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Resumen

El estudio de la evolución y formación de galaxias es una de las mayores ĺıneas de investigación

abiertas en la astrof́ısica hoy en d́ıa. Entender cómo se han formado, su morfoloǵıa y cómo han

cambiado con el tiempo supone un gran paso para el conocimiento del universo actual. Existen

diversas teoŕıas que explican la evolución de las galaxias, la más aceptada afirma que se debe, en

gran medida, a un proceso de fusión entre ellas. Estos procesos son tan violentos que, durante

la fusión, las estrellas y la materia oscura pertenecientes a cada galaxia se ven afectados por

un fuerte potencial gravitatorio, consiguiendo incluso que cambien su morfoloǵıa. Aśı, si dos

galaxias chocan entre ellas, se produce un proceso de fusión en el cual todo el movimiento orbital

existente anteriormente entre las estrellas de cada galaxia se convierte en un proceso aleatorio de

enerǵıa produciendo que estas estrellas, que antes de la fusión poséıan un movimiento ordenado,

pasen a orbitar de manera completamente aleatoria, lo que produce una galaxia de tipo eĺıptico.

Para explicar esto, [Ruiz et al., 2015] realizó, mediante datos recogidos observacionalmente,

un estudio sobre el número de satélites existentes en galaxias de tipo masivo y la dependencia de

éstos con la morfoloǵıa de la galaxia. En este caso, encontró que, para un rango de masa entre

1011 M� y 21011 M� las galaxias eĺıpticas poséıan mayor número de satélites seguidas de las

galaxias de tipo lenticular y finalmente, las galaxias de tipo espiral. Este hecho pone en acuerdo

la teoŕıa de la fusión de galaxias como el canal más probable de evolución.

Nuestro trabajo consistirá en reproducir el trabajo realizado por [Ruiz et al., 2015] medi-

ante simulaciones de galaxias. Para ello, utilizaremos EAGLE, un conjunto de simulaciones

hidrodinámicas desarrolladas por el Virgo Consortium. Dichas simulaciones, gracias a la enorme

variedad de procesos f́ısicos que incluyen, son una poderosa herramienta para los f́ısicos con la

que poder entender los distintos mecanismos f́ısicos que se producen en el universo.

Al principio del proyecto extraeremos de EAGLE todas las galaxias centrales, a redshift

cero, que pertenecen a un halo galáctico con una masa en estrella mayor de 1011 M� y, por

otra parte, las galaxias satélites de este halo con una masa en estrella mayor de 109 M�.

Seguidamente, mediante diversos procesos se unirán los satélites a sus galaxias centrales y

se separarán estas últimas en referencia a su morfoloǵıa. Tras esto, se realizará un estudio

minucionso de la dependencia del número de satélites en relación con la morfoloǵıa de la galaxia

central, primero con el rango de masa utilizado en [Ruiz et al., 2015] y luego con todas las galax-

ias centrales masivas extráıdas comparando aśı los resultados observacionales con las simulaciones.
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Nuestro trabajo está estructurado de la siguiente manera. En el caṕıtulo 1 realizaremos un

planteamiento teórico del tema a tratar en nuestro trabajo con el objetivo de introducirlo en

nuestro trabajo. Seguidamente, en el caṕıtulo 2 se expondrán brevemente los objetivos y la

metodoloǵıa seguida a lo largo de nuestro proyecto. En el caṕıtulo 3 realizaremos una detallada

explicación de EAGLE y su modo operandi. Por último, en los caṕıtulos 4 y 5 se expondrán los

resultados y las conclusiones obtenidas aśı como los posibles trabajos futuros.
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Chapter 1

Introduction

En el universo existen galaxias las cuales, debido a sus diferencis, podemos

clasificar en distintos grupos. En 1926, Hubble propuso una clasificación

basada en su forma. En esta clasificación, las galaxias podŕıan ser eĺıpticas,

lenticulares, disco o irregulares dependiendo de distintos factores. Tras

ello, muchas han sido las teorias y conjeturas de los astrof́ısicos para

entender cómo las galaxias han llegado a tener esta forma y cómo se han

desarrolado a lo largo del tiempo.

1.1 Classifications of galaxies: The Hubble sequence.

Many schemes for classifying galaxies have been developed over the years. In 1926, Hubble

proposed a morphological classification scheme for galaxies based essentially on their

brightness [Hubble, 1926]. In this classification, various types of galaxies are divided into

three main groups: elliptical, lenticular and spiral galaxies. These last are separated into

two sequences: normal and barred spiral. Furthermore, for all galaxies that do not follows

the scheme above, Hubble included a class of irregular galaxies.

In the Hubble sequence, there is little interstellar matter in the elliptical galaxies. In

addition, the difference among elliptical galaxies only resides in their shape.

Lenticular or S0 galaxies can be seen as a ”transition galaxy”, in the sense that they

do not have signs of spiral structure nor contain a significant amount of interstellar matter

like the elliptical galaxies, as they have an elliptical shape but lack a disk of inner gas,

that can be tipically found in spiral galaxies.
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Elena Arjona Gálvez CHAPTER 1. INTRODUCTION

Figure 1.1: Hubble sequence.

The aspects characterising spiral galaxies are a central bulge, similar to an elliptical

galaxy, and two types of discs: a stellar disc like S0 types and a disc of gas, stars and

other interstellar matter which forms the spiral pattern. These discs indicate that young

star are being born in this area. On one hand, the spiral pattern belonging to barred

spirals galaxies ends at a central bar of the bulge, on the other hand, in normal spiral

galaxies, the spiral pattern ends at an inner ring, as we can see in the figure 1.1 for the

Sa, Sb types, or ends right at the centre, like for the Sc type.

1.2 Formation and evolution of galaxies

When choosