool =

[
tdyn, h Mhot Λ(Thot, Zhot)

6π µmH kB T200c R200c

] 1
2

, (1.5)

where tdyn, h = R200c/V200c = 0.1H(z)−1 is the halo dynamical time (De Lucia et al.,

2004), Mhot is the hot gas mass, Λ(Thot,Zhot) is the cooling function, µmH is the
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mean particle mass, kB is the Boltzmann constant, T200c is the virial temperature of

the halo, and R200c is the virial radius.

Then, the cooling of the hot gas component can follow one of two regimes based

on the ratio between rcool and R200c. If rcool < R200c - which is the case for massive

haloes at late times - the gas cools at a rate

Ṁcool = Mhot
rcool

R200c

1

tdyn,h

. (1.6)

If rcool > R200c - which is the case for low-mass haloes at early times - the gas cools

at a rate

Ṁcool =
Mhot

tdyn,h

. (1.7)

1.2.1.2.3 Star formation

At each time step, as gas cools it is assumed to settle on a thin disc and form

stars (see Chapter 2). The star formation rate of that disc is given by

Ṁ? = αSF
Mgas −Mcrit.

tdyn., disc

, (1.8)

where αSF = 0.055 is the star formation efficiency, Mgas is the cold gas mass, Mcrit.

is the critical mass (see below) and tdyn., disc = R?/Vmax is the dynamical time of

the stellar disc, where R? is the stellar disc scale length and Vmax is the maximum

circular velocity of the halo. The threshold mass for star formation describes the

critical surface density above which gas can collapse and form stars (Kauffmann

et al., 1996; Kennicutt, 1998) and is defined as

Mcrit. = Mcrit., 0

(
V200c

200km s−1

)(
Rgas

10kpc

)
, (1.9)

where Mcrit., 0 = 2.4 × 109 M�, V200c is the virial velocity of the halo and Rgas is the

gas disc scale length.

1.2.1.2.4 Feedback

After an episode of star formation, a number of supernova explosions are ex-

pected. These supernovae inject energy into the surrounding cold and hot gas reser-

voirs, which results in mass transfer from the former to the latter component and
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in an increase of the latter’s temperature. The heating of the hot gas is treated by

the ejection of material to an external reservoir from which gas can potentially be

reincorporated, depending on the mass of the host system.

The feedback energy from supernovae is given by

∆ESN = εhalo

(
1

2
∆M? V

2
SN

)
, (1.10)

where 1
2
V 2

SN = 1
2
(630 km s−1)2 is the mean energy injected per unit mass of stars

formed (∆M?) and εhalo is the fraction of the supernovae energy that is able to

affect the gas components [see equation (S17) of Henriques et al. (2015)]. The

energy required to heat up the cold gas and transfer it to the hot reservoir can be

written as

∆Ereheat =
1

2
∆Mreheat V

2
200c , (1.11)

where ∆Mreheat = εdisc ∆M? is the cold gas mass reheated by the supernovae and

added to the hot atmosphere and εdisc is a parameter that controls the efficiency of

the reheat mechanism [see equation (S19) of Henriques et al. (2015)].

If ∆Ereheat > ∆ESN the maximum mass transferred is ∆Mreheat = ∆ESN/1
2
V 2

SN.

Otherwise, a mass ∆Meject is transferred from the hot gas to the ejecta component

based on the relation

1

2
∆Meject V

2
200c = ∆ESN −∆Ereheat . (1.12)

In the Henriques et al. (2015) version of the L-Galaxies model the black hole

recipe follows that of Croton et al. (2006), where central galaxies’ black holes grow

in mass during mergers by acquiring the black hole of the satellite along with a

fraction of cold gas, and by accreting gas from the hot gas component. Hence, due

to the former mechanism the black hole mass of the merger remnant is given by

MBH, f = MBH, 1 +MBH, 2 +
fBH(Msat./Mcen.)Mcold

1 + (VBH/V200c)2
, (1.13)

where MBH, 1 and MBH, 2 are the black hole masses of the progenitors, fBH is a

parameter that sets the fraction of the accreted cold gas, Mcen. and Msat. are the

baryonic masses of the central and satellite galaxy, respectively, Mcold is their total

cold gas mass, VBH is a parameter that controls the virial velocity at which the

efficiency saturates, and V200c is the virial velocity of the central halo.
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As described above, black holes are assumed to accrete gas from the hot at-

mosphere, which triggers the radio mode feedback. In this mode, the black hole

accretion rate can be written as

ṀBH = kAGN

(
Mhot

1011M�

)(
MBH

108M�

)
, (1.14)

where kAGN = 5 × 10−3 M� yr−1 is a parameter that controls the efficiency of the

accretion, Mhot is the mass of hot gas, and MBH is the black hole mass. This growth

rate produces feedback and deposits energy into the hot gas atmosphere in a rate

Ėradio = η ṀBH c2 , (1.15)

where η = 0.1 is the efficiency parameter and c is the speed of light. This energy is

supposed to suppress the cooling of the hot gas, thus results in an effective cooling

rate

Ṁcool, eff. = max
[
Ṁcool − 2Ėradio/V

2
200c, 0

]
. (1.16)

1.3 Hydrodynamical simulations

Hydrodynamical (HD) simulations differ from SAMs since they self-consistently

model the evolution of gaseous, stellar, and dark matter components (Vogelsberger

et al., 2020). This allows the investigation of the hydrodynamical and kinematic

properties of these components, which makes HD simulations an ideal tool to study

galactic dynamics and morphology. However, even though HD simulations spatially

resolve the aforementioned components, there is a resolution limit below which a

subgrid model, akin to a SAM, is required in order to model the small scale physics

(e.g. star formation, AGN feedback, and cooling). An additional limitation is the

much smaller sample size compared to SAM as well as the limited ability to inves-

tigate modifications to the physics.

1.3.1 The EAGLE simulation

The hydrodynamical simulation used in this work (see Chapter 3) is the ‘Evolution

and Assembly of GaLaxies and their Environments’ (Eagle) simulation (Schaye

et al., 2015; Crain et al., 2015), which adopted the Planck Collaboration et al.
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(2014a) cosmological parameters: σ8 = 0.8288, h ≡ H0 / (100 km s−1 Mpc−1) =

0.6777, ΩΛ = 0.693, Ωm = 0.307, Ωb = 0.04825, and n = 0.9611. We use the Ref-

L100N1504 simulation with boxsize (100 cMpc)3, 15043 dark matter and initially an

equal number of baryonic particles with masses 9.70 × 106 M� and 1.81 × 106 M�,

respectively, and softening length εprop = 0.7 pkpc.

Below, I briefly describe the generation of the initial conditions (Section 1.3.1.1),

the gravity and hydrodynamical solver (Section 1.3.1.2 and Section 1.3.1.3, respec-

tively), and the subgrid model (Section 1.3.1.4) of the Eagle simulation used in

this thesis (Chapter 3).

1.3.1.1 Initial conditions

As discussed in Section 1.1.1, all structures in the Universe result from Gaussian

density fluctuations generated during inflation (Guth, 1981). In order for cosmolog-

ical simulations to accurately model galaxy formation and evolution, they require

initial conditions that produce these perturbations, which are imposed on top of a

homogeneous expanding background assuming a flat ΛCDM universe. In Eagle,

the initial conditions are created by the Gaussian white noise field code Panphasia

(Jenkins, 2013), which as a first step generates the initial positions and velocities

for dark matter particles (Jenkins, 2010). These particles are then split into a pair

of dark matter and gas particle with a mass ratio given by Ωb/(Ωm - Ωb), and their

properties are integrated forward in time (see below).

1.3.1.2 Gravity solver

In a system of N particles the gravitational force acting on a particle i can be written

as

F(ri) =
N−1∑

j=1, j 6=i

G mi mj

|ri − rj|3
(ri − rj) , (1.17)

where G is the gravitational constant, mi and mj are the masses and ri and rj are

the position vectors of particle i and j, respectively. This gives rise to a gravitational

peculiar (i.e. the mean density is subtracted) potential at position r which satisfies

the Poisson equation

∇2Φ(r) = 4π G α2(ρ(r)− ρ̄) , (1.18)
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where α is the expansion factor, ρ̄ is the mean density of the Universe and ρ is the

density at position r.

In practise, following the particle-particle method and calculating equation (1.17)

when N is very large can be a highly computationally demanding process. An

alternative method is the tree-PM algorithm (Xu, 1995; Bode et al., 2000), in which

the gravitational force acting on each particle is the sum of long and short range

forces (separated by a spatial force-split parameter). The Eagle project uses the

N -body/hydrodynamical code Gadget (Springel, 2005) as a gravity solver, which

treats the long range forces by mapping the density field on a mesh and solving

equation (1.18) in Fourier space; while for the short range forces uses an octree

algorithm (e.g. Barnes and Hut, 1986). This algorithm uses a tree-like hierarchy

of cubic nodes where by ‘walking’ the tree, the total force acting on a particle is

calculated by summing up the walked nodes.

1.3.1.3 Hydrodynamical solver

In most galaxy formation simulations, dark matter and stellar particles are supposed

to be collision-less, while gas is assumed to form an inviscid fluid. In order to describe

the state of that fluid, Eagle follows the smoothed particle hydrodynamics (SPH)

method (Gingold and Monaghan, 1977), in which a set of tracer particles are used to

discretize the fluid and smoothing functions are invoked to interpolate the quantities

(e.g. density and pressure) at any point in space.

In the SPH scheme, interpolating a property of the fluid from gas particles’

properties requires a kernel function. Eagle follows the Anarchy implementation

(Schaller et al., 2015) in which the kernel function is given by

W (r, h) =
21

2π h3


(
1− r

h

)4 (
1 + 4 r

h

)
if 0 ≤ r ≤ h

0 if r > h ,

where r = |ri− rj| is the separation between particle i and j and h is the smoothing

length which is obtained by the relation

Nngb =
4π

3
h3
i

∑
j

Wij(hi) , (1.19)

where Nngb = 48 and Wij(hi) ≡ W (r, hi). Then, the density of a gas particle i is
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given by

ρi =
∑
j

mj Wij(hi) . (1.20)

In practice, a weighted density is needed both for the calculation of vital ther-

modynamical quantities (e.g. entropy, internal energy, and pressure) and for the

SPH equations of motion. The weighted density (ρ̄i) is given by writing the entropic

function P = A ργ in the following form

P̄i = Ai

(
1

A
1/γ
i

∑
j=1

mj A
1/γ
j Wij(hi)

)γ

= Ai ρ̄
γ
i . (1.21)

In order to fully follow the gas flow, apart from the density and the weighted pressure

and density [given by equation (1.20) and equation (1.21), respectively], one needs to

integrate forward in time the positions and velocities of the gas particles. Eagle uses

the pressure-entropy formulation of Hopkins (2013) in order to derive the equations

of motion which can be written as

dvi
dt

= −
∑
j

mj

[
A

1/γ
j

A
1/γ
i

P̄i
ρ̄2
i

Ωij ∇iWij(hi) +
A

1/γ
i

A
1/γ
j

P̄j
ρ̄2
j

Ωji ∇jWij(hj)

]
, (1.22)

where

Ωij = 1− 1

A
1/γ
i

(
hi
3ρi

∂P̄
1/γ
i

∂hi

)(
1 +

hi
3ρi

)
, (1.23)

is a term accounting for the gradients in the smoothing length.

The final aspect of the Anarchy implementation is the addition of artificial

viscosity and conduction in order to capture shocks and the mixing of gas phases,

respectively. For a complete description of these processes I refer the reader to

Schaller et al. (2015) and Schaye et al. (2015).

1.3.1.4 The formation and evolution of galaxies

The Eagle subgrid model was based on the Gimic (Crain et al., 2009) and Owls

(Schaye et al., 2010) projects and includes cooling, star formation, stellar and AGN

feedback, and mergers and accretion of gas onto supermassive black holes.

1.3.1.4.1 Cooling
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Radiative cooling is a fundamental process in SPH galaxy formation simulations

since it describes how gas particles radiate away their energies and collapse in order

to form stars. The Eagle simulation follows the study of Wiersma et al. (2009)

which uses Cloudy (Ferland et al., 1998) to specify the gas cooling rates based

on the contributions of eleven elements1 as a function of density, temperature, and

redshift.

1.3.1.4.2 Star formation

In general, star formation occurs in cold, high density gas. However, the resolu-

tion limitations in large cosmological simulations result in unresolved interstellar gas

phases. Therefore, it is necessary to both identify the cold gas and use a threshold

as a proxy for the gas density above which a cold phase is expected to exist.

To identify the cold gas, an equation of state Peos ∝ ρgas
4/3 with ρgas = 0.1 cm−3

and a temperature floor of Teos = 8000 K is used. To identify the high density gas,

the Schaye (2004) metallicity-dependent threshold is used

n?(Z) = min

[
0.1

(
Z

0.002

)−0.64

, 10

]
cm−3 , (1.24)

where Z is the metallicity (i.e. the fraction of the gas mass in elements heavier

than helium) of the gas. An additional density threshold is imposed to prevent star

formation in low over-density (δ) environments particularly at high redshifts. Hence,

star formation is only allowed in regions where: (a) log10(T ) < log10(Teos) + 0.5, (b)

equation (1.24) is met, and (c) δ > 57.7.

Following Schaye and Dalla Vecchia (2008), after identifying the star forming

gas particles they are stochastically allowed to turn into stellar particles during a

time step ∆t with probability min(ṁ? ∆t/mg, 1) where the star formation rate ṁ?

is given by

ṁ? = mg A(1 M� pc−2)−n
( γ
G
fg P

)(n−1)/2

, (1.25)

where mg is the gas particle mass, A = 1.515 × 10−4 M� yr−1 kpc−2, n = 1.4, γ =

5/3 is the ratio of specific heats, G is the gravitational constant, fg = 1 is the gas
1Hydrogen, helium, carbon, nitrogen, oxygen, neon, magnesium, silicon, sulphur, calcium, and

iron.
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mass fraction, and P is the total pressure.

1.3.1.4.3 Feedback

Energetic feedback in cosmological simulations usually occurs due to stellar

and/or black hole activity (i.e. supernova and AGN feedback, respectively). The

stellar feedback prescription follows Dalla Vecchia and Schaye (2012) in which a

stellar particle is assumed to explode as a type II supernova (SNII) releasing energy;

hence heating the surrounding gas particles. The expected number of gas particles

heated per stellar particle is given by

〈Nheat〉 ≈ 1.3fth

(
∆T

107.5K

)−1

, (1.26)

where fth is a parameter setting the probability that a gas particle neighbouring the

supernova is heated (Schaye et al., 2015; Crain et al., 2015) and ∆T = 107.5 is the

temperature jump of gas particles that receive the energy.

The supermassive black hole model is implemented following Booth and Schaye

(2009) and Rosas-Guevara et al. (2015). Black holes are seeded at the centre of every

halo with a mass greater than 1010 M� h
−1 by converting the densest gas particle

into a collision-less black hole (BH) particle with mass 105 M� h
−1. Black holes can

grow in mass by merging with other black holes or by accreting surrounding gas at

a rate which is the minimum of the Eddington rate

ṁEdd. =
4π G mBH mpr.

εr σT c
, (1.27)

and

ṁaccr. = min
(
ṁBondi

[
(cs/Vφ)3/Cvisc.

]
, ṁBondi

)
, (1.28)

where ṁBondi is the Bondi and Hoyle (1944) accretion rate2

ṁBondi =
4π G2 m2

BH ρ

(c2
s + u2)3/2

, (1.29)

where G is the gravitational constant, mBH is the black hole mass, mpr. is the proton

mass, εr = 0.1 the radiative efficiency, σT is the Thomson cross section, c is the speed
2Which describes a spherically symmetric accretion onto a point mass which is travelling through

a homogeneous medium.
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of light, cs is the sound speed of the gas, Vφ is the rotation speed of the gas around

the black hole [see equation (16) of Rosas-Guevara et al. (2015)], Cvisc. = 2π is a

parameter related to the viscosity of the accretion disc, ρ is the gas density, and u

is the relative velocity of the BH and the gas.

Once the accretion rate has been calculated, it is possible to define the feedback

energy that the black hole will release. In each time step, a black hole increases its

feedback energy by

εr εf ṁaccr. c
2
s ∆t = 0.015ṁaccr. c

2
s ∆t . (1.30)

This energy accumulates in an energy reservoir until there is enough energy to heat

at least one gas particle by a temperature of 108.5 K.

1.4 Magnetohydrodynamical simulations

Magnetohydrodynamical simulations capture the evolution of magnetic fields along

with the hydrodynamical properties of the gas component (Vogelsberger et al., 2020).

In order to do that, the magnetic fields are initialized with a certain magnetic seed

at high redshift and evolved by ideal magnetohydrodynamics equations (Pakmor

and Springel, 2013).

1.4.1 The Auriga simulation

The magnetohydrodynamical simulation used in this work (see Chapter 4) is the

Auriga simulation (Grand et al., 2017), which is a suite of cosmological zoom-in

simulations of Milky-Way mass haloes. We use the level-4 resolution (based on the

Aquarius project nomenclature, Springel et al., 2008) which corresponds to dark

matter and baryonic particles masses of 3 × 105 M� and 5 × 104 M�, respectively.

The gravitational co-moving softening length for stellar and dark matter particles

is set to 500 cpc h−1. This is equal to the minimum co-moving softening length

allowed for gas cells, while their maximum physical softening length can not exceed

1.85 kpc.

Below, I briefly describe the generation of the initial conditions (Section 1.4.1.1),

the gravity and magnetohydrodynamical solver (Section 1.4.1.2 and Section 1.4.1.3,
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respectively), and subgrid model (Section 1.4.1.4) of the Auriga simulation used

in this thesis (Chapter 4).

1.4.1.1 Initial conditions

The dark matter haloes used for the Auriga suite of zoomed re-simulations were

selected from a dark matter only simulation of co-moving size (100 cMpc)3 from the

Eagle project (Schaye et al., 2015). Once the initial distribution of dark matter

particles is identified (Jenkins, 2010), each particle is split into a pair of dark matter

and gas particle following the cosmological baryon mass fraction.

1.4.1.2 Gravity solver

The Auriga simulations are performed with the N -body/magnetohydrodynamical

code Arepo (Springel, 2010; Pakmor et al., 2011, 2016; Weinberger et al., 2020)

which for gravitational forces uses the TreePM method. As described in Sec-

tion 1.3.1.2, this method employs a Fast Fourier Transform method to account

for long range forces, while short range forces are treated with an octree algorithm

(Barnes and Hut, 1986).

1.4.1.3 Magnetohydrodynamical solver

The Arepo code solves the equations of ideal magnetohydrodynamics (Pakmor

and Springel, 2013; Weinberger et al., 2020) by utilising an unstructured mesh con-

structed from a Voronoi tessellation (Springel, 2010) to perform finite-volume dis-

cretization of the state of the fluid. The mesh can be transformed3 at any time-step

in order to ensure that each cell contains a target mass. This feature ensures that

denser regions are resolved with more cells than low density regions.

For each cell, the primitive variables (gas density, velocity, and magnetic field

strength) are used to estimate the spatial gradients of the corresponding variable

and linearly extrapolate it from the center of mass of a cell to the centers of all its

interfaces. Then, fluxes between the interfaces are calculated by locally solving the

3A cell is merged with its neighbours or split into two cells if it contains less than half or more

than twice the target mass, respectively.
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Riemann problem as described in Pakmor and Springel (2013) and Pakmor et al.

(2016).

1.4.1.4 The formation and evolution of galaxies

The Auriga subgrid model includes magnetic fields, gas cooling and heating from

a UV background, star formation, and stellar and AGN feedback.

1.4.1.4.1 Cooling

The cooling model follows Vogelsberger et al. (2013) and incorporates primordial

and metal-line cooling with self-shielding corrections along with a spatially uniform

UV background (Faucher-Giguère et al., 2009a). Similar to the Eagle model (see

Section 1.3.1.4.1), the cooling rates are obtained based on Cloudy cooling tables.

However, instead of following the element-by-element method of Wiersma et al.

(2009), Vogelsberger et al. (2013) based their implementation on the cooling rates

derived for a solar composition gas, which scale linearly with the total metallicity.

1.4.1.4.2 Star formation

In Auriga, the interstellar medium (ISM) is described by the Springel and

Hernquist (2003) model. In this model, the star-forming gas is treated as a two

phase medium, where a cold phase consisting of dense clouds is embedded in a hot

medium. Gas cells that enter the star-forming regime (i.e. have densities higher

than n = 0.13 cm−3) are stochastically turned into stellar particles with probability

that exponentially scales with time in units of the star formation timescale (set to

tsf = 2.2 Gyr).

The resulting stellar particle has mass which depends on the mass of the star

forming gas cell. If the mass of the gas cell is less than twice the target cell mass

(see Section 1.4.1.3) mtarget = 5 × 104 M� then all the gas mass is converted into

a stellar particle and the gas cell is removed. Otherwise, a mass equal to mtarget is

converted and the gas cell survives with reduced mass.
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1.4.1.4.3 Feedback

As is common in simulations with baryonic mass resolution similar to or lower

than the Auriga simulations (i.e. > 104 M�), each stellar particle is assumed to

represent a single stellar population (SSP) characterised by a given age and metallic-

ity. Each SSP has a distribution of stellar masses which is given by a Chabrier (2003)

initial mass function, which allows for the number of SNII events to be inferred from

the number of stars with masses between 8-100 M� in each SSP.

SNII events are assumed to be instantaneous and are implemented by probabilis-

tically converting a star-forming gas cell into a wind particle (Vogelsberger et al.,

2013) which is launched in an isotropically random direction with velocity equal to

3.45 times the local 1D dark matter velocity dispersion (Okamoto et al., 2010). The

wind particle is decoupled from magnetohydrodynamical forces (i.e. only interacts

gravitationally) and travels until either: (a) it reaches a gas cell with density less

than 5 per cent of the star formation density threshold, or (b) it exceeds the max-

imum travel time. Once either of the above criteria is met it deposits its metals,

momentum, mass, and energy (equally split into kinetic and thermal, Marinacci

et al., 2014) in the gas cell in which it is located.

The AGN feedback model in the Auriga simulation incorporates a radio and a

quasar mode, which are both active at all times. For a detailed description of the

AGN seeding and feedback recipe we refer the reader to Section 4.2.2.
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Chapter 2

Morphological evolution and galactic

sizes in the L-Galaxies SA model

In this chapter we update the L-Galaxies semi-analytic model (SAM) to better

follow the physical processes responsible for the growth of bulges via disc instabilities

(leading to pseudobulges) and mergers (leading to classical bulges). We address

the former by considering the contribution of both stellar and gaseous discs in the

stability of the galaxy, and we update the latter by including dissipation of energy

in gas-rich mergers. Furthermore, we introduce angular momentum losses during

cooling and find that an accurate match to the observed correlation between stellar

disc scale length and mass at z ∼ 0.0 requires that the gas loses 20 per cent of

its initial specific angular momentum to the corresponding dark matter halo during

the formation of the cold gas disc. We reproduce the observed trends between the

stellar mass and specific angular momentum for both disc- and bulge-dominated

galaxies, with the former rotating faster than the latter of the same mass. We

conclude that a two-component instability recipe provides a morphologically diverse

galaxy sample which matches the observed fractional breakdown of galaxies into

different morphological types. This recipe also enables us to obtain an excellent fit

to the morphology–mass relation and stellar mass function of different galactic types.

Finally, we find that energy dissipation during mergers reduces the merger remnant

sizes and allows us to match the observed mass–size relation for bulge-dominated

systems.
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2.1 Introduction

In the widely accepted lambda cold dark matter (ΛCDM) scenario the baryonic

matter collapses into the centres of dark matter haloes, where it tends to form rota-

tionally supported discs (Blumenthal et al., 1984; Peebles, 1984). In this framework,

dark matter haloes acquire their angular momentum through tidal interactions (Pee-

bles, 1969; White, 1984; Barnes and Efstathiou, 1987), and the associated gas discs

were originally assumed (Fall and Efstathiou, 1980) to obtain the same specific an-

gular momentum. Eventually, the collapsed gas will form stars and subsequently

galaxies (White and Rees, 1978). While these dark matter structures evolve over

time, they grow in mass and size through accretion and/or repeated mergers (Lacey

and Cole, 1993). Since galaxy formation occurs within haloes, these phenomena also

affect the properties of the associated galaxies.

This galaxy formation paradigm has been successfully captured by semi-analytic

models (SAMs), which utilize N -body simulations of dark matter to obtain infor-

mation about haloes’ properties, substructures and merger history, while analytic

recipes infer the properties of galaxies hosted within those structures.

2.1.1 Mergers and disc instabilities

In the hierarchical picture of structure formation, galaxy mergers have the ability

to redesign the morphology of the progenitors (Toomre and Toomre, 1972; Barnes

and Hernquist, 1996; Hopkins et al., 2010a). In particular, major mergers (Kauff-

mann et al., 1993; Baugh et al., 1996) or multiple minor mergers (Bournaud et al.,

2007) are considered to be the natural culprits for converting the stellar orbits from

circular to random, hence forming spheroid-like components (i.e. classical bulges)

and dispersion-supported galaxies.

In addition to mergers, internal secular processes (see Sellwood, 2014b, for a

review), such as the formation and evolution of bars, (Combes et al., 1990a; Raha

et al., 1991; Martinez-Valpuesta et al., 2006) are also known to be drivers of galactic

evolution. Bars induce torques into discs that cause considerable outward angular

momentum transfer and redistribution/migration of stellar material (e.g. Hohl, 1971;

Debattista et al., 2006; Minchev and Famaey, 2010). Furthermore, they funnel gas
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to the centre of the galaxy (Combes and Sanders, 1981; Pfenniger and Norman, 1990;

Englmaier and Shlosman, 2004), thus enhancing central star formation (Hawarden

et al., 1986; Friedli and Benz, 1995; Jogee, 2006; Holmes et al., 2015).

In specific cases (Governato et al., 2009; Hopkins et al., 2009a; Stewart et al.,

2009; Guedes et al., 2013) mergers may as well constitute a mechanism able to trigger

gravitational instabilities (e.g. Toomre, 1964; Ostriker and Peebles, 1973; Efstathiou

et al., 1982) and create inner disc structures (Aguerri et al., 2001; Eliche-Moral

et al., 2006, 2011) or starbust activity (Mihos and Hernquist, 1994). These secular

processes will culminate in the formation of a component called pseudo-bulge (see

Kormendy and Kennicutt, 2004, and references therein).

Since both stellar and gaseous discs contribute to the stability of the galaxy

(e.g. Jog and Solomon, 1984b,a; Bertin and Romeo, 1988; Wang and Silk, 1994;

Elmegreen, 1995; Jog, 1996; Rafikov, 2001; Romeo and Wiegert, 2011), various the-

oretical and/or observational studies analysed local instabilities (Toomre, 1964) of

composite discs. This dictates that modelling attempts should also follow the same

path.

2.1.2 Bulges: classical and pseudo

Numerous authors have investigated whether the aforementioned bulge formation

scenarios lead to different bulge types with distinct intrinsic properties (e.g. Fisher

and Drory, 2016). Although some more recent studies (e.g. Athanassoula, 2005;

Fragkoudi et al., 2015; Sachdeva and Saha, 2018) divide bulges into more categories,

most authors distinguish two major types: pseudo and classical. In fact, Andredakis

and Sanders (1994); Andredakis et al. (1995); Carollo (1999) studied early- and

intermediate-type spiral galaxies and concluded that bulges fall into two categories:

those that can be described by an exponential profile and those by an r1/4 profile.

More recently, Fisher and Drory (2008) analysed the Sérsic index of pseudo- and

classical bulges and found that 90 per cent of the former have nb < 2 and all of the

latter nb > 2. Moreover, Courteau et al. (1996) used a bulge-to-disc decomposition

to calculate the ratio between bulge and disc scale lengths and concluded that their

observations (correlated B/D scale lengths) strongly support a secular evolution

model in which bulges with exponential surface brightness profiles emerge via disc
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instabilities. Additionally, Fisher (2006) and Fisher et al. (2009) compared the

profile of star formation in pseudo- and classical bulges and concluded that their

stars are formed via different mechanisms.

It becomes apparent that there is a lot of evidence suggesting that this dichotomy

can reveal a diversity in bulge properties. This motivated us to investigate these

two distinct bulge types (see Section 2.2.3) and study their scaling relations (see

Section 2.3.6.3 and Section 2.6.2).

2.1.3 Previous modelling work

2.1.3.1 The angular momentum of baryons

The majority of analytic and semi-analytic models of galaxy formation (e.g. Somerville

and Primack, 1999; Cole et al., 2000; Monaco et al., 2007; Guo et al., 2011; Croton

et al., 2016; del P. Lagos et al., 2018) follow Fall and Efstathiou (1980) and compute

disc sizes based on the assumptions that (a) the cold gas disc inherits the specific

angular momentum of the dark matter halo in which it forms, and (b) the gas con-

serves its angular momentum while cooling (e.g. Cole et al., 1994; Dalcanton et al.,

1997; Mo et al., 1998). Even though modelling explicitly these processes in SAMs

remains a challenging task, in this work we attempt to include this phenomenon

(i.e. angular momentum losses during cooling) in the L-Galaxies model (see Sec-

tion 2.2.1 and Section 2.5.1) and investigate its direct impact on galactic properties

(see Section 2.3).

2.1.3.2 Disc instabilities

In the L-Galaxies1 SAM, stellar disc instabilities are identified by the Efstathiou

et al. (1982) criterion, which describes baryonic discs whose self-gravity dominates;

thus are unstable to global perturbations (i.e. growth of bar-like modes). Their work

was limited to idealized systems, which are significantly different than those found in

nature or in more detailed simulations (see e.g. Athanassoula, 2008; Sellwood, 2014b;

Fujii et al., 2018, for a discussion on this topic). However, the work of Efstathiou

et al. (1982) provides a simple instability criterion which is suitable to be used by

1http://galformod.mpa-garching.mpg.de/public/LGalaxies/
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SAMs where discs are formed under similar assumptions (see Section 2.2.1).

Determining which systems develop instabilities (e.g. De Lucia and Helmi, 2008;

Cook et al., 2010), which galactic components are involved in them (e.g. Croton

et al., 2016; Gargiulo et al., 2017) and how stability is restored (Bower et al., 2006;

Monaco et al., 2007; De Lucia and Helmi, 2008; Gargiulo et al., 2015) are still open

questions. It is known that gaseous discs have an influential role in galactic dynamics

which becomes apparent when one considers their contribution to disc stability.

Nevertheless, past modelling works have relied on a one-component stability criterion

(e.g. Cole et al., 2000; De Lucia et al., 2006; Guo et al., 2011; Henriques et al., 2015).

2.1.4 The L-Galaxies model

The most recent version of the L-Galaxies model (Henriques et al., 2015, hereafter

HWT15) invokes a simple argument to address disc instabilities and identify the

stellar mass that has to be put into the bulge. It only takes into account the stability

of the stellar disc and, as a consequence, underestimates disc instabilities and fails

to reproduce the observed morphological fraction of galaxies (see Section 2.3.4). In

this work we extend the Efstathiou et al. (1982) criterion to include cases where

both stars and gas are present and investigate the contribution of gas in galactic

stability.

Furthermore, the half-mass radius of classical bulges is calculated via energy

conservation and the virial theorem, as described in Guo et al. (2011). This approach

overestimates the size of bulges, which can be remedied by considering dissipation

during gas-rich mergers (see Section 2.2.3.1 and Section 2.3.6.2).

2.1.5 Outline of the chapter

This chapter is organised as follows. In Section 2.2, we briefly describe a few vital

processes regarding the L-Galaxies model’s approach to simulate the formation

and evolution of galaxies. In addition, we present the new merger remnant size and

disc instability recipes we included in our model. Section 2.3, contains the results

and Section 2.4, our conclusions.
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2.2 The model

The L-Galaxies SAM has been well-described in the literature and we refer the

reader to HWT15 for more details. Here, we briefly explain some key processes that

are relevant to the purpose of this study and introduce angular momentum losses

during cooling, and the updated disc instability and merger remnant size recipes.

We use merger trees derived from the Millennium simulation (Springel et al.,

2005b), which has been shown to produce accurate properties for galaxies with

stellar masses > 109 M� (see Guo et al., 2011, for more details). The cosmological

parameters used throughout this work are adopted from Planck Collaboration et al.

(2014c): σ8 = 0.829, H0 = 67.3 km s−1 Mpc−1, ΩΛ = 0.685, Ωm= 0.315, Ωb= 0.0487

(fb= 0.155), and n = 0.96.

2.2.1 Formation and properties of gaseous and stellar discs

As haloes form and grow, they are assigned a cosmic abundance of diffuse primordial

gas, which is assumed to be shock heated to the virial temperature (Rees and Os-

triker, 1977; Silk, 1977; White and Rees, 1978). That gas will either cool immediately

and be added to the cold gas disc of the central galaxy, or form a quasi-static hot

atmosphere and accrete onto the disc at a slower pace (see section S1.4 of HWT15).

Hitherto the L-Galaxies model followed the two core assumptions of Fall and

Efstathiou (1980); namely: (a) baryons and dark matter acquire identical specific

angular momentum distributions, and (b) the former conserve their angular momen-

tum while cooling. In this work, we assume that the initial (i.e. when the cold gas

disc is formed from the hot component) specific angular momentum of the cold gas

is a fraction f = 0.8 of the specific angular momentum of the halo within which it

is embedded (see also Section 2.5.1). As discussed by Dutton and van den Bosch

(2012) angular momentum losses during cooling results from the fact that the mass

in ΛCDM haloes is more centrally concentrated than the angular momentum and

the fact that cooling is an inside-out process (i.e. inner regions cool before the outer

ones). Previous studies (Dutton and van den Bosch, 2012; Jiang et al., 2018) re-

ported that the average value of the angular momentum retention factor is ∼ 0.6.

We choose a slightly higher value since these simulations include additional mech-
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anisms, such as dynamical friction, which can further reduce the specific angular

moment of baryons. In addition, our choice of f = 0.8 provides an excellent fit2 to

the galactic morphologies as we discuss in Section 2.3.4. Finally, we note that the

angular momentum loss should be transmitted to the dark matter but this effect

will be relatively small and we choose to neglect it.

As discussed in Guo et al. (2011), there are three mechanisms capable of altering

the angular momentum vector of the gaseous disc, namely the addition of gas by

cooling, the removal of gas through star formation, and the accretion from minor

mergers. These can be expressed mathematically by the following formula

δ ~Jd, gas = δ ~Jgas, cooling + δ ~Jgas, SF + δ ~Jgas, acc.

= f
~JDM

MDM

Ṁcool δt

−
~Jd, gas

Md, gas

((1−Rret.)Ṁ? δt+ δMreheat)

+
~JDM

MDM

Mgas, sat. , (2.1)

where the factor f = 0.8 accounts for angular momentum losses during cooling,

Ṁcool is the cooling rate [see equations (S6) and (S7) of HWT15], δt is the time

interval, (1 - Rret.) Ṁ? is the formation rate of long lived stars [see equation (S14)

of HWT15], δMreheat is the cold gas reheated into the hot atmosphere as a result of

star formation activity [see equation (S18) of HWT15] and Mgas, sat. is the cold gas

mass of the merging satellites.

Following Mo et al. (1998), we assume that the gaseous and stellar discs are

infinitesimally thin, in centrifugal equilibrium and have exponential surface density

profiles, hence their scale lengths can be written as

Rd, gas =
| ~Jd, gas|

2Vmax Md, gas

, (2.2)

Rd, ? =
| ~Jd, ?|

2Vmax Md, ?

, (2.3)

2The exact value of f required to reproduce the observed morphologies is potentially affected

by the last term in equation (3.10) since its simplistic assumption for the orientation of satellite’s

specific angular momentum can lead to the overprediction of the specific angular momentum of

the gaseous disc.
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where ~Jd, gas, Md, gas and ~Jd, ?, Md, ? are the angular momentum and mass of the

gaseous and stellar disc, respectively, and Vmax is the maximum circular velocity of

their host halo which is used as a proxy for the rotation velocity of both discs.

2.2.2 Disc instabilities

Disc instabilities describe systems where the attraction due to self-gravity overcomes

the centrifugal force due to rotation. In our updated instability recipe we treat galac-

tic discs as two-component systems where the contribution of each disc (i.e. stellar

and gaseous) to the stability of the whole galaxy is mass weighted. We extend the

simple criterion of Efstathiou et al. (1982) and combine both discs in an approach

similar to the one used by authors who combined the Toomre (1964) local instability

criteria (e.g. Wang and Silk, 1994; Romeo and Wiegert, 2011). Our new galactic

instability criterion can be written as εtotal < 1, where

εtotal ≡
Md, ? ε? +Md, gas εgas

Md, total

. (2.4)

Here Md, total, Md, ?, and Md, gas are, respectively, the total disc mass, the mass in

stars, and the mass of gas in the disc, and

εi = ci

(
G Md, i

Vc
2 Rd, i

) 1
2

, (2.5)

where the index i = ? or gas, Vc is the rotational velocity which for both discs is

approximated by the circular velocity of their host halo, and Md, i and Rd, i are the

mass and scale length of the i component, respectively. c? = 1.1 and cgas = 0.9

are constants that reflect the stability criteria for isolated stellar (Efstathiou et al.,

1982) and gaseous (Christodoulou et al., 1995) discs, respectively.

If the galaxy is unstable then we adopt the following two-step procedure:

(i) If εgas > 1, then we transfer mass from the gas disc to the stellar disc, thus

lowering εgas until, either the combined system becomes stable, εtotal = 1, or

εgas = 1. When making this transfer, we assume that a small fraction of the

gas makes its way onto the central black hole in accordance with equation

(S23) of HWT15 (and setting the factor Msat./Mcen. = 1 in that equation).

(ii) If the system remains unstable, then we transfer stars from the stellar disc to

the bulge until εtotal = 1.
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We expect that disc instability will occur mostly in the inner regions of the galaxy

in which stars have low angular momentum. For that reason, when transferring stars

from the disc to the bulge, we assume that they carry no angular momentum with

them.3 In our model, that then results in an increased specific angular momentum

of the stars left behind and [see equation (2.3)] a proportional increase in the disc

scale length.

2.2.3 Formation and properties of classical and pseudo-bulges

In the L-Galaxies model bulges form through three distinct mechanisms: major

mergers, minor mergers, and disc instabilities. Major and minor mergers are as-

sumed to produce classical bulges, while disc instabilities lead to the formation of

bar-related pseudo-bulges.

2.2.3.1 Classical bulges

Whenever two or more dark matter haloes merge, so do their associated galaxies

but on a longer time-scale determined by two-body relaxation. In our model, we

characterize as central galaxies those that dwell in the potential minimum of the

most massive subhaloes (hereafter the main halo) and as satellite galaxies those

that reside inside the non-dominant subhaloes that are bound to the main halo.

We distinguish a major from a minor merger based on the ratio of the total bary-

onic mass (stars + gas), M1 andM2, of the satellite and central galaxy, respectively.

In major mergers (M1/M2 > 0.1, see HWT15 for more details) the discs of the pro-

genitors are dismantled and both the pre-existing stars and those formed during the

merger become part of the resulting bulge-dominated galaxy. In minor mergers, the

bulge of the descendant accretes all the stars of the less massive progenitor, while

stars formed during this process remain in the remnant’s disc. The mass of those

stars is calculated by using the ‘collisional starburst’ formulation of Somerville et al.

(2000)

M?, burst = αSF, burst

(
M1

M2

)βSF,burst

Md, gas , (2.6)

3A later version of the L-Galaxies model, in development, will have spatially-resolved discs

and be able to investigate this in more detail.
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where αSF,burst and βSF, burst are free parameters andMd, gas is the total gas disc mass

of both galaxies combined.

Galaxy mergers are considered to play a fundamental role in the production of

elliptical galaxies, hence having a model able to evaluate the size of the remnant and

reproduce its scaling relations across cosmic time is crucial. The HWT15 version of

the model calculated the half-mass radius of the remnant using energy conservation

arguments, where the final binding energy was equated to the self-binding energies of

the two progenitors plus their orbital energy [see equation (S34) of HWT15]. Several

authors have argued that this simple picture leads to unrealistic sizes, especially at

the low-mass end (Covington et al., 2008; Hopkins et al., 2009c, 2010b; Shankar

et al., 2010; Covington et al., 2011; Shankar et al., 2013; Porter et al., 2014). This

problem mainly arises from the fact that the above approximation does not take into

account gas dissipation during mergers, where gas clouds collide and radiate away

their kinetic energies. In cases where the gas makes up a significant fraction of the

total mass of the progenitors this phenomenon would result in smaller and denser

remnants. We follow Covington et al. (2008, 2011) and Tonini et al. (2016) and

include a term to account for radiative losses. In this picture the energy conservation

formula is given by

Efinal = Einitial + Eorbital + Eradiative , (2.7)

where for major mergers each energy term can be explicitly written as

Efinal = −G
[

(M?, 1 +M?, 2 +M?, burst)
2

Rfinal

]
, (2.8)

Einitial = −G
(
M2

1

R1

+
M2

2

R2

)
, (2.9)

Eorbital = −G
(
M1 M2

R1 +R2

)
, (2.10)

Eradiative = −Crad. Einitial

(
Mgas, 1 +Mgas, 2

M1 +M2

)
, (2.11)

whereM?, i,Mi,Mgas, i, andRi are the total stellar mass (disc + bulge), total baryonic

mass (stars + gas), gas mass, and stellar half-mass radius of the i progenitor, Rfinal

is the stellar half-mass radius of the remnant, Crad. is a parameter which defines the

efficiency of the radiative process (see discussion below) and M?, burst is the mass of

the new stars formed during the merger which is given by equation (2.6).
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For minor mergers we follow Guo et al. (2011) and assume that the total stellar

mass of the satellite galaxy is merged with the bulge of the central galaxy, therefore

Efinal = −G
[

(Mb, 1 +M?, 2)2

Rfinal

]
, (2.12)

Einitial = −G
(
M2

b, 1

Rb, 1

+
M2

?, 2

R2

)
, (2.13)

Eorbital = −G
(
Mb, 1 M?, 2

Rb, 1 +R2

)
, (2.14)

Eradiative = −Crad. Einitial

(
Mgas, 1 +Mgas, 2

M1 +M2

)
, (2.15)

where Mb, 1 and Rb, 1 are the stellar mass and half-mass radius of the bulge of

the more massive progenitor and M?, 2 and R2 are the total stellar mass and half-

mass radius of the minor progenitor. Equation (2.7) indicates that galaxies with

higher gas fractions will experience more dissipation during mergers, and since lower

mass galaxies have low-mass progenitors which have higher cold gas fractions at

all redshifts, early-wet mergers will produce more compact remnants than late-dry

mergers (e.g. Robertson et al., 2006a,b; Dekel and Cox, 2006).

Covington et al. (2008) calibrated their model using the N -Body/SPH code

Gadget (Springel et al., 2001b) to simulate mergers of isolated, low-redshift, gas-

rich, identical disc galaxies, finding Crad. ' 1. However, a higher value of Crad. =

2.75 was found for disc-dominated galaxies that have recently experienced a major

merger (Covington et al., 2011). In addition, Porter et al. (2014) used 68 hydrody-

namical simulations of major and minor binary mergers (see Johansson et al., 2009)

of galaxies with either mixed or spheroid-spheroid morphologies. They found that

the morphology, the mass ratio, and the gas content could cause the Crad. parameter

to vary significantly, from 0.0 (dissipationless) for minor or major mergers where one

or both of the progenitors are bulge-dominated; to 2.5 for major mergers between

disc-dominated galaxies. In this work we adopt the value Crad. = 1.0 in concordance

with previous modellers.

2.2.3.2 Pseudo-bulges

Galaxy-galaxy interactions have a pivotal role in regulating galactic evolution; how-

ever, internal processes, such as disc instabilities, are of similar importance since

they are responsible for the emergence of pseudo-bulges.
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In order to determine the half-mass radius of the resulting pseudo-bulge we

distinguish between two cases; the first is when the disc already possesses a bulge

and then becomes unstable. We follow Guo et al. (2011) and assume that the

unstable mass merges into the existing bulge, thus the final bulge’s half-mass radius

is given by

C
G M2

final

Rfinal

= C
G M2

old

Rold

+ C
G M2

?, unstable

Rb

+ αinter
G Mold M?, unstable

Rold +Rb

, (2.16)

where Mfinal and Rfinal are the mass and half-mass radius of the final bulge, Mold

and Rold are the mass and half-mass radius of the existing bulge, M?, unstable is the

mass occurred from equation (2.4), C is a structural parameter relating the binding

energy of a galaxy to its mass and radius and αinter is a parameter quantifying the

effective interaction energy deposited in the stellar components. Guo et al. (2011)

and Henriques et al. (2015) used αinter/C = 4 as it led to bulge sizes in adequate

agreement with SDSS galaxies. However, we set αinter/C = 1.5 in order to be

consistent with the results of Boylan-Kolchin et al. (2005) who found that 1.3 <

αinter/C < 1.7. The half-mass radius of the unstable material Rb is taken from

M?, unstable = 2π Σ?, 0 Rd, ?

× [Rd, ? − (Rb +Rd, ?)exp(−Rb/Rd, ?)] , (2.17)

where Σ?, 0 and Rd, ? are the central surface density and the exponential scale length

of the disc. If the galaxy had no bulge prior to the instability incident we assume

that the half-mass radius of the newly formed bulge is equal to Rb.

Finally, in the L-Galaxies SAM the specific angular momentum of bulges is

only altered during mergers, since we assume that during instabilities the unstable

stellar mass transfers negligible angular momentum from the disc to the bulge (as

in Guo et al., 2011; Henriques et al., 2015). We assume that the accreted specific

angular momentum matches that of the halo within which the satellite galaxy is

orbiting, such that the specific angular momentum of the merger remnant can be

written as

jb =
jb, old Mold + jhalo M?, sat.

Mb

, (2.18)

where jb, old and Mold are the specific angular momentum and mass of the existing

bulge, jhalo is the specific angular momentum of the halo, M?, sat. is the stellar mass

of the satellite and Mb is the remnant’s new mass.
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Figure 2.1: Decomposition of the total stellar mass of each galaxy at redshift z ∼ 0.0. Each panel

contains a hexagonal binning plot of the component-to-total stellar mass ratio as a function of the

total stellar mass along with our (black solid) and HWT15 (black dotted) median lines and our

16th-84th percentile range (black shaded regions). The black straight lines that connect the panels

represent the divisions described in the tree chart in Section 2.3.1 and the (row, column) positioning

of each component in the figure corresponds to: (1,2) – bulge; (1,4) – disc; (2,1) – pseudo-bulge;

(2,3) – classical-bulge; (3,2) – through minor mergers; (3,4) – through major mergers.

2.3 Results

2.3.1 Stellar mass assembly channels

One feature of our model is its ability to follow the formation and evolution of

classical and pseudo-bulges by separately tracking each channel that contributes

to their mass budget. This allows us to gain insight into the behaviour of each

component and answer questions such as: how often do disc galaxies host classical

as opposed to pseudo-bulges; how is the mass of disc- and bulge-dominated galaxies

distributed; and how structurally different are galaxies that host classical or pseudo-

bulges.

We follow the stellar mass transferred between galaxies in minor and major

mergers, and the stellar mass transferred between galactic components during disc
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instability events. We split the total stellar mass into six categories, some of which

are subsets of others:

Stars-M?

Bulge-Mb

Pseudo-Mpb Classical-Mcb

Minor-Mcb(mi) Major-Mcb(ma)

Disc-Md,?

In the L-Galaxies model stars can be found in the two main galactic com-

ponents, namely the stellar disc (d,?) and the bulge (b). Tracking the two widely

accepted bulge formation paths allows us to further divide the bulge mass into the

mass created via disc instabilities and the one accreted through mergers, hence lead-

ing to the formation of pseudo-bulges (pb) and classical bulges (cb), respectively.

Finally, the population of classical bulges can be dichotomized into those produced

through major mergers [cb(ma)] and those through minor mergers [cb(mi)]. This

decomposition is shown in Fig. 2.1 which contains the ratio between the stellar mass

of each of the above six components and the total stellar mass of each galaxy.

As can be seen in Fig. 2.1, the L-Galaxies model produces pure disc- (1,4)

with masses up to M? ∼ 3 × 1011 M� and pure bulge-dominated galaxies (1,2) of

all masses. The corresponding median lines suggest that the most massive galaxies

are bulge-dominated (e.g. Baldry et al., 2004; Wilman and Erwin, 2012; Nair and

Abraham, 2010), while the majority of normal galaxies are disc-dominated (e.g.

Fukugita et al., 2007; Bamford et al., 2009; Nair and Abraham, 2010); a behaviour

which is consistent with observational studies.

The large scatter in (2,1) suggests that in a few galaxies pseudo-bulges dominate

the total stellar mass budget, hence leading to the development of lenticular galaxies

(Kormendy and Kennicutt, 2004; Kormendy and Cornell, 2004; Weinzirl et al., 2009;

Vaghmare et al., 2013). Interestingly, there are a some extreme cases where the

pseudo-bulge-to-total stellar mass ratio is as high as 0.9. This is in agreement with
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the recent work of Saha and Cortesi (2018) who proposed disc instabilities as a

mechanism responsible for the production of field S0 galaxies.

From the behaviour of our data in panels (2,1) and (2,3) and the corresponding

median lines, we can say that most of the bulge mass in galaxies with masses between

1010 M� < M? < 1011 M� is in pseudo- and not classical bulges. At ∼ 1011 M� the

secular evolution scenario cannot compete with the violent one and as a consequence

major mergers (3,4) begin to destroy the progenitors and form bulge-dominated

systems (2,3).

Finally, we note that minor mergers (3,2) never make a significant contribution

to the total stellar mass due to the adopted merger mass ratio threshold.4 High-

resolution simulations (e.g. Stewart et al., 2008; Hopkins et al., 2010a) indicate that

mergers with mass ratios 0.1 and below are very rare and have relatively little impact

on the total stellar mass of the remnant galaxy. In addition, in cases where a minor

merger triggers disc instabilities, we assume that the newly formed pseudo-bulge

will contain both the unstable and the previously existing bulge mass. Thus, the

stellar mass accreted from that minor merger is now considered to be part of the

pseudo-bulge.

The most notable discrepancies between the HWT15 (dotted lines) and the pre-

sented version of the L-Galaxies SAM appear in panels (1,2), (1,4), and especially

(2,1). These three panels highlight the importance of gas in disc instabilities since it

enhances the formation of bar-related pseudo-bulges (Bournaud and Combes, 2002;

Seo et al., 2019) and reduces the unrealistic population of high mass disc-dominated

galaxies seen in HWT15.

2.3.2 Stellar mass evolution of galactic components

Fig. 2.2 illustrates how the contribution of each component to the total stellar mass

fluctuates within each galactic mass range at different redshifts.

At z ∼ 0.0 at the lowest masses about 80 per cent of stars lie in discs with most

of the rest in merger-driven bulges. At 1010 M� minor mergers begin to initiate

the formation of classical bulges and for total stellar masses above 1011 M� major

mergers become the dominant mechanism that affects galactic morphology. This

4Set to 0.1 by HWT15 to ensure that the majority of high-mass galaxies were bulge-dominated.
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Figure 2.2: Relative contribution of each component to the total stellar mass (i.e. the mass

summed over all galaxies in a given stellar mass bin) at redshifts z ∼ 0.0, 1.0, 2.0, and 3.0. Colours

are the same as in Fig. 2.1: blue – disc; green – pseudo-bulge; cyan –classical bulge through major

mergers; magenta – classical bulge through minor mergers.

behaviour follows from a hierarchical galaxy assembly scenario in which mergers give

rise to the formation of the most massive system. Pseudo-bulges never dominate

but are most important between 1010 M� and 1011.5 M�, accounting for about 20

per cent of the total over this range.

As pointed out by few authors (e.g. Bell et al., 2004; Conselice et al., 2005;

Ilbert et al., 2010), the massive end of the galaxy mass function at z < 0.8 is

dominated by galaxies with early-type morphologies, which is consistent with our

results. Furthermore, studies which focused on the evolution of the merger rate of

galaxies (e.g. Le Fèvre et al., 2000; Bell et al., 2006; Lotz et al., 2008) concluded that

the majority of them have experienced major mergers since z ∼ 1, and this event

has severely affected their morphology (van Dokkum, 2005). In galaxies produced

by the L-Galaxies model we can also notice that classical bulges, both via major

and minor merger, have a significant contribution to the total stellar mass at z ≤

1, while the disc component becomes increasingly important at higher redshifts.
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Figure 2.3: Total stellar mass function at redshift z ∼ 0.0 for different galactic types. Blue, red

and darkblue lines represent disc-dominated galaxies, systems with Mb/M? > 0.3 and pure disc

galaxies, respectively. Blue and red circles represent observational data from Moffett et al. (2016a),

while darkblue from Moffett et al. (2016b). Solid and dotted lines show results from this work and

HWT15, respectively.

Finally, we see a notable evolution in the contribution of pseudo-bulges in the total

stellar mass, which is linked to the high gas content of high-redshift galaxies. This

evolution is consistent with simulations (e.g. Agertz et al., 2009; Forbes et al., 2014)

and is captured by our modified disc instability recipe which takes into account the

contribution of the gaseous disc in the galactic stability.

2.3.3 Stellar mass functions

As discussed in Section 2.2.2, stellar and gaseous discs are able to trigger instabilities

that can significantly redistribute galactic material. Hence, stellar mass functions

of disc and bulge stars allow us to illustrate the influence of our new approach on

galaxies produced by the L-Galaxies model (see also Fig. 2.13).
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In Fig. 2.3, we split our galaxies into different morphological types according to

their bulge mass fractions and plot their total stellar mass functions. We compare

with the Moffett et al. (2016b) sample of single-component pure disc systems and

the disc-(Sab-Scd/Sd-Irr) and spheroid-dominated (E/S0-Sa) galaxies selected by

Moffett et al. (2016a). The choice of a bulge-to-total mass ratio of 0.3 to distinguish

disc- and spheroid-dominated systems in our model was motivated by various studies

of the B/T ratio of S0 galaxies (e.g. Laurikainen et al., 2005, 2010; Barway et al.,

2016) which found that the mean value is ∼ 0.25. In addition, Weinzirl et al. (2009)

found that, in their sample, the fraction of spiral galaxies with B/T > 0.4 is 8 per

cent. Hence, our B/T threshold lies between these observed values.

The updated L-Galaxies model shows an impressive agreement with the be-

haviour denoted by the observational data for all galaxy samples5. On the other

hand, it is clear that the HWT15 model has a strong tendency to form more disc-

dominated systems and bulgeless galaxies at higher masses. On that account, the

instability recipe described in Section 2.2.2 prevents the formation of disc-dominated

galaxies and restricts the abundance of purely disc systems by redistributing the

stellar mass between galactic components. Hence, it directly affects the galactic

morphology and allows us to better match the observed behaviours in Fig. 2.3.

2.3.4 Galactic morphology

In the L-Galaxies SAM galaxy mergers are dichotomized into major and minor. If

the total baryonic mass (stars + gas) of the more massive progenitor exceeds that of

the less massive by at least an order of magnitude, then this incident is characterized

as minor; in any other case the merger is treated as a major. In this work, we adopt

the same mass ratio threshold (Rmerger ≡ Msat./Mcen. = 0.1)6 as in HWT15 in order

to distinguish those two regimes. This division regulates the type of the remnant

galaxy (i.e. bulge- or disc-dominated).

This categorization is depicted in the left-hand panel of Fig. 2.4 which represents

5We note that we do not attempt to calculate the errors on our model (e.g. Smith, 2012) and

perform a detailed comparison with the observations since we are interested in broadly matching

their predictions rather than perfectly fitting the data.
6Chosen by HWT15 to ensure that the majority of galaxies above 1011.5 M� are bulge-

dominated.
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Figure 2.4: Fraction of different morphological types as a function of total stellar mass at redshift

z ∼ 0.0. Left-hand panel: Red, green, and blue lines show the fraction of bulge-dominated, normal

spiral and pure disc galaxies, respectively. Red, green, and blue filled circles are observational data

from Conselice (2006) that show the elliptical, spiral and irregular galaxies, respectively. Red,

green, and blue squares are S0-Sa + Sab-Scd, LBS + E and Sd-Irr galaxies, respectively from

Kelvin et al. (2014). Right-hand panel: Red lines represent systems with Mb/M? > 0.3 while

blue lines represent disc-dominated. Observational data points from Moffett et al. (2016a) are

represented by dashed lines along with the corresponding errors. In both panels solid and dotted

lines show results from this work and HWT15, respectively.

the fraction of different galaxy types as a function of their total stellar mass. We split

our galaxy sample into three categories based on their bulge-to-total stellar mass

ratio. In Fig. 2.4 the red solid line shows the fraction of bulge-dominated galaxies,

akin to ellipticals (Mb/M? > 0.7), blue solid line shows the fraction of normal spirals

(0.01 < Mb/M? < 0.7) and green solid line represents disc-dominated galaxies,

akin to extreme late-types (Mb/M? < 0.01). Similar approaches for proxies for the

morphology of simulated galaxies have been used by several authors (e.g. Bertone

et al., 2007; Lagos et al., 2008; Guo et al., 2011; Gargiulo et al., 2015). From an

observational point of view, Weinzirl et al. (2009) measured the B/T ratio of 143

bright, high-mass spirals and concluded that ∼ 66 per cent, ∼ 26 per cent, ∼ 8 per

cent, and 100 per cent of their galaxies have B/T ≤ 0.2, 0.2 < B/T ≤ 0.4, 0.4 <

B/T ≤ 0.75, and B/T ≤ 0.75, respectively: throughout this work we use Mb/M? <

0.3 (i.e. Md/M? > 0.7) for disc-dominated and Mb/M? > 0.7 for bulge-dominated

galaxies.

The observational data have been taken from Conselice (2006), who used a sam-

ple of ∼ 22 000 galaxies at z < 0.05 to plot the morphological fraction as a function
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of stellar mass. In addition, Kelvin et al. (2014) analysed a sample of 2711 local

(0.025 < z < 0.06) galaxies taken from the Galaxy And Mass Assembly (GAMA)

survey. They visually divided their sample into five categories, namely LBS, E, S0-

Sa, Sab-Scd, and Sd-Irr; however, in order to make the comparison with our data

more efficient we combined the LBS with E galaxies and the S0-Sa with Sab-Scd

galaxies (see table 1 of Kelvin et al., 2014). We also include the HWT15 data (dotted

lines) for comparison with the previous version of the model.

Both observational surveys indicate that the fractional contribution of galaxies

with stellar masses between 109 M� < M? < 1011 M� is dominated by spirals,

although byM? ∼ 1010.5 M� spirals and ellipticals represent about 50 per cent each.

At stellar masses higher than that, almost all galaxies have turned into ellipticals.

These behaviours are also fairly well represented by our galaxies over the whole

stellar mass range. However, despite the new instability recipe the L-Galaxies

model fails to match the fraction of bulge dominated galaxies for masses below

∼ 1010 M�. Tidally induced bars (e.g. Ruiz et al., 2015; Łokas et al., 2016; Peschken

and Łokas, 2019) may represent a mechanism capable of altering this behaviour by

further transferring mass to the bulge; and we plan to test this effect in future work.

In the right-hand panel, we present the fraction of our disc-dominated galaxies

(Mb/M? < 0.3) and systems with Mb/M? > 0.3 and compare with the fraction

found by Moffett et al. (2016a) who selected 4971 disc-(Sab-Scd/Sd-Irr) and 1692

spheroid-dominated (E/S0-Sa) galaxies. We use the same selection criteria as those

described in the previous section since we compare with the same survey. Our results

suggest that the point indicating the transition between the numerical dominance

of disc- and spheroid-dominated galaxies is in strong agreement with Moffett et al.

(2016a) and shows a clear improvement over the HWT15 version of the L-Galaxies

SAM.

2.3.5 Mass-specific angular momentum relation

Angular momentum is one of the most fundamental galactic properties; it can dictate

the galactic size and morphology, and also provides a vital constraint on theories

of galaxy formation (e.g. Mo et al., 1998; Romanowsky and Fall, 2012; Obreschkow

and Glazebrook, 2014; Sweet et al., 2018; Posti et al., 2018a). The correlation of
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Figure 2.5: Mass-specific angular momentum relation for disc-dominated galaxies at redshift

z ∼ 0.0. Left-hand panel: Disc stellar mass versus specific angular momentum compared with

Obreschkow and Glazebrook (2014) and Fall and Romanowsky (2013) observations. Right-hand

panel: The median and 16th-84th percentile range (black shaded region) of the aforementioned

relation compared with the Fall (1983) relation. Black solid and dotted lines show results from

this work and HWT15, respectively.

the specific angular momentum with stellar mass, j ∝ M2/3, was introduced 35 yr

ago by Fall (1983).

We show this relation in Fig. 2.5 for our disc-dominated galaxies (Md, ?/M? >

0.7). We also include results from Obreschkow and Glazebrook (2014) who analysed

16 nearby spiral galaxies of the The HI Nearby Galaxy Survey (THINGS) sample

(Walter et al., 2008b), and Fall and Romanowsky (2013) who focused on 64 galax-

ies from type Sa to Sm from the Kent (1986, 1987, 1988) datasets, and find that

our simulated galaxies follow closely the Fall (1983) relation and are in very good

agreement with the observations. We also notice that for disc masses ∼ 1010 M�

and above the differences between this work and HWT15 are mostly due to the

new disc instability recipe since the formation of pseudo-bulges, which is expected

to happen in this mass regime [see panel (2,1) in Fig. 2.1], increases the specific

angular momenta of stellar discs (see also Section 2.5.2).

In Fig. 2.6 we calculate the total specific angular momentum of each galaxy as

j? = (jd, ? Md, ? + jb Mb)/(Md, ? + Mb) and plot it as a function of the total stellar

mass. The different colours represent the Mb/M? ratio of the corresponding galaxy.

We compare our results with Fall and Romanowsky (2018) who presented their

sample of 57 spirals, 14 lenticulars, and 23 ellipticals. The behaviour of our data
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Figure 2.6: Total stellar mass versus total specific angular momentum for Mb/M? < 0.8 galaxies

at redshift z ∼ 0.0, compared with Fall and Romanowsky (2018) fit lines for discs and bulges. The

colour of the symbols indicate different Mb/M? values.

indicate that the more disc-dominated galaxies (i.e. lower Mb/M? values) rotate

faster than the bulge-dominated, hence we find an impressive agreement with the

observed trends.

2.3.6 Mass-size relations

Galactic mass and size are amongst the most fundamental properties and modelling

their relation remains an important task for SAMs (e.g. Stevens et al., 2016; Zoldan

et al., 2018; del P. Lagos et al., 2018).

2.3.6.1 Disc-dominated galaxies

In Fig. 2.7 we present the stellar half-mass radius as a function of the total stellar

mass for disc-dominated galaxies. In this work we define them as those that have

Md, ?/M? > 0.7. We compare our galaxies with the following works:
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Figure 2.7: Mass-size relation for disc-dominated galaxies at redshift z ∼ 0.1. Left-hand panel:

Total stellar mass versus stellar half-mass radius compared with Shen et al. (2003); Zhang and

Yang (2019), and Kalinova et al. (2017). Right-hand panel: The median and 16th-84th percentile

range (black shaded region) of the aforementioned relation compared with Baldry et al. (2012) and

Lange et al. (2015) fit lines. Black solid and dotted lines show results from this work and HWT15,

respectively.

(i) Shen et al. (2003): selected galaxies with concentration index (c ≡ R90/R50)

c < 2.86 from 140 000 SDSS DR1 (York et al., 2000) galaxies at z < 0.3.

(ii) Zhang and Yang (2019): selected 424 363 galaxies with c < 2.85 from the New

York University Value-Added Galaxy Catalog at z < 0.2 (Blanton et al., 2005).

(iii) Kalinova et al. (2017): selected slow-rising class galaxies (akin to late-type)

based on the shapes and amplitude of the circular velocity curve of 238 CAL-

IFA galaxies at z < 0.03 (Falcón-Barroso et al., 2017).

(iv) Baldry et al. (2012): selected late-type galaxies based on colour-magnitude

diagrams of 5210 GAMA galaxies at z < 0.06 (Driver et al., 2011).

(v) Lange et al. (2015): selected late-type galaxies by visually classifying GAMA

II galaxies in the redshift range 0.01 < z < 0.1 (Liske et al., 2015).

As explained in Section 2.2.1, we assume that the cold gas loses a fraction of

its specific angular momentum to the dark matter halo during the cooling process,

hence the cold gas discs are expected to be more compact than those produced by

HWT15: this trait is then inherited by the stellar discs. This behaviour is present

at the low-mass end of Fig. 2.7; however for stellar masses above ∼ 1010 M�, disc
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Figure 2.8: Mass-size relation for bulge-dominated galaxies at redshift z ∼ 0.1. Left-hand panel:

Total stellar mass versus stellar half-mass radius compared with Shen et al. (2003); Chen et al.

(2010); Zhang and Yang (2019); Forbes et al. (2017); Cappellari et al. (2013), and Gadotti (2009).

Right-hand panel: The median and 16th-84th percentile range (black shaded region) of the afore-

mentioned relation compared with Gadotti (2009) and Lange et al. (2015) fit lines. Black solid

and dotted lines show results from this work and HWT15, respectively.

instabilities begin to redistribute stellar material between the disc and the bulge,

and create a significant population of pseudo-bulges, as indicated in panel (2,1) of

Fig. 2.1. This mechanism causes the expansion of the disc7 and produces discs larger

than the HWT15 at intermediate and higher masses (see also Section 2.5.1). For

those reasons, our results show a steeper relation that is in better agreement with

the observational data and provide a significant improvement over past modelling

attempts (e.g. top panel of Fig. 2 of Guo et al., 2011).

2.3.6.2 Bulge-dominated galaxies

The HWT15 model gives sizes of bulge-dominated galaxies that are too large for a

given mass. That motivated us to introduce energy dissipation in gas-rich mergers,

as described in Section 2.2.3.1. The result of that is shown in Fig. 2.8 where we show

the total stellar mass versus stellar half-mass radius for galaxies with Mcb(ma.)/M?

> 0.7. This sample contains galaxies which composed most of their stellar mass

through major mergers, akin to ellipticals. We compare with the following observa-

7During instabilities low angular momentum material is moved inwards and higher angular

momentum material is transferred outwards. Hence, while the inner parts of the disc grow denser,

the outer parts expand and become more diffuse (see Section 2.2.2).

44



tional datasets:

(i) Shen et al. (2003): selected galaxies with c > 2.86 from 140 000 SDSS DR1

(York et al., 2000) galaxies at z < 0.3.

(ii) Chen et al. (2010): selected about 100 early-type galaxies that populate the

red sequence in the Virgo cluster from SDSS DR5 (Adelman-McCarthy et al.,

2007).

(iii) Zhang and Yang (2019): selected 424 363 galaxies with c > 2.85 from the New

York University Value-Added Galaxy Catalogue at z < 0.2 (Blanton et al.,

2005).

(iv) Forbes et al. (2017): selected galaxies from the SLUGGS survey which targeted

25 nearby (D ≤ 25 Mpc) massive early-type galaxies in different environments

(Brodie et al., 2014).

(v) Cappellari et al. (2013): selected 260 early-type galaxies from the ATLAS3D

project at z = 0 (Cappellari et al., 2011a).

(vi) Gadotti (2009): selected galaxies with c > 2.5 from the SDSS DR2 (Abazajian

et al., 2004).

(vii) Lange et al. (2015): selected early-type galaxies by visually classifying GAMA

II galaxies in the redshift range 0.01< z <0.1 (Liske et al., 2015).

The updated merger remnant size recipe introduced in this work gives more com-

pact remnant sizes at the low-mass end compared to HWT15 which over-predicted

the size of the smallest galaxies. We can clearly see that our median line agrees

well with a single power law for masses below 1010 M�, as indicated by Lange et al.

(2015). However, at the high-mass end we do not see the sharp upturn in size

indicated by their double power-law model. We note that there is an increase in

intracluster light in the most massive haloes that we do not include when calculating

the size of the central galaxies.
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Figure 2.9: Disc scale length as a function of mass at redshift z ∼ 0.05. Left-hand plot: Total

stellar mass versus disc scale length compared with Gadotti (2009) galaxies coloured by different

B/T ratios. Right-hand plot: Classical and pseudo-bulge mass against disc scale length compared

with Gadotti (2009) classical and pseudo-bulges, respectively.

2.3.6.3 The dependence of disc scale length on morphology

In Fig. 2.9 we present three different versions of the disc scale length versus mass

relation. The left-hand panel contains our median lines for four different bulge-

to-total stellar mass ratios and Gadotti (2009) galaxies colour coded by their B/T

luminosity ratio. The L-Galaxies model shows adequate agreement with the ob-

served behaviour at all masses, which indicates that the disc scale lengths decrease

as the B/T ratio increases.

For the right-hand panel we selected galaxies with classical bulges through minor

mergers and galaxies with pseudo-bulges and plotted their disc scale lengths as a

function of the mass of these bulges. Gadotti (2009) fitted different profiles in

each galaxy image in his sample and used a bulge profile which is described by a

Sersic (1968) function; when n = 4 the profile is a de Vaucouleurs (1948), while

n = 1 corresponds to an exponential bulge (i.e. pseudo-bulge). We find a strong

agreement with the observed trends which suggests that, as expected, galaxies with

more extended discs tend to host more massive pseudo-bulges. This slope appears to

be steeper for galaxies with pseudo- instead of classical bulges, and, as we discussed

in Section 2.2.2, bar formation is expected to expand the outer parts of the disc (e.g.

Kormendy and Kennicutt, 2004).
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2.4 Conclusions

This chapter addresses some deficiencies in the otherwise very successful Henriques

et al. (2015) SAM with regard to bulge formation via disc instabilities and merger

remnant sizes. In making the latter change, we drew inspiration from the work of

Covington et al. (2008, 2011) and Tonini et al. (2016). The main changes are:

(i) the specific angular momentum of accreted gas is reduced to 0.8 times that of

the dark matter halo;

(ii) an improved disc instability recipe that considers both the gas and the stars,

rather than just the latter;

(iii) the introduction of dissipation in gas-rich mergers.

Our main conclusions are as follows:

(i) The updated disc instability recipe allows us to have an impressive agreement

with the observed fraction of different galactic morphologies and the stellar

mass functions of different galactic types.

(ii) The stellar half-mass radius and specific angular momentum of disc-dominated

galaxies is in great agreement with the observed relations due to the reduction

of the initial angular momentum of the gas disc.

(iii) Highly dissipative mergers result in more compact remnants which match the

observed mass–size relation of bulge-dominated galaxies.

(iv) The tight relation between the stellar disc scale length and mass is still present

after the assumption that the gas loses 20 per cent of its initial specific angular

momentum during cooling.

2.5 Sanity checks

2.5.1 Angular momentum

As discussed in Section 2.1.3.1, the assumptions under which the L-Galaxies and

the majority of SAMs calculate disc sizes and specific angular momenta have been
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Figure 2.10: Probability density function of the ratio between the specific angular momentum

of the gas disc and that of the halo at redshift z ∼ 0.0. The red (blue) arrow indicates that the

mean (median) value for the galaxies in our sample is 0.737 (0.731).

criticized by simulators who studied the connection between the dark matter halo

and its baryons. These studies have found that the specific angular momentum

of the latter is notably lower than that of the former (e.g. Katz and Gunn, 1991;

Navarro and White, 1993, 1994; Navarro et al., 1995; Navarro and Steinmetz, 1997;

Cole et al., 2000; Kaufmann et al., 2007; Zavala et al., 2008; Kimm et al., 2011;

Danovich et al., 2015; Stevens et al., 2017). This motivated us to include the factor

f in equation (3.10) and, as discussed in Section 2.2.1, in this work we assumed that

during cooling the gas disc loses 20 per cent of its specific angular momentum.

In Fig. 2.10 we show the probability density function of the ratio between the

specific angular momentum of the gas disc and that of the halo. In the L-Galaxies

model, we follow the changes in the total angular momentum vector of the gas

disc during each time step from a variety of physical processes, as equation (3.10)

denotes. Hence, the current value of that ratio represents the angular momentum

accumulated over cosmic history, and does not directly measure the instantaneous
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rate of accretion of angular momentum. Thus, even though f equals 0.8 for cooling

gas, a slight bias to lower specific angular momenta and a galaxy-to-galaxy scatter

emerges from the other mechanisms that affect the angular momentum of each

galaxy.

Furthermore, we investigate how the baryonic specific angular momentum relates

to halo properties. Fig. 2.11 shows the ratio of stellar-to-halo and gas-to-halo specific

angular momentum as a function of halo mass. Our results indicate that the stellar

specific angular momentum is lower than that of the cold gas, which is in turn

slightly lower than that of the halo. This behaviour is consistent with the one found

by previous simulations (Teklu et al., 2015; Jiang et al., 2018). We find a slight

decrease in the aforementioned ratios as halo mass increases (see also Section 2.5.2

for the effect of disc instabilities and angular momentum losses on discs), which is

in broad agreement with the trends reported in recent theoretical studies (e.g. Posti

et al., 2018c). We also notice that the scatter seen in Fig. 2.10 is also prominent in

the y-axis histogram in the bottom panel of Fig. 2.11 where the use of a log scale

for the normalization shows that it spans a wide range of values.

2.5.2 Stellar disc

In this section we reproduce Fig. 2.5 and Fig. 2.7 for different flavours of the

L-Galaxies model in order to evaluate the effect of disc instabilities and angu-

lar momentum losses on stellar discs. In Fig. 2.12 we show the median lines for

the mass versus specific angular momentum (top panel) and the mass-size relation

(bottom panel) for this version of the model, the HWT15, this model (i.e. with

the disc instability recipe described in Section 2.2.2) with f = 1.0 and this model

(i.e. with the angular momentum losses described in Section 2.2.1) with the old disc

instability recipe (i.e. from HWT15). In both panels we see that at the low mass

end (< 1010 M�) the solid black and the blue line converge since angular momentum

losses produce more compact and slowly rotating discs. On the other hand, for stel-

lar masses ∼ 1010 M� and above, where the formation of pseudo-bulges is expected

to happen [see panel (2,1) in Fig. 2.1], we see a drastic change in the properties of

stellar discs since disc instabilities increase their size and specific angular momen-

tum. Hence, the solid black line now follows closely the red one. In general, the
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Figure 2.11: Baryonic-to-halo specific angular momentum ratio as a function of halo mass at

redshift z ∼ 0.0. Top panel: The median and 16th-84th percentile range of the stellar-to-halo

specific angular momentum as a function of halo mass. Bottom panel: The median and 16th-84th

percentile range of the gas-to-halo specific angular momentum as a function of halo mass. In both

panels, the panels attached to the axes are the histograms of the corresponding property. Black

solid lines and shaded regions show results from this work, while black dotted lines and diagonally

hatched regions from HWT15.
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Figure 2.12: Top panel: Stellar mass versus specific angular momentum for disc-dominated

galaxies at redshift z ∼ 0.0. Bottom panel: Mass-size relation for disc-dominated galaxies at

redshift z ∼ 0.1. In both panels solid and dotted black lines show results from this work and

HWT15, respectively, and the dash-dotted red and blue lines show our model (i.e. new disc

instability recipe) with f = 1.0 and our model (i.e. f = 0.8) with the old disc instability recipe

(i.e. from HWT15), respectively.
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from this work and HWT15, respectively, and black circles represent the combined observational

data used to constrain the MCMC in HWT15.

conclusions drawn from Fig. 2.12 support the arguments put forward in Section 2.3.5

and Section 2.3.6.1, where we argued that the steepening of the median line at the

high-mass end in Fig. 2.5 and Fig. 2.7 is due to our new instability recipe.

2.5.3 Stellar mass function

Fig. 2.13 shows the total stellar mass function. The black circles represent the

observational data used by HWT15 to constrain the MCMC. Instead of running a

new MCMC analysis and readjusting the free parameters of the L-Galaxies model,

we chose to follow HWT15 results. Hence, even though we have significantly altered

the L-Galaxies model we see that our stellar mass function is in close agreement

with the one produced by them.
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Figure 2.14: Black hole-bulge mass relation at redshift z ∼ 0.0. Black hexagons represent our

galaxies; blue, green, and red circles are observations from Häring and Rix (2004), McConnell and

Ma (2013) and Bentz and Manne-Nicholas (2018), respectively.

2.5.4 Black hole-bulge mass relation

In this work, we updated the processes responsible for the growth of bulges via

mergers and disc instabilities; where the latter mechanism feeds a percentage of

the unstable cold gas into the central supermassive black hole. Hence, Fig. 2.14

provides a sanity check for our new model since it illustrates that the L-Galaxies

model is still able to reproduce the tight black hole-bulge mass relation and shows

an impressive agreement with the observational data at all masses.

We compare our simulated data with a sample of 30 nearby galaxies introduced

by Häring and Rix (2004), 72 galaxies compiled by McConnell and Ma (2013) and

37 galaxies selected by Bentz and Manne-Nicholas (2018) from the Hubble Space

Telescope images and deep, ground-based near-infrared images. Even though for

109 M� < Mb < 1010.5 M� the L-Galaxies model predicts a large scatter in black

hole masses, the majority of our galaxies form at all masses an almost linear relation

in logspace (i.e. a power law in linear-space) between black hole and bulge mass, as

expected (e.g. Beifiori et al., 2012; Graham, 2012; McConnell and Ma, 2013).
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2.6 Supplementary results

2.6.1 The Tully–Fisher relation

The Tully–Fisher relation (Tully and Fisher, 1977) describes an empirical correla-

tion between the intrinsic luminosity and the emission-line width of rotating spiral

galaxies. A more useful form for our purposes has been proposed by McGaugh et al.

(2000) that relates the total baryonic mass and the rotation velocity.

In this work we adopt, for simplicity, as the typical rotation velocity for both

the gaseous and the stellar disc, the maximum circular velocity of the surrounding

dark matter halo (Vmax). This assumption is in agreement with Tissera et al. (2010)

who found that the maximum circular velocities of dark matter haloes are very

similar to the maximum rotation velocities of discs. In the top panel of Fig. 2.15 we

compare gas-dominated (i.e. Md, gas > M?) galaxies produced by the L-Galaxies

model with the dataset used by McGaugh (2012) which consist of gas dominated

galaxies from Begum et al. (2008), Stark et al. (2009), and Trachternach et al. (2009).

Furthermore, in the bottom panel we investigate the baryonic Tully-Fisher relation

of disc-dominated galaxies (i.e. Md, ?/M? > 0.7), where we include observations from

Avila-Reese et al. (2008) (normal, non–interacting disc galaxies compiled from the

literature and homogenized in Zavala et al., 2003) and Torres-Flores et al. (2011)

(spiral and irregular galaxies from Gassendi HAlpha survey of SPirals, GHASP;

Epinat et al., 2008a,b).

As shown in both panels of Fig. 2.15, our galaxies follow a tight relation that is

in close agreement with the observational data. However, in the bottom panel we

notice that some of the galaxies with the highest circular velocities appear to be less

massive than those observed by Avila-Reese et al. (2008) and Torres-Flores et al.

(2011). This results from the fact that for baryonic masses log10((M? +Md, gas)/M�)

> 10 our galaxies split into two groups, where the lower one represents extremely

gas poor quiescent galaxies whose contribution to the total baryonic mass is not

significant.
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Figure 2.15: Baryonic Tully–Fisher relation at redshift z ∼ 0.0. Top panel: Gas-dominated

galaxies compared with a dataset from McGaugh (2012). Bottom panel: Disc-dominated galaxies

compared with Avila-Reese et al. (2008) and Torres-Flores et al. (2011).
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Figure 2.16: Pseudo-bulge mass as a function of disc mass at redshift z ∼ 0.0 compared with

Gadotti (2009) data.

2.6.2 A mass–mass relation

In the Efstathiou et al. (1982) criterion, more massive discs are more unstable.

Hence, we expect a tight relation between the disc mass and pseudo-bulge mass

to be present in our model. Interestingly, a similar trend appears to exist in real

galaxies.

In Fig. 2.16, we plot the pseudo-bulge mass as a function of the disc mass. Our

data suggest that since more massive discs are more unstable they will be able to

create more massive pseudo-bulges. In the Gadotti (2009) galaxies the same trend

is observed as more massive discs host more massive pseudo-bulges. However, their

slope appears to be slightly steeper than the one produced by the L-Galaxies

model.
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Chapter 3

Using angular momentum maps to

detect kinematically distinct galactic

components

In this chapter we introduce a physically motivated method of performing

disc/spheroid decomposition of simulated galaxies, which we apply to the Eagle

sample. We make use of the Hierarchical Equal Area isoLatitude Pixelation

(HEALPix) package to create Mollweide projections of the angular momentum

map of each galaxy’s stellar particles. A number of features arise on the angular

momentum space which allows us to decompose galaxies and classify them into

different morphological types. We assign stellar particles with angular separation of

less/greater than 30◦ from the densest grid cell on the angular momentum sphere to

the disc/spheroid components, respectively. We analyse the spatial distribution for

a subsample of galaxies and show that the surface density profiles of the disc and

spheroid closely follow an exponential and a Sersic profile, respectively. In addition

discs rotate faster, have smaller velocity dispersions, are younger and are more metal

rich than spheroids. Thus, our morphological classification reproduces the observed

properties of such systems. Finally, we demonstrate that our method is able to

identify a significant population of galaxies with counter-rotating discs and provide

a more realistic classification of such systems compared to previous methods.
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3.1 Introduction

Exploring how and when galactic components form is an essential step towards un-

derstanding the formation and evolution of galaxies. Hence, a method that not only

accurately identifies the constituent stellar populations but provides an additional

way of exploring their dynamics is of great importance. The plethora of methods

as presented below shows the usefulness of decomposing either observed or simu-

lated galaxies, and the purpose of this work is to introduce a pioneering method of

detecting kinematically distinct components and exploring their properties.

Photometric decompositions have been long used for splitting distinct stellar

populations. A central component (‘bulge’) is separated from an extended one

(‘disc’) with the use of different photometric profiles; however different methods

can lead to variations in the contributions from each component (Cook et al., 2020).

Various software packages (e.g. Gim2d, Galfit, Budda, and Imfit, see Simard

et al., 2002; Peng et al., 2002; de Souza et al., 2004; Erwin, 2015, respectively)

allow the fit of a single- or double-component models and provide a plethora of

profiles (e.g., Nuker law, Sérsic (de Vaucouleurs) profile, exponential, Gaussian or

Moffat/Lorentzin functions). This allows some of these codes to perform multicom-

ponent decomposition and identify – in addition to a disc and a bulge – nuclear

rings, lenses, and bars.

Many methods of bulge/disc decomposition in simulated galaxies have been pro-

posed. One method assumes that the bulge has zero net angular momentum, hence

estimates the disc-to-total (D/T ) ratio by assigning to the bulge the sum of the

mass of the counter-rotating particles multiplied by 2. This method has been ex-

tensively used (e.g. Crain et al., 2010; Clauwens et al., 2018; Trayford et al., 2019)

even though it contains a crude assumption regarding bulge kinematics. A different

method (Abadi et al., 2003) follows a kinematic decomposition in order to estimate

the D/T ratio of simulated galaxies by analysing the circularity of the orbits of

stellar particles. This is defined (for a given stellar particle) as the ratio between

the component of the angular momentum which is normal to the rotation plane

and the maximum angular momentum for a stellar particle with the same binding

energy (i.e. if on a circular orbit in the rotation plane). Many authors combined

this idea with additional (spatial and/or binding energy) criteria in order to assign
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stellar particles to disc, bulge, and inner/outer halo components (Tissera et al.,

2012; Cooper et al., 2015; Pillepich et al., 2015; Monachesi et al., 2019; Rosito et al.,

2019). These attempts to more accurately identify distinct components unavoidably

increase the complexity and free parameters of the decomposition. Finally, Gargiulo

et al. (2019) introduced a hybrid technique that combines spatial and kinematic cri-

teria in order to study bulges. However, as noted by Joshi et al. (2020), this method

(i.e. the circularity parameter) does not always agree with visual classifications of

morphology.

A new era of decomposition software utilizes machine-learning techniques to train

neural networks to identify the correct profiles for each component (e.g. Dimauro

et al., 2018). For example, a method introduced by Domínguez Sánchez et al. (2018)

classified Sloan Digital Sky Survey (SDSS) morphology based on Convolution Neural

Networks, while Du et al. (2020) introduced a machine-learning algorithm to identify

kinematic structures in IllustrisTNG galaxies.

Lastly, citizen-based projects like Galaxy Zoo (Masters and Galaxy Zoo Team,

2020) follow a different path by allowing volunteers to perform the decomposition

(Lingard et al., 2020).

The aim of this chapter is to present a new decomposition method and com-

pare galactic and component properties with local (z ∼ 0.1) observational data.

Our method not only provides a physically motivated spheroid/disc decomposition

framework, but is also able to identify (in some cases multiple) kinematically dis-

tinct components based on their detailed representation on the angular momentum

sphere. This gives one the unique ability of visually inspecting the angular mo-

mentum space of galaxies and utilizing this information to study the imprint of

secular (Kormendy and Kennicutt, 2004) and violent (Toomre, 1977) processes on

the constituent stellar components.

This chapter is organized as follows. In Section 3.2 we describe our sample and

introduce our method. In Section 3.3 we present a sample of angular momentum

maps drawn from the Eagle simulation and characterize the main morphological

types. A detailed analysis of our spheroid-disc decomposition is presented in Sec-

tion 3.4, a discussion regarding counter-rotating discs is presented in Section 3.5,

and our conclusions are summarized in Section 3.6.
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3.2 Methodology

In Section 3.2.1 we describe how we select galaxies for our study, and in Section 3.2.2

we describe the decomposition into spheroid and disc components on the basis of

the angular momentum distribution of the stellar particles.

3.2.1 The galaxy sample

We apply our method to the RefL0100N1504 flavour of the Eagle simulation

(Schaye et al., 2015; Crain et al., 2015). We define galaxies as gravitationally bound

substructures within Friends of Friends (FoF) structures (i.e. they consist of par-

ticles that share the same subgroup and group number, The EAGLE team, 2017),

where the former are identified by the Subfind algorithm (Springel et al., 2001a).

We focus on galaxies with stellar masses M30 > 5 × 109 M� where M30 represents

the stellar mass within a 30 kpc spherical aperture and we exclude all particles with

separation more than 30 kpc from the galactic centre (defined as the position of the

most bound particle). This guarantees that even the least massive galaxy is resolved

with more than 3000 stellar particles. Although our method can be used for lower

particle numbers, it will become less reliable as the particle number significantly

drops below 3000, due to numerical effects which will lead to scattering of orbits.

3.2.2 Decomposition

The HEALPix1 sphere (Gorski et al., 1999; Górski et al., 2002) is hierarchically

tessellated into curvilinear quadrilaterals where the area of all grid cells at a given

resolution is identical. We set nside = 24 which is a parameter that represents the

resolution of the grid2 (i.e. the number of divisions along the side of a base-resolution

pixel). This results in 3072 HEALPix grid cells (Ngc = 12n2
side) available over the

sky which roughly corresponds to the same number of stellar particles our least

massive galaxy has. In practice, our decomposition method follows the steps:

1https://healpix.sourceforge.io
2We performed tests for nside = 2i where i = 4, 5, 6 and there is no significant change in the

D/T ratios and the results presented in this work.
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(i) We define the angular momentum vector of a stellar particle i as

j i = mi(r i − rmb)× (v i − vCoM) , (3.1)

where mi is its mass, r i is its position vector, rmb is the position vector of the

most bound particle3 (defined by Subfind), v i is the velocity vector of the

particle, and vCoM is the velocity vector of the centre of mass defined as the

collection of all stellar, gas, black hole, and dark matter particles that belong

to same galaxy as particle i and are within a 30 kpc spherical aperture centred

on the potential minimum. We define the total stellar angular momentum

vector as

J ? =
N∑
i=1

j i , (3.2)

where the summation goes over all stellar particles belonging to the corre-

sponding galaxy.

(ii) We convert the angular momentum unit vector of all stellar particles from

Cartesian to spherical coordinates (we use α ∈ [−180◦, 180◦] as the azimuth an-

gle and δ ∈ [−90◦, 90◦] as the elevation angle) which we provide to HEALPix

in order to generate the pixelization of the angular momentum map.

(iii) We smooth the angular momentum map with a top-hat filter of angular radius

30◦ and then identify the densest grid cell [i.e. the coordinates (αden., δden.)

of the grid cell on the angular momentum sphere that contains most stellar

particles].

(iv) We calculate the angular separation of each stellar particle from the centre of

the densest grid cell as

∆θi = arccos
(

sin(δden.) sin(δ) + cos(δden.) cos(δ) cos(αden. − α)
)
, (3.3)

where the index i goes over all stellar particles belonging to the corresponding

galaxy.
3We prefer to use the most bound particle instead of the centre-of-mass since during mergers

galaxies may develop tail-like features, due to the gravitational pull exerted on each other, which

can lead to miscalculating the location of the actual centre of the galaxy.
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(v) We assign to the disc component all stellar particles that satisfy

∆θi < 30◦ , (3.4)

and the remaining particles to the spheroid. Hence, we directly select stellar

particles based on their orbital plane. The choice of 30◦ was motivated by the

visual inspection of the angular momentum maps (see Section 3.3) and the

work of Peebles (2020) who showed that for an axisymmetric disc with a flat

rotation curve the eccentricity of a particle’s orbit can be written as

ε = 0.8cos(θ) , (3.5)

where θ is the angle that quantifies the tilt of the orbit with respect to the

disc plane. For our 30◦ criterion this results in particles with minimum value

of ε ∼ 0.7, a limit commonly used for disc particles (e.g. Scannapieco et al.,

2009; Marinacci et al., 2014). In addition, our 30◦ criterion results in good

agreement and tight correlations with other commonly used morphological

parameters (see Section 3.4.2 for more details).

(vi) Our method by construction will assign particles to the disc component even

for the most idealized dispersion-supported system (i.e. a systems whose

particle’s angular momenta will be perfectly uniformly distributed on the

HEALPix sphere). That is because, even for an isotropic distribution over the

sky, there will be a small fraction of particles whose angular momentum lies

within 30◦ of the nominal (directed) rotation axis. The following expression

for the D/T ratio accounts for this ‘artificial’ increase of the disc component

D/T∆θ<30◦ =
1

1− χ

(
N∆θ<30◦

Nall sky

− χ
)
, (3.6)

where N∆θ<30◦ and Nall sky are the number of stellar particles within 30◦ of

the direction of the rotation axis and the whole sky, respectively, and

χ =
1− cos(30◦)

2
. (3.7)

Finally, we note that in this work we prefer not to limit the spatial extent of the

spheroid (i.e. not split it into what is usually termed as a stellar halo and a bulge),

since as recently discussed by Clauwens et al. (2018) and Gargiulo et al. (2019) there
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is no physical criterion that determines the boundary between a bulge and a halo.

In addition we do not attempt to split the disc into a cold and warm (thin and thick)

component (Obreja et al., 2018). However, in a future work we intend to explore

the imprint of such components on the angular momentum maps.

3.3 Morphological classification

In Section 3.3.1 we present angular momentum maps of the 100 most massive central

Eagle galaxies and classify them into distinct categories, and in Section 3.3.2 we

study in more detail the maps of an example representative of each category, and

compare three different methods of decomposing disc and bulge.

3.3.1 Distinct categories

Fig. 3.1 displays on a Mollweide, equal-area projection the angular momentum maps

of the 100 most massive central (see The EAGLE team, 2017) galaxies. For visual

purposes, all particles have been rotated so that J ? points towards the reader (see

Section 3.7). Several distinct categories of structure are visible:

(i) Rotationally supported systems: the simplest behaviour is a single cluster of

dense grid cells (e.g. galaxy 39, 85, and 100), usually closely aligned with

the total angular momentum of the galaxy, J ?. These are well-ordered disc-

dominated galaxies. Interestingly, the majority of these (e.g. galaxy 25, 57,

and 94) also show a slight antipolar excess of counter-rotating particles – we

discuss this further in Section 3.5 below.

(ii) Dispersion-supported systems: these do not show a single, dominant density

peak in the angular momentum map. There are a variety of morphologies:

(a) Double-peak systems: there are several examples of systems with two,

distinct density peaks in the angular momentum maps, either relatively

isolated (e.g. galaxy 18, 40, and 87), or buried within a great circle

of orbits (e.g. galaxy 2, 46, and 70). For these galaxies, there is no

well-defined, ordered rotation; hence they represent dispersion-dominated

systems. Where two density peaks are visible, these tend to be opposite
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Figure 3.1: A sample of the 100 most massive central galaxies in RefL0100N1504. In each panel,

the red number on the top left corner refers to the galaxy’s group number and the colour bar

represents the number of particles per grid cell. Note that for visual purposes the galaxies have

been rotated based on the process described in Section 3.7.
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each other on the sky: in such an orientation the minor axes align and

the mixing and precession of orbits in the merger remnant is heavily

suppressed. They are likely the result of either a merger of progenitors

with opposite angular momentum (Bender, 1988; Krajnović et al., 2015)

or the accretion of counter-rotating gas which settles and forms stars

with angular momentum in the opposite direction (Vergani et al., 2007;

Coccato et al., 2013; Algorry et al., 2014).

(b) Great circle systems: galaxies with a ring (great circle) of high-density

points in the map (e.g. galaxy 34, 82, and 96); depending on the orien-

tation of the galaxy it can appear as a horizontal S-shaped (e.g. galaxy

3, 19, and 65) or as a U (e.g. galaxy 5, 22, and 77) or upside down U

(e.g. galaxy 20, 64, and 79). It is interesting to note that this great-

circle structure is much more common than having orbits that are more

uniformly distributed (e.g. galaxy 58, 72, and 90) across all directions in

space. This is anticipated since mergers are not expected to mix orbits

up evenly in phase space. Instead, realistic merger remnants have angu-

lar momentum distributions that are composed of varying contributions

from different orbital families, such as short- and long-axis tube orbits

(Valluri and Merritt, 1998; Deibel et al., 2011). Some of the dispersion-

dominated systems (e.g. galaxy 5, 22, and 34) have a uniform density

of orbits around a great circle, which reflects that for every direction in

space there are roughly equal numbers of stellar particles with positive

and negative angular momenta; others show a clear density peak (e.g.

galaxy 20, 44, and 61) which suggests a relatively minor merger.

(iii) Multiple-peak (merging) systems: a very few systems show three or more den-

sity peaks (e.g. galaxy 14, 21, and 60). These are unlikely to be stable and may

represent the early stages of mergers of a third galaxy onto a double-peaked

system. It is beyond the scope of this work to study the formation path and

evolution of such systems and their components, however we plan to do so in

a future work.
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3.3.2 Detailed kinematics

The first and fifth columns of Fig. 3.2 and Fig. 3.3 display on a Mollweide projection

the angular momentum maps of galaxies representative of each one of the categories

and subcategories identified in Section 3.3.1. In addition, for each galaxy it shows

the grid cell density as a function of the angular separation from the densest grid

cell (second and sixth columns) and from the angular momentum vector (third and

seventh columns), and the distribution of the orbital circularity parameter (fourth

and final columns). We follow Thob et al. (2019) and defined the latter for a given

stellar particle i as

εi =
L⊥, i

L⊥,max(E < Ei)
, (3.8)

where L⊥, i is the component of the angular momentum which is perpendicular to the

rotation plane and L⊥,max(E < Ei) is the maximum value of the same component

achieved by any stellar particle with binding energy less than that of particle i. The

red and blue hatched regions represent the distribution of the circularity parameter

for bulge and disc particles defined as ε < 0.7 and ε > 0.7, respectively (Grand

et al., 2017; Rosas-Guevara et al., 2020a). The D/T∆θ<30◦ ratio for each galaxy

in the second/sixth columns results from the method introduced in this work which

assigns to the disc component stellar particles with ∆θ < 30◦and the remaining

to the spheroid. The D/TJb=0 ratio shown for each galaxy in the third/seventh

columns follows the assumption that the bulge has zero net angular momentum,

hence its mass equals the mass of all counter-rotating particles multiplied by 2,

and the remaining stellar particles are assigned to the disc component. Finally, the

D/Tε>0.7 ratio produced for each galaxy following equation (3.8) is shown in the

fourth/final columns.

(i) Galaxy 39: the majority of stellar particles have angular momenta well aligned

both with the densest grid cell (second column) and the galactic angular mo-

mentum vector (third column). As discussed in Section 3.3.1 galaxy 39 is a

rotationally supported galaxy since its ordered motion results in a relatively

high D/T∆θ<30◦ ratio (0.49). This value is quite close to the D/TJb=0 and

the D/Tε>0.7 ratios (0.46 and 0.44, respectively).
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Figure 3.2: A sample of four galaxies drawn from the different morphological classifications

described in Section 3.3.1. The first column for each galaxy displays on a Mollweide projection the

angular momentum maps, where the red number on the top left corner in each row refers to each

galaxy’s group number and the black line points to the densest grid cell. As in Fig. 3.1 the galaxies

have been rotated so that J ? (hollow X symbol) points towards the reader. The second column

contains the number of particles in each grid cell as a function of the angular separation from the

densest grid cell (as defined by equation (3.3)). The blue dashed vertical line marks ∆θ = 30◦ and

the gray shaded region highlights all stellar particles that belong to the disc component (i.e., have

∆θ < 30◦). The third column shows the number of particles in each grid cell as a function of the

angular separation from the angular momentum vector. The red dashed vertical line marks angular

distance of 90◦ and the gray shaded region highlights all counter-rotating stellar particles. The

fourth column contains the PDF of the stellar mass-weighted distribution of the orbital circularity

of its stellar particles. The red and blue hatches represent stellar particles with ε < 0.7 and

ε > 0.7, respectively to account for a bulge and disc component. The text on the top right corner

of the latter three columns represents for each galaxy an estimate of the D/T ratio based on three

different methods (see text for more details).
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Figure 3.3: Same as Fig. 3.2 but for dispersion-supported systems.
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Figure 3.4: The stellar surface density of the components identified by our method for the sample

of the four galaxies shown in Fig. 3.2. The red number on the top left corner in each row refers

to each galaxy’s group number. The face-on and edge-on projections for the disc and spheroid are

shown as indicated at top of each column.
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Figure 3.5: Same as Fig. 3.4 but for the galaxies presented in Fig. 3.3.

(ii) Galaxy 25: an interesting example of a disc-dominated galaxy which has or-

bits in a plane, but they are not circular. This is reflected in its relatively

high D/T∆θ<30◦ (0.52) and D/TJb=0 (0.56) ratios, but a considerably lower

D/Tε>0.7 ratio (0.03). Even though a well-ordered component appears as a sec-

ond peak in the distribution of ε, the strict criterion of ε > 0.7 fails to include

to the disc component stellar particles with non-circular orbits. Hence, galaxy

25 (and of course others similar in nature) would have been misclassified by

that method (see also discussion in Section 3.4.2).

(iii) Galaxy 18: the two density peaks on the angular momentum map are almost

counter-rotating with respect to each other as can be seen on the ∆θ-density
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plane (second column). However, the picture is different when the angular

separation is calculated from the angular momentum vector (third column) and

not from the densest grid cell. Since neither of the structures are aligned with

J ?, particles from both clusters of dense grid cells will contaminate the counter-

rotating (grey shaded) region. This results in an artificial overestimation of

the number of counter-rotating particles, hence a lower D/TJb=0 and D/Tε>0.7

ratios compared to D/T∆θ<30◦ . We discuss the effect of including counter-

rotating particles in the definition of the disc component in Section 3.5.

(iv) Galaxy 14: there is a clear advantage of our method compared to the other

ones presented in Fig. 3.2, which do not have the ability to identify three

kinematically distinct components. The three distinct peaks on the ∆θ-density

plane are not present in the last two panels corresponding to galaxy 14 on the

fourth row.

(v) Galaxy 2: a perfect example of a balance between equal numbers of rotating

and counter-rotating stellar particles. Galaxies with almost zero net rotation

can be the result of either two counter-rotating structures or a uniform distri-

bution of stellar orbits. Hence, in order to understand their formation one first

must accurately identify their distinct kinematic components. If the mecha-

nism behind the formation of such galaxy is a merger of two counter-rotating

galaxies (Hopkins et al., 2009b; Lagos et al., 2018b) or accretion of counter-

rotating gas, then the remnant disc should include both disc structures instead

of none. Both D/TJb=0 and D/Tε>0.7 values are quite close to zero since these

methods only use information regarding the total angular momentum of the

galaxy. The inability of angular momentum based decomposition methods

to reveal the true nature of such galaxies has been previously reported by

Clauwens et al. (2018). However, our method is capable of identifying the

two counter-rotating structures in opposite parts of the angular momentum

sphere (embedded within a great circle), hence providing a more realistic D/T

estimate – see also discussion in Section 3.5 where we investigate the inclusion

of counter-rotating particles in our definition of D/T .

(vi) Galaxies 3, 5, and 20: these all represent dispersion-supported system as

71



0 5 10 15 20 25 30
R/kpc

106

107

108

109

1010

1011

Σ
/
(M

¯
k
p
c−

2
)

Exp.

Sersic

Total

Disc

Spheroid

Total

0 5 10 15 20 25 30
R/kpc

106

107

108

109

1010

1011

Σ
/
(M

¯
k
p
c−

2
)

Exp.

Sersic

Total

Disc

Spheroid

Total

0 5 10 15 20 25 30
R/kpc

106

107

108

109

1010

1011

Σ
/
(M

¯
k
p
c−

2
)

Exp.

Sersic

Total

Disc

Spheroid

Total

0 5 10 15 20 25 30
R/kpc

106

107

108

109

1010

1011

Σ
/
(M

¯
k
p
c−

2
)

Exp.

Sersic

Total

Disc

Spheroid

Total

0 5 10 15 20 25 30
R/kpc

106

107

108

109

1010

1011

Σ
/
(M

¯
k
p
c−

2
)

Exp.

Sersic

Total

Disc

Spheroid

Total

0 5 10 15 20 25 30
R/kpc

106

107

108

109

1010

1011

Σ
/
(M

¯
k
p
c−

2
)

Exp.

Sersic

Total

Disc

Spheroid

Total

0 5 10 15 20 25 30
R/kpc

106

107

108

109

1010

1011

Σ
/
(M

¯
k
p
c−

2
)

Exp.

Sersic

Total

Disc

Spheroid

Total

0 5 10 15 20 25 30
R/kpc

106

107

108

109

1010

1011

Σ
/
(M

¯
k
p
c−

2
)

5

D/T∆θ< 30° =0.09

2

D/T∆θ< 30° =0.11

20

D/T∆θ< 30° =0.11

14

D/T∆θ< 30° =0.12

3

D/T∆θ< 30° =0.15

18

D/T∆θ< 30° =0.16

39

D/T∆θ< 30° =0.49

25

D/T∆θ< 30° =0.52

Exp.

Sersic

Total

Disc

Spheroid

Total

Figure 3.6: Face-on stellar surface density profiles for the sample of the eight galaxies shown

in Fig. 3.2 and Fig. 3.3 sorted based on their D/T∆θ<30◦ values. These galaxies represent a

diverse subsample as indicated by each galaxy’s D/T∆θ<30◦ ratio. The red number on the top left

corner in each panel refers to each galaxy’s group number. The black symbols represent the total

stellar surface density and the black curve the two-component fit which consists of a Sersic and an

exponential profile (see the text for more details). The blue and red symbols represent, respectively,

the disc and spheroid components’ stellar surface densities which are fit with an exponential (blue

curve) and a Sersic (red curve) profile, respectively.

discussed in Section 3.3.1 and are similar in nature to galaxy 2, but with more

asymmetry and a variety of strengths for the main density peak(s).

In summary, all galaxies apart from galaxy 39 and 25 have relatively similar D/T

ratios; however the imprint they leave on the angular momentum maps are far from

similar. This means that their formation histories and the mechanisms that gave

rise to these features were not identical. Identifying these kinematically distinct

components gives one the ability to isolate and study them in more detail, in an

attempt to understand galaxy formation and evolution, as we briefly do below.

3.3.3 Morphology of the individual components

Fig. 3.4 and Fig. 3.5 shows the face-on and edge-on projection of the disc and

spheroid components identified by our method (see Section 3.2.2) for the sample of

galaxies presented in Fig. 3.2 and Fig. 3.3, respectively. Galaxies 39 and 25 which
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are rotationally supported galaxies, have prominent spiral arms (face-on projec-

tions) and a well-defined thin discs (edge-on projections) akin to grand-design spiral

galaxies. Galaxy 18, which showed as a double peak in Fig. 3.2, is seen to contain a

very compact and elongated disc, similar to the dispersion-supported systems. The

triple-peak nature of Galaxy 14 shows as a small subclump within the spheroid, but

Galaxy 3 shows a much stronger asymmetry, suggestive of a more significant merger,

but not evident in the kinematic analysis – that shows the importance of using more

than one technique to characterize the structure of galaxies.

Investigating further the morphology of each component we explore their stellar

mass distributions. Fig. 3.6 shows the stellar surface density radial profiles for

the total stellar mass (black points) and for the disc (blue points) and spheroid (red

points) components for the sample of the eight galaxies shown in Fig. 3.2 and Fig. 3.3

and sorted based on their D/T∆θ<30◦ values. These galaxies represent a blend of

disc-dominated (D/T∆θ<30◦ > 0.5) and spheroid-dominated (D/T∆θ<30◦ < 0.5)

galaxies. We perform a two-component fit of the face-on total stellar surface density

by using a non-linear least-square method to fit a double Sersic (1968) profile (black

line) which consists of a 1D Sersic function and a fixed n = 1 exponential profile

Σ(r) = Σ0, s exp

[
−bn

(
r

Reff.

)1/n
]

+ Σ0, d exp

[
−
(
r

Rd

)]
, (3.9)

where r is the projected 2-D radius, Σ0, s and Σ0, d are the central surface densities

of the spheroid and disc, respectively, bn is the Sersic coefficient parameter, n is

the Sersic index, Reff. is the effective radius that encloses half of the projected total

stellar mass and Rd is the disc scale length (see also Section 3.8 for more details).

In addition, we fit independently the disc with an exponential profile (blue curve)

and the spheroid with a Sersic profile (red curve).

Even though we do not restrict the physical extent of our components, we see

a clear trend which holds for all galaxies in Fig. 3.6 and shows that the spheroid

component dominates the mass budget in the central regions even for the disc-

dominated galaxies; while we notice a drop in disc’s surface density in the central

regions. This is in agreement with previous works (e.g. Obreja et al., 2013; Breda

et al., 2020) who argued that disc components exhibit central intensity depression

which lowers their contribution to the stellar mass. This drop indicates that it is

easier for particles to scatter away from small ∆θ near the centre (i.e. based on our
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Figure 3.7: The D/T∆θ<30◦ ratio as a function of first panel: stellar mass, second panel: stellar

specific angular momentum, third panel: gas fraction, and fourth panel: specific star formation

rate. In each panel, the black line and shaded region represent the median and 16th-84th percentile

range, respectively. The orange triangles in the first panel represent galaxies from Zhu et al. (2018).

method they do not have disc-like kinematics). In most cases, there is an increase

in disc’s surface density between 3 and 7 kpc (right after the aforementioned drop)

which partially exists due to contamination between the components.

In galaxy 25, we see that at r ∼ 20 kpc, there is a prominent bump which appears

both in the total (black points) and the disc (blue points) surface densities. This

excess of stellar mass is related to spiral arms and reinforces our finding that galaxy

25 has spiral arms which our method correctly associates with its disc component

(see Fig. 3.4). In general, the majority of spheroids tightly follow a Sersic profile

especially in the central regions, while discs are well fitted by an exponential profile

(even when they are subdominant components) particularly at their outskirts, as

expected.

3.4 Results

Having detailed the methodology and classification of our components, we present

in this section relations between D/T∆θ<30◦ and galactic/component properties for

Eagle galaxies selected as described in Section 3.2.1.
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3.4.1 Correlations with galactic properties

In this work, we use the information depicted on angular momentum maps to es-

timate the relative mass contribution of each component to the total stellar mass.

Hence, in this section we use the D/T∆θ<30◦ ratio and study its correlations with

galactic properties.

Fig. 3.7 shows, from left to right, the dependence of the D/T∆θ<30◦ ratio on

stellar mass, stellar specific angular momentum, gas fraction (gas to gas + stellar

mass), and specific star formation rate (sSFR). In the first panel, we compare with

the Zhu et al. (2018) (300 nearby Calar Alto Legacy Integral Field Area (CALIFA)

Sánchez et al., 2012, galaxies) data set as presented in Tacchella et al. (2019) (see

their Section 3.2). Intermediate-mass (2 × 1010 . M?/M� . 4 × 1010) galaxies

have the highest D/T∆θ<30◦ ratios while as we move to higher or lower masses,

galaxies tend to be more spheroid-dominated - in agreement with the observational

data. A similar behaviour has been reported before for the Eagle (see e.g. Fig. 4 of

Clauwens et al., 2018) and the IllustrisTNG (see e.g. Fig. 3 of Tacchella et al., 2019)

simulations. In addition, observational studies (e.g. Moffett et al., 2016b; Thanjavur

et al., 2016) have also reported broadly similar relations.

In addition, we see a tight (positive) correlation between the D/T∆θ<30◦ ratio

and the specific angular momentum of the galaxy, which indicates that the higher the

disc contribution to the total stellar mass is the faster the galaxy is rotating (Duck-

worth et al., 2020). This is an expected behaviour since our method by construction

will assign higher D/T∆θ<30◦ ratios to galaxies with higher angular momenta.

Lastly, we find a weak trend between both the gas fraction and sSFR with

D/T∆θ<30◦ , showing that more gas-rich and star-forming galaxies have preferen-

tially more prominent disc components. These conclusions are in agreement with

Lagos et al. (2018a) who found that (at fixed stellar mass) passive galaxies have

lower spin parameters than star-forming ones.

3.4.2 Correlations with other methods

Even though it was originally assumed that early-type galaxies (ETGs) and (clas-

sical) bulges are solely pressure-supported systems, it was later revealed that they

often do have some rotation (e.g. Bertola and Capaccioli, 1975; Kormendy and Illing-
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Figure 3.8: The D/T∆θ<30◦ ratio as a function of first panel: D/TJb=0 ratio, second panel:

average circularity parameter (ε), third panel: ratio between rotation and dispersion velocities

(vrot./σ), and fourth panel: corotation fraction (κco.). In each panel, the black line and shaded

region represent the median and 16th-84th percentile range, respectively. The red vertical lines

represent the limits usually used (see e.g. Correa et al., 2017; Thob et al., 2019) to dichotomise

galaxies into late-type and early-type (values higher and lower than the red lines, respectively).

worth, 1982; Davies et al., 1983; Scorza and Bender, 1995; Emsellem et al., 2011). In

general, galactic spheroids and ETGs are dominated by stars in low angular momen-

tum orbits, while late-type galaxies (LTGs) are populated by stars performing or-

dered rotational orbits. Theoretical studies usually use the D/T ratio to distinguish

between ETGs and LTGs, hence the method used to perform the decomposition

should be able to accurately capture the distinct kinematic components.

For that reason, we compare in Fig. 3.8 the D/T∆θ<30◦ ratio with, from left to

right, the D/TJb=0 ratio, the average circularity parameter (ε), the ratio between

rotation and dispersion velocities (vrot./σ), and the fraction of stellar particles’ ki-

netic energy invested in corotation (κco. introduced by Correa et al., 2017). We

find positive correlations between our method and the aforementioned ones, with

the D/TJb=0 ratio showing the most scatter and κco. and vrot./σ the least. The lat-

ter curves over towards high vrot./σ values in disc-dominated systems, as has been

recently reported by Thob et al. (2019).

We note that the D/T∆θ<30◦ value where the demarcation (red) lines meet

the median (black) lines lies lower than the 0.5 value used by some other methods

(e.g. Rosito et al., 2018; Tissera et al., 2019; Rosito et al., 2019) to separate disc-

dominated from bulge-dominated galaxies; and it is closer to that of, for example,

Lagos et al. (2008); Weinzirl et al. (2009); Gargiulo et al. (2015); Pedrosa and Tissera
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Figure 3.9: First panel: the D/T∆θ<30◦ ratio PDF for central (brown) and satellite (cyan)

galaxies and the D/T∆θ<30◦ ratio as a function of second panel: number of satellites (i.e. number

of galaxies that share the same group number), third panel: misalignment between the angular

momentum of the disc and the spheroid components, and fourth panel: misalignment between the

angular momentum of the stellar and the gaseous components. In the last two panels, we attached

two panels on top showing the PDF of the x-axis data. In addition, the orange lines and shaded

regions represent the median and 16th-84th percentile range, respectively.

(2015); Irodotou et al. (2019); Obreschkow et al. (2020); Zanisi et al. (2020). Finally,

we note that, even though the four methods form tight relations with D/T∆θ<30◦ ,

on some occasions we see a mismatch between the predictions which can lead in miss-

classifications. These disagreements are responsible for the dispersion seen in Fig. 3.8

and are more prominent in the second panel, where a few (∼ 20) galaxies with 2 <

ε < 3 appear well above the median and the 16th-84th percentile range. Such case

is galaxy 25 (presented in Section 3.3.2) which has ε ∼ 0.2 and D/T∆θ<30◦ ∼ 0.5:

hence the former method classifies it as an ETG and the latter as disc-dominated.

The fact that our method not only identifies such discrepancies, but also provides

a deeper insight and is able to explain them, is what makes it unique. In addition,

it differs from some previous methods since it does not contain any a priori as-

sumptions regarding the kinematics of the components (e.g. that stellar particles

counter-rotating with respect to the total angular momentum are bulge particles)

hence, provides a more physically-motivated way of identifying kinematically dis-

tinct components.
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3.4.3 Correlations with environment

Dense environments are prone to frequent mergers (Naab et al., 2014; Tacchella

et al., 2019) which are the natural culprits for converting ordered motion to random

orbits and lowering the angular momentum of the remnant (Hopkins et al., 2010a;

Lagos et al., 2018b; Jackson et al., 2020); this will also affect the D/T∆θ<30◦ ratios.

To study this effect, Fig. 3.9 shows, from left to right, the probability density

function (PDF) for central and satellite galaxies (i.e. galaxies with subgroup num-

ber zero and greater than zero, respectively, based on the Eagle nomenclature,

McAlpine et al., 2016) and the dependence of the number of satellites, the misalign-

ment between the angular momentum of the disc and the spheroid components, and

of the stellar and the gaseous (defined following equation (3.1) and equation (3.2) but

using gas particles instead of stellar) components on the D/T∆θ<30◦ ratio. Central

and satellite galaxies share relatively similar distributions of D/T∆θ<30◦ ratios with

preferred values between 0.2 and 0.5. However, there is a clear trend between the

D/T∆θ<30◦ ratios and the number of satellites which indicates that the more satel-

lites a central galaxy has the more dominating its spheroid component is (i.e. lower

D/T∆θ<30◦ values); the well-known morphology-density relation. As far as the mis-

alignment between the disc and spheroid components is concerned, the median line

reveals a weak trend (which becomes more significant as the angular momentum vec-

tors align) which indicates that aligned/counter-rotating components exist in more

disc-/spheroid-dominated galaxies. Similar behaviour is present for the stellar and

gaseous components, but with an additional weak trend as the two become more

anti-aligned. The alignment (or not) between disc and spheroid, and stellar and

gaseous components is linked to environmental effects (Scannapieco et al., 2009;

Sales et al., 2012; Aumer et al., 2014; Garrison-Kimmel et al., 2018; Park et al.,

2019), and we intend to further investigate this behaviour in a future work.

3.4.4 Mass-specific angular momentum relation

The angular momentum of a galaxy determines its size and morphology, and contains

information regarding its formation path (Cortese et al., 2016; Posti et al., 2018b;

Sweet et al., 2018). The relative contribution of the disc and spheroid components

to the total mass has been shown to dictate where a galaxy lies on the mass-specific
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Figure 3.10: The stellar specific angular momentum as a function of the stellar mass colour-coded

by the D/T∆θ<30◦ ratio. The grey squares and crosses represent galaxies from Obreschkow and

Glazebrook (2014) and Mancera Piña et al. (2020), respectively, and the stars represent galaxies

from Fall and Romanowsky (2018) colour-coded by their D/T ratio.

angular momentum plane (Romanowsky and Fall, 2012; Fall and Romanowsky, 2018;

Tabor et al., 2019).

Fig. 3.10 shows the stellar specific angular momentum as a function of the stellar

mass colour-coded by the D/T∆θ<30◦ ratio of each galaxy. We compare our results

with the following observational data sets:

(i) Obreschkow and Glazebrook (2014): a sample of 16 nearby spiral galaxies from

the The HI Nearby Galaxy Survey (THINGS) (Walter et al., 2008a) selected

based on their Hubble types T (from Sab to Scd) which were taken from the

HyperLeda database (Paturel et al., 2003).

(ii) Fall and Romanowsky (2018): a sample of 57 spirals, 14 lenticulars and 23

ellipticals decomposed following a 2D decomposition of r-band images with a
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Figure 3.11: The component specific angular momentum as a function of the component stellar

mass. The grey stars and squares represent discs and bulges, respectively, from Fall and Ro-

manowsky (2013), and the grey triangles represent bulges from Tabor et al. (2019).

simple exponential and de Vaucouleurs profiles (Kent, 1986, 1987, 1988).

(iii) Mancera Piña et al. (2020): a large sample of nearby disc galaxies which con-

tains 90 galaxies from the Spitzer Photometry & Accurate Rotation Curves

(SPARC) (Lelli et al., 2016), 30 from the Ponomareva et al. (2016) sample, 16

from the Local Irregulars That Trace Luminosity Extremes, The Hi Nearby

Galaxy Survey (LITTLE THINGS) (Hunter et al., 2012), 14 from the Local

Volume Hi Survey (LVHIS) (Koribalski et al., 2018), 4 from the Very Large

Array survey of Advanced Camera for Surveys Nearby Galaxy Survey Trea-

sury galaxies (VLA-ANGST) (Ott et al., 2012) and 3 from the Westerbork HI

Survey of Irregular and Spiral Galaxies (WHISP) (van der Hulst et al., 2001).

We match extremely well both the tight mass-angular momentum relation and

the D/T∆θ<30◦ dependent vertical colour gradient which implies that for a fixed

stellar mass disc-dominated galaxies have higher angular momenta than spheroid-
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dominated ones.

Fig. 3.11 shows the specific angular momentum separately for the disc (red) and

spheroid (blue) components as a function of their stellar mass. We compare our

results with the following observational data sets:

(i) Fall and Romanowsky (2013): a sample of nearby bright galaxies of all types

introduced in Romanowsky and Fall (2012).

(ii) Tabor et al. (2019): a sample of ETGs from the Mapping Nearby Galaxies at

Apache Point Observatory (MaNGA) (Bundy et al., 2015; Drory et al., 2015)

selected from the Galaxy Zoo 2 catalogue (Willett et al., 2013) as objects with

‘smooth’ vote fraction > 0.7.

We find an adequate agreement both with Fall and Romanowsky (2013) and

Tabor et al. (2019) data sets. Similar to the disc-dominated galaxies in Fig. 3.10,

the disc components follow a tight relation which is more constrained than the

one spheroids follow. The wide scatter in the spheroid specific angular momentum

can be also seen in the observational data where the two surveys cover different

locations on the plot. This behaviour potentially reflects selection effects which bias

the Tabor et al. (2019) sample in favour of low angular momentum objects since they

studied ETGs, whereas Fall and Romanowsky (2013) analysed galaxies of different

morphological types (Romanowsky and Fall, 2012). Furthermore, disagreements

between the two surveys are also expected since they deduced D/T ratios following

different techniques.

3.4.5 The baryonic Tully-Fisher and Faber-Jackson relations

The Tully and Fisher (1977) and Faber and Jackson (1976) relations reflect fun-

damental correlations between the stellar mass and kinematics of rotationally sup-

ported LTGs and pressure-supported ETGs, respectively. Given the similarities

between the disc and spheroid components with LTGs and ETGs, respectively, we

explore if our kinematically distinct components follow the aforementioned relations.

Fig. 3.12 shows the baryonic (McGaugh et al., 2000) Tully-Fisher (left column)

and Faber-Jackson (right column) relations for each galaxy (top row) and for the disc
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Figure 3.12: The baryonic Tully-Fisher (left-hand column) and Faber-Jackson (right-hand col-

umn) relations. Top left-hand panel: the galactic stellar mass as a function of the galactic rotational

velocity colour-coded by the D/T∆θ<30◦ ratio. The grey squares and cyan line represent disc-

dominated galaxies from Avila-Reese et al. (2008) and Oh et al. (2020), respectively. Bottom

left-hand panel: the galactic stellar mass as a function of the disc (blue) and spheroid (red) rota-

tional velocity. Cyan and orange lines represent the disc and bulge components, respectively, from

Oh et al. (2020). Top right-hand panel: The galactic stellar mass as a function of the galactic

line-of-sight velocity dispersion colour-coded by the D/T∆θ<30◦ ratio. The orange line represents

bulge-dominated galaxies from Oh et al. (2020). Bottom right-hand panel: The galactic stellar

mass as a function of the disc (blue) and spheroid (red) line-of-sight velocity dispersion (calcuated

within the half-mass redius). The cyan and orange lines represent the disc and bulge components,

respectively, from Oh et al. (2020)
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and spheroid components (bottom row). We compare our results with the following

observational data sets:

(i) Avila-Reese et al. (2008): a sample of non–interacting disc galaxies compiled

from the literature (Zavala et al., 2003).

(ii) Oh et al. (2020): a sample of 195 ellipticals, 336 lenticulars, and 295 spirals

from the Sydney-AAO Multi-object Integral (SAMI) field spectrograph survey

(Croom et al., 2012).

We adopt the method introduced in Thob et al. (2019) to estimate the rotation

velocity (Vrot.) and line-of-sight velocity dispersion (σ0, e) for the whole galaxy and

its components, however we only use particles within one half-mass radius when

calculating the latter.

Our galaxies (top left-hand panel) are in great agreement with the observational

data of Avila-Reese et al. (2008) and Oh et al. (2020) and show a tight correlation

for D/T∆θ<30◦ values higher than 0.5 (i.e. for disc-dominated galaxies). This

correlation appears to vanish as we move to galaxies with a considerable spheroid

component (redder colours), as expected. The degree to which each component

affects its host galaxy kinematics becomes clear in the bottom left-hand panel which

shows the Tully-Fisher relation for the disc (blue) and spheroid (red) component

of each galaxy. The disc components follow a well constrained behaviour, while

spheroid components’ mass and rotational velocity are almost uncorrelated with a

significantly larger scatter than the disc, as also found by Oh et al. (2020).

Furthermore, the galactic Faber-Jackson relation reveals a tight correlation be-

tween the stellar mass and velocity dispersion where galaxies with higherD/T∆θ<30◦

have lower σ0, e due to their higher degree of ordered rotation. In the bottom right-

hand panel we find, in agreement with Du et al. (2020), that discy (spheroidal)

structures are formed from dynamically cold (hot) stellar particles. However, we

notice that, while our results have similar slope to Oh et al. (2020), they show a

slight offset in normalization. A possible explanation can be that Oh et al. (2020)

calculated the velocity dispersion as the average flux-weighted velocity dispersion

(σ0) of all spaxels inside the effective radius, where σ0 of each spaxel was extracted af-

ter fitting a Gaussian line-of-sight velocity distribution; whereas we, following Thob
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Figure 3.13: Anisotropy parameter for the spheroid components as a function of the D/T∆θ<30◦

ratio. The black line and shaded region represent the median and 16th-84thpercentile range,

respectively. The black dashed horizontal line represents isotropic orbits with τ = e−1 = 0.367.

et al. (2019), estimate σ0, e as the remaining motion (after subtracting the ordered

corotation component) in the disc plane.

3.4.6 Anisotropy parameter

The anisotropy of stellar orbits within a system (Binney and Tremaine, 2008) can

be quantified by the parameter:

β = 1−
u2
θ + u2

φ

2u2
r

, (3.10)

where uθ, uφ, and ur are the average azimuthal, polar, and radial components of the

velocity of each stellar particle. Hence, different types of orbits result in different
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values of β:

β =



− inf, orbits are circular.

< 0, orbits are tangentially biased.

= 0, orbits are isotropic.

> 0, orbits are radially biased.

1, orbits are radial.

In order to study the orbital composition of our spheroids we use a more conve-

nient form of the anisotropy parameter: τ ≡ eβ−1. Hence, the five cases described

above now change to τ = 0, 0 < τ < 0.367, τ = 0.367, 0.367 < τ < 1 and τ = 1,

respectively.

Fig. 3.13 shows τ as a function of the D/T∆θ<30◦ ratio. Stellar particles which

form spheroids have slightly tangentially biased orbits for low D/T∆θ<30◦ values

and gradually move to more isotropic orbits (i.e. τ values closer to the black dashed

line) asD/T∆θ<30◦ increases. In other words spheroid-dominated galaxies consist of

stellar particles in tangentially biased orbits while spheroids within disc-dominated

galaxies consist of stellar particles in isotropic orbits. This trend while present is

quite weak hence agrees with the kinematic similarities between spheroid compo-

nents and ETGs found by previous studies (see Kormendy, 2016, for a review).

3.4.7 Black-hole spheroid mass relation

Tight relations between black hole and spheroid properties have been revealed in

numerous studies and have been linked with the fact that they form in closely asso-

ciated processes (Kormendy and Gebhardt, 2001; Marconi and Hunt, 2003; Greene

et al., 2008; Gadotti and Kauffmann, 2009; Sani et al., 2011; Shankar et al., 2012).

Fig. 3.14 shows the relation between the spheroid and black hole masses4. We

compare with the Häring and Rix (2004) (sample of 30 nearby galaxies) data set.

We find that our spheroids form an almost linear relation (in log-space) between

the black hole and spheroid mass which extends to all masses; a behaviour which

is in agreement with previous work (Beifiori et al., 2012; Graham, 2012; McConnell

4As discussed in McAlpine et al. (2016); The EAGLE team (2017) this is the summed mass of

all black holes associated with each subhalo.
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and Ma, 2013; Barber et al., 2016; Habouzit et al., 2020). Hence, we broadly match

the Häring and Rix (2004) relation despite the different definitions and extraction

techniques used to estimate the mass of the bulge/spheroid component.

It is worth noting that the free parameters of the Eagle black hole model

have been calibrated to match the black hole-bulge mass relation; however that was

performed using both different data sets (i.e. McConnell and Ma (2013) instead of

Häring and Rix (2004)) and different masses (i.e. Schaye et al. (2015); Crain et al.

(2015) used the total stellar mass instead of the spheroid mass).

3.4.8 Age and metallicity relations

The age and metallicity of galactic components reflect their formation processes and

time-scales (Gadotti, 2009; Obreja et al., 2013; Trussler et al., 2020), hence distinct

components should follow different relations.

Fig. 3.15 shows the mass-age and mass-metallicity relations for the disc and

spheroid components. We use αcomp. as a proxy for the age of each component,

which we define as the average birth (i.e. at the time a stellar particle is born)

scale factor for all stellar particles belonging to that component (The EAGLE team,

2017). In addition, the metallicity of each component is defined as the sum of

the mass-weighted metallicity Z of all stellar particles belonging to that component,

where Z is the mass fraction of elements heavier than helium. At a given component

stellar mass, there is a clear trend (based on the median lines) which shows that

disc components are younger and more metal-rich than the spheroid components,

in agreement with previous simulations (e.g. Naab et al., 2014; Park et al., 2019;

Rosito et al., 2019; Wang et al., 2019) and observations (e.g. Bothun and Gregg,

1990; Mancini et al., 2019).

3.5 Discussion

In this work, we follow the method introduced in Section 3.2.2 which decomposes

galaxies by identifying kinematically distinct components. This method in order to

be in agreement with previous observational and/or theoretical methods assigns to

the disc component particles that have angular momenta broadly aligned with the
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the disc (blue) and spheroid (red) component as a function of the component stellar mass. The
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Figure 3.16: The D/TCR ratio as a function of the D/T∆θ<30◦ ratio. The black line and

shaded region represent the median and 16th-84th percentile range, respectively and the green line

represents the 1:2 ratio.

galactic one [the angle between the two should not exceed 30◦, see equation (3.4)].

However, as discussed in Section 3.3.2 and shown in Fig. 3.9, there are numerous

galaxies whose anti-aligned particles also form a component which counter-rotates

(with respect to the galactic angular momentum). It is clear that if these particles

are also assigned to the disc component that will have a significant impact on the

predictedD/T ratio. In this section, we briefly investigate what effect such a method

will have on our D/T∆θ<30◦ ratios.

We follow exactly the same process as the one described in Section 3.2.2 however

in step (v) we assign to the disc component particles with

∆θi < 30◦ (3.11)
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Figure 3.17: A sample of five galaxies selected so that each one has a ratio of D/TCR to

D/T∆θ<30◦ higher than 2. Each galaxy is represented by five panels as described below. The

first column displays for each galaxy on a Mollweide projection the angular momentum maps,

where the red number on the top left corner in each row refers to each galaxy’s group number.

As in Fig. 3.1, the galaxies have been rotated so that J ? (hollow X symbol) points towards the

reader. The second and third columns have the face-on and edge-on projections, respectively, for

the disc component when it is defined based the method described in Section 3.2.2. The fourth and

fifth columns have the same projections, respectively, but when the disc component also includes

counter-rotating particles (see the text for more details). The text in the each panel on the second

and fourth columns represents the D/T∆θ<30◦ and D/TCR ratios, respectively, for each galaxy.
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and

∆θi > 150◦ . (3.12)

This results in a new D/T ratio which we call D/TCR. In addition, we amend step

(vi) and we apply to D/TCR a correction with two times χ, to account for the second

30◦ patch on the angular momentum sphere.

Fig. 3.16 shows D/TCR as a function of D/T∆θ<30◦ . The majority of galaxies,

especially the ones with D/T∆θ<30◦ values higher than 0.2, follow tightly the 1:1

relation as indicated by the median line and 1-σ region. Hence, in cases where

there is no significant counter-rotating component the D/T∆θ<30◦ values are not

significantly altered5. However, some galaxies, especially the low D/T∆θ<30◦ ones,

have a dramatic change in their D/T ratios that is reflected on their D/TCR values

which can be as high as ∼ 2.8 times their original D/T∆θ<30◦ ratios.

Fig. 3.17 shows the angular momentum maps and the face-on and edge-on pro-

jections for the two different definitions of the disc component for a sample of five

galaxies who display noticeable differences between their D/T∆θ<30◦ and D/TCR

ratios. It becomes apparent from the angular momentum maps of all five galaxies

that two structures exist; one well-aligned with the galactic angular momentum and

the other counter-rotating with respect to the latter. From the second and third

columns, we see that these galaxies have thin rotationally supported discs which

they continue to exist (although increase their height and diameter) when particles

with ∆θ > 150◦ are included. The most interesting case is galaxy 1182 (fifth row)

which has D/T∆θ<30◦ value of 0.27, while its D/TCR ratio is 0.57. Hence, in with

the former definition is classified as a spheroid-dominated galaxy while with the

latter a disc-dominated.

3.6 Conclusions

Being able to extract galactic components is vital in studying the galaxy as a whole.

In this work, we use the information depicted on angular momentum maps (Sec-

5Small fluctuations of order 10−2 between the two ratios are also expected due to the smoothing

process which finds and uses grid cell centres within 30◦. So there are particles within 30◦ which

are not included in the smoothing but are used when estimating the mass of the component.
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tion 3.2) to identify kinematically distinct components and study the imprint each

component leaves on the properties of their host galaxy. We consider this method

a useful addition to the literature since it results in components which are in great

agreement with the observed. Our main conclusions are as follows:

(i) We find a clear separation in angular momentum space of distinct components

and classify galaxies into several morphological types (Section 3.3).

(ii) We demonstrate that even though we make no assumptions regarding the

spatial extent of our components, they follow the expected spatial distribution

and surface density profiles (Section 3.3.2).

(iii) We compare with other methods and find, in general, tight relations but also

some interesting cases in which our method provides better classification: for

example disc-like galaxies with particles on non-circular orbits. (Section 3.4.2).

(iv) Our method identifies a significant population of galaxies with counter-rotating

discs embedded within them (Section 3.4.3).

(v) Our components have distinct angular momenta (Section 3.4.4), kinematics

(Section 3.4.5 and Section 3.4.6) and ages and chemical compositions (Sec-

tion 3.4.8). Thus, our morphological classification reproduces the observed

properties of such systems.

In a future work, we will use our method to study merging systems and galaxies

with counter-rotating discs in order to better understand their formation path and

evolution. In addition, we intend to explore possible imprint of other kinematically

distinct components, such as bars and pseudo-bulges, on the angular momentum

maps.
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3.7 Rotation matrix

We rotate the coordinate and velocity vectors of each galaxy’s stellar particle by

applying to each vector the dot product of following rotation matrices

Rz =


cos(α) sin(α) 0

−sin(α) cos(α) 0

0 0 1

 (3.13)

and

Ry =


cos(δ) 0 sin(δ)

0 1 0

−sin(δ) 0 cos(δ)

 (3.14)

where α and δ are the right ascension and elevation from the reference plane of the

galactic angular momentum.

3.8 Profiles

The exact value for the term bn can be obtained by solving

Γ(2n) = 2γ(2n, b) , (3.15)

where Γ and γ are the complete and incomplete gamma functions, respectively Ciotti

(1991). Useful approximations have been proposed by Prugniel and Simien (1997);

Ciotti and Bertin (1999), however in this work we follow MacArthur et al. (2003)

and use the asymptotic expansion of Ciotti and Bertin (1999) for all n > 0.36

bn = 2n− 1

3
+

4

405n
+

46

25515n2
+

131

1148175n3
− 2194697

30690717750n4

+O(n−5) , (3.16)

and the polynomial expression derived by MacArthur et al. (2003) for n ≤ 0.36

bn =
m∑
i=0

αin
i , (3.17)

where m is the order of the polynomial and αi are the coefficients of the fit which

can be written as

α0 = 0.01945 α1 = −0.8902 ,

α2 = 10.95 α3 = −19.67 , α4 = 13.43 . (3.18)
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Chapter 4

Quantifying the effects of AGN

feedback on the structural and

dynamical properties of disc galaxies

in cosmological simulations

Feedback from active galactic nuclei (AGN) is thought to significantly alter the prop-

erties of the most massive galaxies, however its effect on Milky Way mass galaxies

is still unclear. In this chapter, we use the Auriga simulations to explore the ef-

fects of the radio and quasar AGN feedback modes on the dynamical and structural

properties of the bar, bulge, disc, and the galaxy as a whole. We re-simulated three

Auriga galaxies using two AGN feedback prescriptions: one without radio mode

feedback and one completely without black holes. This allows us to constrain the

impact of each mode on galactic properties and bar formation, by comparing the

two variants with the original haloes. Since these two AGN feedback modes act

differently, they affect the structural and dynamical properties of galaxies in dis-

tinct ways. We show that the quasar and radio modes suppress star formation in

the inner and outer disc, respectively. Thus, when we turn off the former mode we

see more massive central components, while the absence of the latter mode results

in cooler haloes. In addition, we find that the complete lack of AGN enhances the

bar strength to the point where an originally weakly-barred galaxy is turned into a

strongly-barred one. In order to quantify the effects of the AGN feedback modes on

94



the relative growth of each component, we perform 2D bar/bulge/disc decomposi-

tions and we find that AGN plays an important role in shaping the morphology and

composition of galaxies. We explain the morphological transformations by showing

that in the absence of the quasar mode gas cells survive in the centre resulting in

enhanced central star formation. This mechanism is expressed in the formation of

stronger but shorter bars. We conclude that the interplay between AGN feedback

and bar/bulge formation is more complex than previously reported. AGN feedback

can affect the dynamics of galaxies in non-linear ways, hence, how AGN feedback is

implemented plays an important role in galaxy formation models.

4.1 Introduction

Numerous studies have identified significant correlations between bars’ and their

host galaxy’s properties, which indicate that there is a causal connection between

the two (e.g. Aguerri, 1999; Laurikainen et al., 2002; Kim et al., 2012; Athanassoula

et al., 2013). However, bars are not the only central component. In fact, the centre

of most late-type barred galaxies is a region where multiple structures, such as

bulges, super-massive black holes (SMBH), and nuclear components (rings, discs

etc.), coexist (Kormendy and Kennicutt, 2004; Knapen, 2010; Athanassoula, 2013),

and each structure affects and is affected by the others in non-linear ways. Despite

the rich literature, these interactions need to be further understood as does the effect

of different AGN feedback prescriptions on the formation of bars and bulges, and

therefore on the galaxy as a whole. This will allow us to understand our models and

the non-linear effects they introduce in order to improve our theoretical tools and

predictions.

Observational evidence suggests that bars exist in the centres of over half of local

spiral galaxies (Aguerri et al., 2009; Nair and Abraham, 2010; Erwin, 2018). From

a theoretical perspective, bars can form in isolated galaxies via discs instabilities

(Hohl, 1971; Ostriker and Peebles, 1973; Efstathiou et al., 1982) or in interacting

discs through tidal forces (Noguchi, 1996; Łokas et al., 2014), and subsequently

grow by redistributing angular momentum (Athanassoula, 2003). In general, the

bar structure can be supported by a plethora of orbital families (Contopoulos and
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Papayannopoulos, 1980; Athanassoula et al., 1983; Skokos et al., 2002; Patsis and

Athanassoula, 2019) which shape its properties and morphology.

As mentioned above, bars usually coexist with central bulge components. Athanas-

soula (2005) split bulges in three distinct types: classical, pseudo/disc-like, and

boxy/peanut. Classical bulges form through violent processes such as galaxy merg-

ers (Toomre and Toomre, 1972) or via clumps that spiral into the center and merge

together (Noguchi, 1999; Aguerri et al., 2001; Steinmetz and Navarro, 2002; Im-

meli et al., 2004). On the other hand, pseudo-bulges are linked to secular processes

(Kormendy and Kennicutt, 2004). For example, in barred galaxies gas inside the

corotation radius loses angular momentum and slowly migrates towards the cen-

tre (Athanassoula, 2013). This gradual supply of gas feeds star formation episodes

which culminate in the formation of a pseudo-bulge. Hence, due to their diverse

formation paths, classical and pseudo-bulges have distinct properties (Wyse et al.,

1997; Gadotti, 2009; Fisher and Drory, 2016). The third type of bulge (i.e. the

boxy/peanut) does not constitute a distinct physical component on its own as it

reflects a part of the bar when the galaxy is viewed edge-on. Burbidge and Bur-

bidge (1959) were one of the first to photograph that central component which

they described as ‘four bulges of about equal size, coming out of the nucleus it-

self like a cross’. These structures were later termed by de Vaucouleurs and de

Vaucouleurs (1972) ‘peanut-shaped bars’ and have been since observed in numerous

galaxies (Jarvis, 1986; Lütticke et al., 2000) including our own (Ness et al., 2012;

Wegg et al., 2015). From a theoretical point of view, peanut-shaped bulges naturally

arise when bars experience buckling instabilities (Combes et al., 1990a; Raha et al.,

1991; Martinez-Valpuesta et al., 2006; Athanassoula, 2016; Łokas, 2020).

Apart from the gaseous and stellar components (i.e. bars and bulges) the cen-

tral region of most galaxies also harbours supermassive black holes (for a review,

see Kormendy and Ho, 2013; Inayoshi et al., 2020). As discussed above, gas that

accumulates near the centre forms stars and subsequently pseudo-bulges; however

some of that gas can in principle also feed the SMBH (Combes, 2001). In addition

to this secular growth, SMBH can rapidly acquire large amounts of gas during gas-

rich mergers. In both cases the accretion disc formed around the SMBH results in

powerful AGN feedback (Lynden-Bell, 1969; Silk and Rees, 1998; Begelman, 2004;
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McNamara and Nulsen, 2012).

Energetic feedback is the natural culprit for shutting down gas supply and even-

tually the formation of stars (Dekel and Birnboim, 2006; Fabian, 2012). This is

the reason why AGN feedback has been considered a mechanism responsible for

the quenching and formation of early-type galaxies (ETGs). For example, Dubois

et al. (2016); Penoyre et al. (2017); Frigo et al. (2019) showed that AGN feedback is

important in order to produce massive slow-rotating ETGs (Emsellem et al., 2007)

since it prevents them from developing young fast-rotating stellar discs. However,

massive disc-dominated galaxies are also subject to powerful feedback which plays a

fundamental role on their properties (see Su et al., 2021, and references therein) and

regulates the formation of their constituent stellar components and gas reservoirs

(Hani et al., 2019).

Recent studies (Bonoli et al., 2016; Spinoso et al., 2017; Zana et al., 2019) using

cosmological zoom-in simulations have shown that AGN feedback can have an effect

on bar formation by suppressing the growth of a massive spheroidal component at

the centre. Bars grow in mass and size by capturing disc stars (Gadotti et al., 2020).

As previously described, while bars evolve they push gas to the centre which fuels

the formation of pseudo-bulges (Shlosman et al., 1989; Sellwood and Moore, 1999;

Kormendy, 2013; Fanali et al., 2015) but also triggers AGN activity, which in turn

suppresses gas inflow (Gavazzi et al., 2015; Fragkoudi et al., 2016) and halts the

formation of the pseudo-bulge. This picture becomes more complicated in galaxies

which host a classical bulge. As shown by Athanassoula (2003) and Saha et al.

(2012), the presence of a classical (non-rotating) bulge alters the amount of angular

momentum exchanged between galactic components, since this process depends on

the mass distribution and the velocity dispersion of the emitting/absorbing material.

Hence, a classical bulge is expected to amplify the transfer of angular momentum

from the bar to the bulge which results in the bar losing angular momentum, slowing

down, and becoming stronger.

In this work we study the impact of AGN feedback on the formation and evolution

of barred galaxies. In particular, we assess to what extent the AGN implementation

affects the growth and properties of the disc, bar, and bulge. For that purpose, we

selected three Auriga (Grand et al., 2017) galaxies - two strongly and one weakly

97



barred - and re-simulated each one with two different AGN feedback recipes whilst

keeping their initial conditions and physical processes identical to the original. The

Auriga simulations1 provide an ideal testbed for our analysis, since they produce

realistic barred galaxies with prominent boxy/peanut and pseudo-bulges (Gargiulo

et al., 2019; Blázquez-Calero et al., 2020; Fragkoudi et al., 2020b,a).

This chapter is organised as follows. In Section 4.2, we briefly describe the

Auriga model and its AGN recipe along with the simulations we use for this study.

In Section 4.3, we present the z = 0 morphologies and properties (e.g. the stellar-

halo mass relation) of the galaxies, and analyse the radial profile of the bar strength

and that of the stellar and gaseous distributions. Finally, we estimate the relative

contribution of the bar, bulge, and disc component to the total stellar mass by

performing photometric 2D decompositions. In Section 4.4, we analyse the temporal

evolution of the quasar and radio mode feedback energy rates and their effect on

the star formation rate (SFR), bar strength, and gas temperature. Finally, we

summarise our results in Section 4.5.

4.2 The Auriga model

4.2.1 General

The Auriga project2 is a suite of cosmological magneto-hydrodynamical zoom-in

simulations of isolated Milky-Way mass dark matter haloes (Grand et al., 2017).

These were selected from the dark-matter-only Eagle Ref-L100N1504 cosmological

volume (Schaye et al., 2015) and re-simulated at higher resolution with the N -body,

magneto-hydrodynamics code Arepo (Springel, 2010; Pakmor et al., 2011, 2016;

Weinberger et al., 2020). The simulations incorporate a detailed galaxy formation

model which includes primordial and metal-line cooling (Vogelsberger et al., 2013), a

hybrid multi-phase star formation model (Springel and Hernquist, 2003), supernova

feedback in the form of an effective model for galactic winds and mass and metal

return from stellar winds and supernovae (Marinacci et al., 2014; Grand et al.,

1https://wwwmpa.mpa-garching.mpg.de/auriga/
2Auriga is a project of the Virgo consortium for cosmological supercomputer simulations

http://virgo.dur.ac.uk.
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2017), a redshift dependent and spatially uniform UV background (Faucher-Giguère

et al., 2009b; Vogelsberger et al., 2013), magnetic fields (Pakmor and Springel, 2013;

Pakmor et al., 2014, 2017, 2018), and a black hole formation and feedback model

which we describe in more details below.

In this work, we use nine Auriga haloes: three original runs, first presented in

Grand et al. (2017), namely Au-06, Au-17, and Au-18, plus two additional model

variants for each one which were simulated for the needs of this study. These variants

are as follows:

• the NoR (i.e. no-radio) variants have black hole particles (which grow via gas

accretion and mergers) and black hole feedback through the quasar mode, but

the radio mode feedback is turned off.

• the NoRNoQ (i.e. no-radio-no-quasar) variants have their black hole particles,

and of course both feedback modes, removed.

Throughout this work we use the level-4 resolution (based on the Aquarius

project nomenclature, Springel et al., 2008) which corresponds to dark matter and

baryonic particles masses of 3 × 105 M� and 5 × 104 M�, respectively. The grav-

itational co-moving softening length for stellar and dark matter particles is set to

500 cpc h−1. This is equal to the minimum co-moving softening length allowed for

gas cells, while their maximum physical softening length can not exceed 1.85 kpc.

For more details on the simulations we refer the reader to Grand et al. (2017). In

the following section we describe the AGN feedback prescription in the Auriga

simulations.

4.2.2 Black hole and AGN feedback model

Black holes come into existence by converting the densest gas cell into a collision-

less sink particle in Friends-of-Friends (FoF) groups whose mass exceeds 5 × 1010

M� h−1. The initial (seed) mass is set to 105 M� h−1 which can increase either

by acquiring mass from nearby gas cells or by merging with other black hole parti-

cles (Springel et al., 2005a; Vogelsberger et al., 2013). The former is described by

an Eddington-limited Bondi-Hoyle-Lyttleton accretion (Hoyle and Lyttleton, 1939;

Bondi and Hoyle, 1944; Bondi, 1952) along with a term to account for the radio
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mode accretion. Hence, the total black hole accretion rate can be expressed by

ṀBH = min
[
ṀBHL + Ṁradio, ṀEdd.

]
. (4.1)

The term ṀEdd. represents the Eddington accretion rate which is defined as

ṀEdd. =
4π G MBH mpr.

εr σT c
, (4.2)

where G is the gravitational constant,MBH is the black hole mass, mpr. is the proton

mass, εr = 0.2 is the black hole radiative efficiency parameter, σT is the Thomson

cross section and c is the speed of light.

The term ṀBHL represents the Bondi-Hoyle-Lyttleton accretion rate which is

defined as

ṀBHL =
4π G2 M2

BH ρ

(c2
s + υ2

BH)
3/2

, (4.3)

where ρ and cs are the density and sound speed, respectively, of the surrounding

gas, and υBH is the velocity of the black hole relative to the gas.

The term Ṁradio represents the radio mode accretion rate which is defined as

Ṁradio =
Lradio

εf εr c2
, (4.4)

where εf = 0.07 is the fraction of radiated energy that thermally couples to the gas.

This term follows a scheme in which first the X-ray luminosity of the halo (LX) is

converted to a radio mode luminosity (Lradio), which is then used to define the radio

mode accretion rate. This scheme establishes a self-regulated feedback mechanism

by following the process described below.

We first measure the X-ray luminosity on a per FoF halo basis by following the

observed X-ray luminosity–temperature relation (Pratt et al., 2009)

LX =
H(z)

H0

C

(
T

T0

)2.7

, (4.5)

where H(z) and H0 are the Hubble parameter and Hubble constant, respectively, C

= 6 × 1044 ergs s−1, and T0 = 5 Kev. Then we follow Nulsen and Fabian (2000) who

developed a theory for spherically symmetric accretion of hot gas onto super-massive

black holes at the centres of large haloes. This theory connects the accretion rate
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back to the state of the gas at large distances away from the black hole based on

the formula

Ṁ ′
BH =

2π Q(γ − 1)kB Tvir

µmH Λ(Tvir)
G M ′

BH

[
ρ2

ne nH

]
M3/2 , (4.6)

where Q = 2.5, γ = 5/3 is the adiabatic index of the gas, kB is the Boltzmann

constant, Tvir is the virial temperature, µmH is the mean mass per gas cell, Λ(Tvir) is

the cooling function, ρ, ne, and nH are the mean gas, electron number, and hydrogen

number densities, respectively,M = 0.0075 is the Mach number of the gas far away

from the black hole, and M ′
BH is derived from the observed MBH-σ relation

M ′
BH(σ) = M0

(
σ

σ0

)4

, (4.7)

where σ is the velocity dispersion of stars in the galactic bulge. Lastly, we assume

a radio power associated with this radio mode accretion which can be written as

Lradio = R(Tvir, z)LX , (4.8)

where LX is the X-ray luminosity of the halo (calculated using the gas cells) and we

define the ratio

R(Tvir, z) ≡
εf εr c

2 Ṁ ′
BH

LX

, (4.9)

which tends to increase for larger halos and towards later times.

Finally, for both modes the energy ejected from the black hole is given by

Ė = ṀBH εf εr c
2 , (4.10)

where ṀBH is given by equation (4.1). For the quasar mode this energy is injected

isotropically as thermal energy into neighbouring gas cells; while for the radio mode

(Sijacki et al., 2007) it takes the form of bubbles (with size 0.1 times the virial

radius) which are stochastically inflated at random locations in the halo3 up to a

maximum radius of 0.8 times the virial radius.

4.3 Present day galactic properties

We start this section by presenting the stellar surface densities of the haloes under

study (Section 4.3.1) and then investigate the effect of the AGN feedback (or the lack
3Following an inverse square distance profile around the black hole.
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of it) on bar (Section 4.3.2), stellar (Section 4.3.3, Section 4.3.4, and Section 4.3.5),

and gas (Section 4.3.6) properties.

4.3.1 Stellar surface density

Fig. 4.1 shows the stellar surface density projection at z = 0. The top, middle, and

bottom rows contain results for Au-06, Au-17, and Au-18, respectively. The left-

hand, middle, and right-hand columns contain results for the original halo, the NoR,

and the NoRNoQ variant, respectively. Each row contains a face-on (top panel) and

an edge-on (bottom panel) projection.

The characteristic X-shaped (or peanut) structure (see Laurikainen and Salo,

2016, for a review) is prominent in the centre of many edge-on projections. This

feature has been revealed in numerous observed (Whitmore and Bell, 1988; Mihos

et al., 1995; Bureau et al., 2006; Laurikainen and Salo, 2017) and simulated galax-

ies (Combes and Sanders, 1981; Combes et al., 1990b; Pfenniger and Friedli, 1991;

Martinez-Valpuesta et al., 2006) and its origin has been connected with either ver-

tical resonance orbits with 2:14 or less frequency ratio (Quillen, 2002; Quillen et al.,

2014; Parul et al., 2020) or buckling instabilities (Raha et al., 1991; Merritt and

Sellwood, 1994).

The peanut bulge is usually described as a part of the bar seen edge-on (Athanas-

soula, 2005), which is the case for Au-17, Au-18, and their NoR variants where the

bar clearly extends beyond the X-shaped structure. It is interesting to note that,

as we show below, Au-06 is a weakly barred galaxy which only develops a peanut

bulge in the NoRNoQ variant. Even though a significant fraction of galaxies host

boxy/peanut bulges (Lütticke et al., 2000; Yoshino and Yamauchi, 2015; Erwin and

Debattista, 2017) and they are (from a dynamical perspective) intriguing compo-

nents, the detailed study of the peanut parameter space (e.g. Ciambur and Graham,

2016) is beyond the scope of this work.
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Figure 4.1: Stellar surface density projection at z = 0. The top, middle, and bottom rows contain

results for Au-06, Au-17, and Au-18, respectively. The left-hand, middle, and right-hand columns

contain results for the original halo, the NoR, and the NoRNoQ variant, respectively. Each row

contains a face-on (top panel) and an edge-on (bottom panel) projection. Prominent boxy/peanut

bulges appear in most edge-on projections.
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Figure 4.2: Radial profile of the relative amplitude of them = 2 Fourier component at z = 0. The

left-hand, middle, and right-hand panels contain results for Au-06, Au-17, and Au-18, respectively.

The black, red, and green curves show the original halo, the NoR, and the NoRNoQ variant,

respectively. The vertical dashed black, red, and green lines show the A2 radius for the original

halo, the NoR, and the NoRNoQ variant, respectively. The complete lack of AGN promotes the

formation of stronger and shorter bars.

4.3.2 Bar strength

To obtain the bar strength we follow Athanassoula (2003); Athanassoula et al. (2013)

and calculate the Fourier components of the face-on stellar density as

am(R) =
N∑
i=0

mi cos(mθi) , m = 0, 1, 2, ..., (4.11)

bm(R) =
N∑
i=0

mi sin(mθi) , m = 0, 1, 2, ..., (4.12)

where R is the cylindrical radius, mi is the mass and θi the azimuthal angle of stellar

particle i, and the sum goes over all N stellar particles. Hence, the bar strength is

obtained from the maximum value of the m = 2 relative Fourier component as

A2 = max

(√
a2

2 + b2
2

b2

)
, (4.13)

and in this work we define a strongly-barred galaxy as one having A2 > 0.3 (Fragk-

oudi et al., 2020a).

Fig. 4.2 shows the radial profile of the relative amplitude of the m = 2 Fourier

component at z = 0. The left-hand, middle, and right-hand panels contain results

for Au-06, Au-17, and Au-18, respectively. The black, red, and green curves show
4Two vertical oscillations for every revolution in the bar frame.
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the original halo, the NoR, and the NoRNoQ variant, respectively. The vertical

dashed black, red, and green lines show the A2 radius for the original halo, the NoR,

and the NoRNoQ variant, respectively.

As discussed in Section 4.3.1 Au-06NoRNoQ contains a boxy/peanut bulge when

seen edge-on; and this type of bulge is tightly connected to the existence of a bar

component. Furthermore, Au-17 and Au-18 – which are both strongly barred galax-

ies – show a significant increase on their strength when the AGN feedback has been

completely turned off (i.e. in their NoRNoQ variants). Hence, Fig. 4.2 suggests

that the lack of AGN not only can enhance the strength of a bar (as is the case

for Au-17 and Au-18) but it can also turn a weakly-barred galaxy (Au-06) into a

strongly-barred one (Au-06NoRNoQ)5.

Moreover, as mentioned by Athanassoula and Misiriotis (2002) there are several

methods one can use to estimate the length of the bar. One of them (e.g. Díaz-

García et al., 2016; Rosas-Guevara et al., 2020b) uses as bar length proxy the radii

of the maximum relative m = 2 Fourier component (A2), which are shown by the

vertical dashed lines in Fig. 4.2. As can been seen by this method, all NoRNoQ

runs produce shorter bars than their original and NoR counterparts. However, as

discussed by Gadotti (2011) larger galaxies contain larger bars. Hence, in order to

check the robustness of this conclusion and any potential dependence of bar length on

disc scale length or morphology (Athanassoula and Martinet, 1980; Elmegreen and

Elmegreen, 1985; Martin, 1995), in Section 4.3.5 we provide an additional estimate

of the bar length (based on photometric decomposition) where we normalise it by

the galaxy size.

4.3.3 Stellar-halo mass relation

Fig. 4.3 shows the stellar mass as a function of the halo mass at z = 0. The former

is defined as the sum over all stellar particles within 0.1R200 and the latter as the

sum over all dark matter particles within R200. The circles, triangles, and squares

represent Au-06, Au-17, and Au-18, respectively. The black, red, and green colours

represent the original halo, the NoR, and the NoRNoQ variant, respectively. The

5We note that the non-vanishing m = 2 signal as we move away from the centre results from

the strong spiral arm features, which are prominent in e.g. all Au-06 runs and Au-18NoR.
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Figure 4.3: Stellar mass as a function of the halo mass at z = 0. The former is defined as the

sum over all stellar particles within 0.1R200 and the latter as the sum over all dark matter particles

within R200. The circles, triangles, and squares represent Au-06, Au-17, and Au-18, respectively.

The black, red, and green colours represent the original halo, the NoR, and the NoRNoQ variant,

respectively. The dashed diagonal line shows the baryon conversion efficiency (see the text for

more information) and the dotted curve the stellar-halo mass relation from Guo et al. (2010). For

all galaxies the NoRNoQ variant has a more massive stellar component than the NoR, which in

turn is more massive than the original galaxy.
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dashed diagonal line shows the baryon conversion efficiency (Guo et al., 2010; Moster

et al., 2013) with Ωm = 0.307 and Ωb = 0.048 (Planck Collaboration et al., 2014b;

Grand et al., 2017), and the dotted curve the stellar-halo mass relation from Guo

et al. (2010).

There is a clear trend which shows that all original haloes have lower stellar

masses than their NoR variants which in turn have lower stellar masses than their

NoRNoQ variants. As we discuss in Section 4.4.1.1 such behaviour is expected,

since the NoR and NoRNoQ variants have on average higher star formation rates

throughout their lifetime, as a consequence of the reduced AGN feedback. This

phenomenon is more prominent in the latter variant since the complete lack of AGN

feedback allows the gas to cool quicker and form stars more efficiently. Arguably,

the NoR and NoRNoQ variants move vertically in the stellar-halo mass plane hence

these galaxies end up further away from the abundance matching predictions. It is

worth noting that, as has been already reported by Grand et al. (2017) (see their

Section 5.3), even the original haloes lie above the abundance matching relation,

since the AGN feedback can be insufficient in suppressing early star formation.

However, having galaxies more massive than what the abundance matching relation

dictates can be beneficial for forming bars with more realistic properties (Fragkoudi

et al., 2020c).

Investigating how this additional stellar mass in the NoR and NoRNoQ vari-

ants (compared to the original haloes) is distributed in the galaxy is essential in

order to understand its dynamical and structural properties. It is well known that

massive discs are prone to disc instabilities and bar formation (Efstathiou et al.,

1982; Mo et al., 1998; Yurin and Springel, 2015; Irodotou et al., 2019). On the other

hand, a substantial central component tends to delay or even suppress bar formation

(Athanassoula, 2004, 2013; Kataria and Das, 2019). In order to identify which of

the above two mechanisms is the dominant one in our galaxies, we analyse below the

distribution of stellar mass (see Section 4.3.4) and calculate the relative contribution

of the bar/bulge/disc to the total stellar mass by performing a 2D three component

decomposition (see Section 4.3.5).
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Figure 4.4: Stellar surface density profiles of the face-on projection and circular velocity curves at

z = 0. The top, middle, and bottom rows contain results for Au-06, Au-17, and Au-18, respectively.

The left-hand, middle, and right-hand columns contain results for the original halo, the NoR, and

the NoRNoQ variant, respectively. Each row contains a stellar surface density profile (top panel)

and a circular velocity curve (bottom panel). The stellar mass is defined as the sum over all

stellar particles within 0.1R200 along the disc plane (vertical dashed grey line) and ± 5 kpc in

the vertical direction. The total fitted profile (black curve) is a combination of a Sersic (red

curve) and exponential (blue curve) profile and it was carried out using a non-linear least squares

method (Marinacci et al., 2014; Grand et al., 2017). The black, red, green, and blue dashed curves

show the total, dark matter, stars, and gas, respectively. NoR and NoRNoQ variants have higher

concentration of stellar mass in the central regions compared to their original halo.
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Table 4.1: The fitting parameters from Fig. 4.4. The rows represent 1) model names; 2) total

stellar mass as defined in Fig. 4.4; 4) Sersic index; 5) effective radius; 6) inferred Sersic mass; 8)

scale length; 9) inferred disc mass; 10) disc-to-total stellar mass ratio.
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4.3.4 Stellar mass distribution

Fig. 4.4 shows the stellar surface density profiles of the face-on projection and circular

velocity curves at z = 0. The top, middle, and bottom rows contain results for Au-

06, Au-17, and Au-18, respectively. The left-hand, middle, and right-hand columns

contain results for the original halo, the NoR, and the NoRNoQ variant, respectively.

Each row contains a stellar surface density profile (top panel) and a circular velocity

curve (bottom panel). The stellar mass is defined as the sum over all stellar particles

within 0.1R200 along the disc plane (vertical dashed grey line) and ±5 kpc in the

vertical direction. The total fitted profile (black curve) is a combination of a Sersic

(red curve) and exponential (blue curve) profile and it was carried out using a non-

linear least squares method (Marinacci et al., 2014; Grand et al., 2017). The black,

red, green, and blue dashed curves show the total, dark matter, stars, and gas,

respectively.

The steepening of the stellar surface density profiles in the very centre as we

move from the original to the NoR and NoRNoQ variants indicates the higher con-

centration of mass in the centre. This is also reflected in the increase of the stellar

component’s circular velocity in the same variants; while the gas and dark-matter

components remain almost unaffected. This behaviour reveals that there is an excess

of central mass in these variants which is not present in the original haloes.

The fitting data appearing in Table 4.1 further illustrate this point. As shown in

Section 4.3.3, when either the radio mode or both AGN modes are turned off, the

resulting galaxy becomes more massive, as expected. This is reflected in the increase

of the stellar mass inferred both from the Sersic (sixth row) and the Exponential

(ninth row) profiles, respectively. However, the relative contribution of the disc

to the total stellar mass (D/T ) presented in the last row shows that all NoRNoQ

variants’ D/T ratios decrease. In other words, their central components (i.e. the

ones fitted with a Sersic profile) not only become more massive but also have higher

relative contributions to the total stellar mass. At the same time these components

also decrease their effective radii. Hence, the lack of AGN feedback results in both

more massive and more dense central distributions of mass. A similar conclusion is

hard to draw for the NoR runs since they do not seem to have a consistent behaviour

(Au-06NoR, Au-17NoR, and Au-18NoR have higher, the same, and lower D/T with
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respect to their original haloes).

A few questions that naturally arise are: what dynamical properties do these

additional stellar particles have? Are they dynamically hot particles forming a ‘clas-

sical’ bulge or are they part of a bar? It is important to understand what properties

these particles have; for that reason in Section 4.3.5 we perform a bar/bulge/disc

decomposition and compare the bulge-to-total and bar-to-total ratios between the

different runs.

4.3.5 Imfit decomposition

In this subsection we use Imfit6 (Erwin, 2015) to perform a 2D bar/bulge/disc de-

composition and quantify the change in the relative contribution of each component

between the different variants. Since our intention is to compare the original Auriga

haloes with their NoR and NoRNoQ variants, we use images that accurately repre-

sent the mass distribution, not necessarily ones that mimic observations. Therefore,

we adopt the following two-step procedure:

(i) Firstly we generate the image and gain a first insight into each galaxy’s pa-

rameters. In order to do that:

(i) We rotate all stellar particles such that the bar is along the horizontal

axis.

(ii) We create face-on grey-scaled r-band images.

(iii) We use a Gaussian filter with FWHM = 2 to blur the images.

(iv) We use Photutils (Bradley et al., 2019) to perform isophotal ellipse

fitting to the images and estimate the intensity, length, and ellipticity

of the bar (I0, abar, ell), bulge (Ie, re, ell), and disc (I0, h, ell) which we

provide to Imfit as an initial set of parameters for the corresponding

profiles.

(ii) Then we fit each galaxy with a combinations of following profiles (see Ta-

ble 4.2):

6https://www.mpe.mpg.de/ erwin/code/imfit/
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(i) An elliptical 2D exponential function, with the major-axis intensity profile

given by

I(α) = I0 exp(−α/h) , (4.14)

where I0 is the central surface brightness and h is the scale length.

(ii) A 2D analogue of the Ferrers ellipsoid where the intensity profile is given

by

I(m) = I0(1−m2)n , (4.15)

where n controls the sharpness of the truncation and m2 is defined as

m2 =

(
|x|
α

)c0+2( |y|
b

)c0+2

, (4.16)

where x and y describe the position on the image, α and b are the semi-

major and semi-minor axes, respectively, and c0 defines the shape of the

isophotes (zero, negative, and positive values result in pure ellipses, disky,

and boxy ellipses, respectively). We note that the intensity is constant

on the ellipses and goes to zero outside a specific semi-major axis (sma)

value (abar).

(iii) An elliptical 2D Sersic function with the major-axis intensity profile given

by

I(α) = Ie exp

{
−bn

[(
α

re

)1/n

− 1

]}
, (4.17)

where Ie is the surface brightness at the half-light radius (re), n is the

Sersic index, and bn is calculated for n > 0.36 via the polynomial approx-

imation of Ciotti and Bertin (1999) and the approximation of MacArthur

et al. (2003) for n ≤ 0.36.

The decomposition parameters are presented in Table 4.2 and the corresponding

plots in Appendix 4.6. The only galaxy with a prominent round central component

(low ellipticity) is Au-06NoR (see Fig. 4.13). Hence, we choose an exponential plus

a Sersic profile to accurately model this galaxy. For the remaining galaxies we use

an exponential plus one or two Ferrers profiles depending on the model and residual.
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Table 4.2: The fitting parameters from Imfit. The rows represent 1) model names; 3) scale length;

4) disc/total fraction; 6) Sersic index; 7) effective radius; 8) bulge/total fraction; 10) ellipticity; 11)

bar length; 12) bar/total fraction. Vertical bar symbols separate the fitting parameters when two

Ferrers profiles are used (see the text for more information), while horizontal bar symbols indicate

that the corresponding profile was not used in the corresponding galaxy.
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If there was excess mass around the bar then a second Ferrers profiles with lower

ellipticity was added to account for that. This method results in better fits to the

ellipticity-sma and intensity-sma plots than a single Ferrers (see bottom leftmost

and rightmost panels in each plot in Fig. 4.13, Fig. 4.14, and Fig. 4.15). For these

galaxies we quote in the Table 4.2 the values for both Ferrers profiles separated

by a vertical bar symbol. In addition, horizontal bar symbols indicate that the

corresponding profile was not used in the corresponding galaxy. In general, our

results are in agreement with the study of Blázquez-Calero et al. (2020). However,

we find systematically larger disc scale lengths due to the different fitting methods

followed by each work. Blázquez-Calero et al. (2020) fit all galaxies in their sample

with an exponential+Sersic+Ferrers, so the exponential profile in their work was

truncating faster since the Sersic profile was reducing its significance.

As already mentioned in Section 4.3.2, Au-06 is a weakly barred galaxy which

becomes a strongly barred one when its AGN feedback is absent. This finding is

further supported by its 2D decomposition, since we see that Au-06NoRNoQ’s bar

is longer and has higher contribution to the total compared to Au-06. For Au-17

and Au-18 (which are both strongly barred galaxies) we find that the bar length

(abar) of the NoR and NoRNoQ variants is shorter than that of the original haloes

when normalised by the corresponding disc scale length (h). In summary, the 2D

decompositions support the conclusions drawn so far. When the AGN feedback of

our strongly barred galaxies is turned off, they end up having higher central star

formation which makes the galaxy more centrally concentrated and the bars stronger

and shorter.

4.3.6 AGN effect on the gas

Fig. 4.5 shows the gas temperature as a function of galactocentric distance at z =

0 color-coded by the star formation rate of each gas cell (non-star-forming gas cells

appear grey). The top, middle, and bottom rows contain results for Au-06, Au-17,

and Au-18, respectively. The left-hand, middle, and right-hand columns contain

results for the original halo, the NoR, and the NoRNoQ variant, respectively.

The almost complete lack of gas at the very centre (r/kpc < 0.4) of the original

haloes is a result of the AGN activity which heats up and expels the cells. On the
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Figure 4.5: Gas temperature as a function of galactocentric distance at z = 0 color-coded by

the star formation rate of each gas cell (non-star-forming gas cells appear grey). The top, middle,

and bottom rows contain results for Au-06, Au-17, and Au-18, respectively. The left-hand, middle,

and right-hand columns contain results for the original halo, the NoR, and the NoRNoQ variant,

respectively. The AGN feedback expels gas cells and reduces star formation rates in the central

regions.
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other hand, for all NoR and NoRNoQ variants we see that central gas cells not only

exists but in most cases also has a high star formation rate. Hence, the central star

formation increases when the AGN feedback is absent (see also Section 4.4.1.1).

Star forming gas cells (Grand et al., 2017) follow an effective equation of state

(eEoS) which describes a cell’s thermodynamical properties by connecting its pres-

sure to its density (Springel and Hernquist, 2003). A prominent behaviour arises

for all NoRNoQ variants (and Au-17NoR) and shows that star forming gas cells’

temperatures, which are constrained by the eEoS, form a characteristic horn-like

feature. As described in Section 4.2.2 the AGN feedback in the Auriga simulations

has two modes which both inject energy to gas cells. However, this energy will only

be absorbed by cells that cool sufficiently slowly, i.e. that are not in the star-forming

regime, while cells that are on the eEoS (i.e. have non-zero star forming rates), will

not absorb that energy (Weinberger et al., 2018) (see also Section 4.4.1.3).

4.4 Temporal evolution

In the previous section, we explored the present day properties of our galaxies. In

this section, we discuss how the quasar (Section 4.4.1) and radio (Section 4.4.2)

mode feedback affect the evolution of each variant in order to explains the results

we see at z = 0.

4.4.1 Quasar mode effects

4.4.1.1 Star formation rate histories

Fig. 4.6 and Fig. 4.7 show the star formation rate histories (top rows) along with

the normalised SFR differences between a variant and the original halo (bottom

rows) for Au-06, and Au-17 and Au-18, respectively. The left-hand, middle, and

right-hand columns contain results inside spherical apertures with radii 0 < r/kpc

≤ 1, 1 < r/kpc ≤ 5, and 5 < r/kpc ≤ 15, respectively. The black, red, and green

lines represent the original, the NoR, and the NoRNoQ variant, respectively. The

normalised SFR difference is defined as

(δSFR)norm. ≡
SFRoriginal − SFRvariant

SFRoriginal

. (4.18)
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Figure 4.6: Star formation rate histories (top row) along with the normalised SFR difference (see

the text for more information) between a variant and the original halo (bottom row) for Au-06.

The left-hand, middle, and right-hand columns contain results inside spherical apertures with radii

0 < r/kpc ≤ 1, 1 < r/kpc ≤ 5, and 5 < r/kpc ≤ 15, respectively. The black, red, and green

lines represent the original, the NoR, and the NoRNoQ variant, respectively. The AGN feedback

suppresses star formation more in the centre than in the disc.

As expected the NoRNoQ variants have on average the highest star-formation

rates since the removed AGN feedback allows the gas to cool quicker and form

stars more efficiently. This effect is more prominent near the centre (0 < r/kpc ≤

1) for most haloes, which shows that the quasar mode has a significant effect on

star formation in the inner regions. Furthermore, the fact that for all haloes and

spherical apertures the original halo and the NoR variant follow similar trends while

the NoRNoQ variant significantly deviates, suggests that the radio mode has lower

impact on the gas than the quasar mode; thus the latter is the dominant (out of the

two AGN modes) SF regulator.

4.4.1.2 Bar properties

Fig. 4.8 shows the evolution of the bar strength. The left-hand, middle, and right-

hand columns contain results for Au-06, Au-17, and Au-18, respectively. The black,

red, and green curves show the original halo, the NoR, and the NoRNoQ variant,
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Figure 4.7: Same as Fig. 4.6 but for Au-17 (top plot) and Au-18 (bottom plot).
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Figure 4.8: Evolution of the bar strength. The left-hand, middle, and right-hand columns

contain results for Au-06, Au-17, and Au-18, respectively. The black, red, and green curves show

the original halo, the NoR, and the NoRNoQ variant, respectively. All NoRNoQ variants have

stronger bars than the original and NoR variants and they develop them earlier.

respectively.

As seen above, all NoR and NoRNoQ variants have on average higher central

star formation rates compared to their original haloes. However, the AGN is not

the only mechanism that can affect star formation. Multiple studies have analysed

the effects of bars on star formation and concluded that (especially strong) bars can

have an impact on central star formation (Gavazzi et al., 2015; Fragkoudi et al.,

2016; Spinoso et al., 2017; Khoperskov et al., 2018). Bars drive gas towards the

centre due to their non-axisymmetric potential which exerts strong torques on the

gas (Shlosman et al., 1989; Peeples and Martini, 2006; Cole et al., 2014). As this gas

accumulates at the centre it will eventually trigger the formation of stars, and the

stronger the bar the more centrally concentrated the star formation (Athanassoula,

1992; Jogee et al., 2005; Wang et al., 2020). This picture is consistent with Fig. 4.8

showing that the NoRNoQ variants develop the strongest bars among our galaxies,

and as shown above these variants also have the highest central star formation rates.

In addition, we see that all NoRNoQ bars have strengths consistently higher than

0.2 before the corresponding original halo and the NoR variant, hence the NoRNoQ

bars not only are stronger but also form earlier.
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Figure 4.9: Evolution of the ratio between the volume inside the SMBH’s sphere of influence

(see the text for more information) occupied by all gas cells and that by the non-star-forming

ones. The left-hand, middle, and right-hand columns contain results for Au-06, Au-17, and Au-

18, respectively. Each column contains on the top and bottom row the original halo and the

NoR variant, respectively. The black and red curves and shaded regions show the median and

16th–84th percentile range, respectively. The region around the black hole is populated by more

non-star-forming cells when the AGN feedback is present.

4.4.1.3 Energy rate

Fig. 4.9 shows the evolution of the ratio between the volume inside the SMBH’s

sphere of influence7 occupied by all gas cells and that by the non-star-forming ones.

The left-hand, middle, and right-hand columns contain results for Au-06, Au-17, and

Au-18, respectively. Each column contains on the top and bottom row the original

halo and the NoR variant, respectively. The black and red curves and shaded regions

show the median and 16th–84th percentile range, respectively.

We can see that at various times there is a significant fraction of non-star-forming

cells within the black hole’s vicinity which allows the quasar mode feedback to be

7The radius of the sphere of influence is given by rBH which is the physical radius enclosing the

384 ± 48 nearest gas cells around the black hole.

120



Figure 4.10: Evolution of the quasar mode feedback energy rate. The left-hand, middle, and

right-hand columns contain results for Au-06, Au-17, and Au-18, respectively. The black and red

curves show results for the original halo and the NoR variant, respectively. The dashed curves

show the quasar mode energy and the solid curves show the effective quasar mode energy. For our

strongly barred galaxies the quasar mode becomes on average less effective when the radio mode

is absent.

effective (i.e. the feedback energy is able to be absorbed). Hence, the ratio between

the volume occupied by all gas cells and that by the non-star-forming ones can

be used as a proxy to estimate the efficiency of the quasar mode feedback in the

Auriga simulations.

Fig. 4.10 shows the evolution of the quasar mode feedback energy rate. The

left-hand, middle, and right-hand columns contain results for Au-06, Au-17, and

Au-18, respectively. The black and red curves show results for the original halo and

the NoR variant, respectively. The dashed curves show the quasar mode energy and

the solid curves show the effective quasar mode energy.

To estimate the efficiency of the quasar mode (i.e. how much of this energy is

actually coupled to gas cells and not lost immediately to radiative cooling) we use as

a proxy the aforementioned volume ratios. For Au-06 the quasar mode energy rate

calculated by the model has an almost flat evolution with time while the effective

one decreases for z < 1 and becomes roughly an order of magnitude lower than the

calculated. This trend holds both for the original halo and the NoR variant. On

the other hand, Au-17’s and Au-18’s quasar mode energy rates increase as we go

to lower redshifts and are systematically higher than that of their NoR variants.
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Hence, we see that when the radio mode of our strongly barred galaxies is turned

off, the quasar mode becomes on average less effective because the volume around

the black hole is now occupied more by star forming gas cells (see Fig. 4.9).

In conclusion, we report here that the quasar mode feedback has a significant

effect on the gas in the inner regions of Milky Way mass galaxies, contrary to what

is commonly found (Somerville and Davé, 2015; Dubois et al., 2016; Rosas-Guevara

et al., 2016). Even though it is not capable of fully quenching our galaxies (as it

does for massive ETGs, Martig et al., 2009; Rosito et al., 2019), it can impact their

morphology and dynamics.

4.4.2 Radio mode effects

4.4.2.1 Gas properties

Fig. 4.11 shows the volume-weighted (top row) and mass-weighted (bottom row)

fractional breakdown of gas into different temperature regimes inside the virial ra-

dius. In each stacked bar, the blue, green, and red bars represent the cold-to-gas

(T < 2 × 104 K), warm-to-gas (2 × 104 K < T < 5 × 105 K), and hot-to-gas (T

> 5 × 105 K) ratios, respectively. The height of each bar represents the 1 Gyr

time-averaged value of each ratio.

We see that all NoRNoQ variants have lower hot-to-gas mass ratios than the

NoR variants while the original haloes have the highest ratios. In addition, the

NoRNoQ variants have the highest cold-to-gas volume ratios. These two features

reflect the effect of the radio mode feedback on the gas and indicate that the lack

of AGN results in cooler haloes. Furthermore, the unexpected decrease in the cold-

to-gas mass fractions in some NoR and NoRNoQ variants can be explained by the

enhanced star formation rates reported in Fig. 4.6 and Fig. 4.7, which result in more

frequent star formation feedback that prevents the gas from cooling.

4.4.2.2 Energy rate

Fig. 4.12 shows the evolution of the radio feedback energy rate. The left-hand,

middle, and right-hand columns contain results for Au-06, Au-17, and Au-18, re-

spectively. The black dashed curves shows the radio mode energy calculated by the

model.
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Figure 4.11: Volume-weighted (top row) and mass-weighted (bottom row) fractional breakdown

of gas into different temperature regimes inside the virial radius. In each stacked bar, the blue,

green, and red bars represent the cold-to-gas (T < 2 × 104 K), warm-to-gas (2 × 104 K < T < 5

× 105 K), and hot-to-gas (T > 5 × 105 K) ratios, respectively. The height of each bar represents

the 1 Gyr time-averaged value of each ratio. The lack of AGN feedback reduces the hot-to-gas

mass and volume ratios.
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Figure 4.12: Evolution of the radio mode feedback energy rate. The left-hand, middle, and right-

hand columns contain results for Au-06, Au-17, and Au-18, respectively. The black dashed curves

shows the radio mode energy calculated by the model. The radio mode feedback is responsible for

heating up the halo.

We see that Au-06 shows a slightly decreasing trend for tlook < 6 Gyr. On the

other hand, Au-17’s and Au-18’s radio mode feedback energy rates increase as we

go to lower redshifts. In conjunction with the behaviours reported in the previous

section (see Fig. 4.11), we argue that the radio mode feedback is responsible for

heating up the halo, whilst as discussed in Section 4.4.1.1 the quasar mode mainly

affects the star forming gas in the inner disc.

4.5 Conclusions

In this work, we study the impact of the radio and quasar AGN feedback modes on

the formation and evolution of barred galaxies. More explicitly, we assess to what ex-

tend the Auriga AGN implementation affects the properties of the bar/bulge/disc,

and consequently of the galaxy as a whole. For that purpose, we selected three

Auriga galaxies - two strongly and one weakly barred - and re-simulated each one

with two different AGN feedback variants. Our main conclusions are as follows:

• Different stellar patterns emerge in the central regions of galaxies with differ-

ent AGN feedback modes. Hence, contrary to what is generally believed, we

find that AGN feedback plays a crucial role on the structural and dynamical

properties of Milky Way mass galaxies.
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• For all galaxies the stellar masses increase as we move from the original haloes

to the NoR and NoRNoQ variants. This results from the enhanced star for-

mation rates - especially in the centre - due to the reduced AGN feedback.

• The radio and quasar mode feedback affect the galaxy in different ways. We

show that the former heats up the gas in the halo while the latter affects the gas

cells in the vicinity of the black hole. Thus, when we turn off the radio mode

we find increased star formation in the outer disc and when both modes are

absent we see a significant increase in the star formation in the inner regions

of the galaxy.

• The radio mode feedback does not have an influential role in the formation

and properties of the bar, however it can affect the size of the disc. On the

other hand, the quasar mode can have a significant impact on the morphology

and dynamical properties of the Auriga galaxies. We find that the NoRNoQ

variants develop stronger bars which form earlier than the bars of the original

haloes and the NoR variants.

• We conclude that AGN feedback can regulate the structural and dynamical

galactic properties both directly (by suppressing central star formation) and

indirectly (by heating up the halo). Hence, the way AGN feedback is imple-

mented can play a fundamental role in the properties and morphology of Milky

Way mass galaxies.

4.6 2D decompositions

Fig. 4.13, Fig. 4.14, and Fig. 4.15 contain 2D bar/bulge/disc fits for Au-06, Au-17,

and Au-18, respectively. In each figure the top, middle, and bottom plot show the

original halo, the NoR, and the NoRNoQ variant, respectively. In each plot the

top four panels show from left to right the r-band image, model, input/model, and

residual produced by Imfit. The bottom four panels show from left to right the

ellipticity, position angle, pixel density, and intensity of the r-band image (black)

and model (red) as a function of the semi-major axis.
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Figure 4.13: 2D bar/bulge/disc decomposition for Au-06. The top, middle, and bottom plot

show the original halo, the NoR, and the NoRNoQ variant, respectively. In each plot the top four

panels show from left to right the r-band image, model, input/model, and residual produced by

Imfit. The bottom four panels show from left to right the ellipticity, position angle, pixel density,

and intensity of the r-band image (black) and model (red) as a function of the semi-major axis.
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Figure 4.14: Same as Fig. 4.13 but for Au-17.
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Figure 4.15: Same as Fig. 4.13 but for Au-18.
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Chapter 5

Conclusions

5.1 Conclusions

In this thesis, I focus on the characterisation and origin of the morphology of galaxies

across multiple scales and epochs. As explained throughout this work, analysing the

structural and dynamical properties of galactic components and investigating how

they acquired these properties is fundamental in order to understand how galaxies

form and evolve. The goal of this thesis is to study this topic by combining obser-

vational data with various theoretical tools. Below, I briefly summarise the main

achievements.

In Chapter 2, we update the Henriques et al. (2015) version of the L-Galaxies

model in order to better follow the formation of bulges (Irodotou et al., 2019). We

develop a disc instability method that considers both the gas and the stars, rather

than just the latter. The new recipe allows us to be in better agreement than

previous work with the observed fraction of different galactic morphologies and the

stellar mass functions of different galactic types. Furthermore, we introduce energy

dissipation in gas-rich mergers, which results in more compact remnants that match

the observed mass-size relation of bulge-dominated galaxies. In addition, due to the

reduction of the initial angular momentum of the gas disc, we find that the stellar

half-mass radius and specific angular momentum of disc-dominated galaxies is in

great agreement with the observed relations.

In Chapter 3, we develop a new method to identify kinematically distinct com-

ponents by using the information depicted on stellar angular momentum maps
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(Irodotou and Thomas, 2021). Our method allows us to extract galactic compo-

nents and study the imprint each component leaves on the properties of their host

galaxy. By comparing with the B/T predictions of other methods we find that even

though in general we form tight relations, there are a few cases in which our method

provides better classification (e.g. in disc-like galaxies with particles on non-circular

orbits or in counter-rotating structures embedded within discs). Our components

follow the expected spatial distribution and surface density profiles (i.e. spheroids

and discs follow Sersic and exponential profiles, respectively) even though we make

no assumptions regarding their spatial extent. Finally, we report that our morpho-

logical classification reproduces the observed angular momenta, kinematics, ages,

and chemical compositions trends.

In Chapter 4, we study the effect of the radio and quasar AGN feedback modes on

the formation and evolution of Milky Way mass galaxies, especially on the properties

of their bar, bulge, and disc components. For that purpose, I re-simulated three

galaxies - two strongly and one weakly barred - with two different AGN feedback

recipes. We find that the Auriga AGN feedback model plays a crucial role on

the structural and dynamical properties of barred galaxies, since different stellar

structures emerge in the inner disc of the different variants. We show that the total

stellar mass increases as we move from the original haloes to the NoR and NoRNoQ

variants due to the increased star formation rates which are a consequence of the

reduced AGN feedback. More explicitly, the absence of the radio mode results

in increased star formation in the outer disc, while when both modes are turned

off we see a significant increase in the star formation in the inner regions of the

galaxy. Hence, we report that the quasar mode can have a significant impact on

the formation and properties of Milky Way mass barred galaxies, since the NoRNoQ

variants develop stronger bars which form earlier than the bars of the original haloes

and the NoR variants.

5.2 Future work

Below, I summarise a few side projects I worked on during my PhD and I plan on

continue working on in the near future, along with new research ideas.
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5.2.1 L-Galaxies

As a side project during my PhD, I worked on implementing the disc instability

recipe of Irodotou et al. (2019) (see Chapter 2) on the L-Galaxies 2020 SAM

(Henriques et al., 2020), as well as on developing a new local instability recipe

(Stevens et al., 2016). The L-Galaxies 2020 model resolves the stellar and gaseous

discs by splitting them in 12 concentric annuli of fixed radius and width, which

allow the migration of stars and gas between them. Hence, in order to study the

instability-related formation of pseudo-bulges, a global plus a local (i.e. Toomre Q

parameter in each annulus) prescription is needed to calculate the radial migration

of stellar and gas clumps.

Furthermore, in collaboration with Rob Yates, I will develop a model to split,

apart from the discs, the bulge components in spherical annuli and study the radial

gradient of properties in elliptical galaxies and bulges of disc galaxies.

5.2.2 Eagle

The development of the Irodotou and Thomas (2021) decomposition method (see

Chapter 3) led to numerous questions regarding the formation of counter-rotating

discs in the Eagle simulation. We plan on using the snipshot files, which have

smaller time-steps than the snapshots, and create mergers trees in order to link

galaxies together and investigate the formation and evolution of counter-rotating

particles. This will allow us to identify the processes (i.e. mergers, gas accretion,

and/or bar formation) that gave rise to these structures.

In addition, we intend to explore the imprint of pseudo-bulges and bars on the

angular momentum maps in order to extend our method and make it able to provide

multi-component decompositions.

5.2.3 Flares

In light of the upcoming James Webb Space Telescope, Euclid, and Roman surveys

which will observe the formation of the first galaxies, I will lead a project to explore

galaxy formation in the most extreme and high-z environments by investigating the

effect of intrinsic and environmental processes on structure formation and dynamics.
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This study will be carried out as part of the First Light And Reionisation Epoch

Simulations (Flares) project (Lovell et al., 2021) which studies the environmental

effect on high-redshift galaxy evolution by performing zoom re-simulations of 40

spherical regions selected from a (3.2 cGpc)3 dark matter only box at redshift z ∼

5. Thus far I co-authored the first two Flares papers since I got involved in the IC

generation process, ran 7 of the regions and provided L-Galaxies data (Henriques

et al., 2015, 2020) which was then used to compare with the evolution of the stellar

mass and star formation rate distribution functions predicted by FLARES.

132



Further Acknowledgements

I thank the developers of Astropy (Astropy Collaboration et al., 2013, 2018),

HEALPix/Healpy (Gorski et al., 1999; Górski et al., 2002; Zonca et al., 2019),

Matplotlib (Hunter, 2007), NetworkX (Hagberg et al., 2008), NumPy (van der

Walt et al., 2011), Pandas (McKinney, 2010), and SciPy (Virtanen et al., 2020).

Part of this work was carried out during the COVID-19 pandemic and would not

have been possible without the tireless efforts of the essential workers, who did not

have the safety of working from their homes.

This work used the DiRAC@Durham facility managed by the Institute for Com-

putational Cosmology on behalf of the STFC DiRAC HPC Facility (www.dirac.ac.uk).

The equipment was funded by BEIS capital funding via STFC capital grants

ST/K00042X/1, ST/P002293/1, ST/R002371/1, and ST/S002502/1, Durham Uni-

versity and STFC operations grant ST/R000832/1. DiRAC is part of the National

e-Infrastructure.

133

www.dirac.ac.uk


Data Availability

A Python version of the method introduced in this article can be found at

https://github.com/DimitriosIrodotou/Irodotou-Thomas-2021. The EAGLE data

is publicly available and accessible at http://icc.dur.ac.uk/Eagle/database.php. The

data underlying this article will be shared on reasonable request to the corresponding

author.
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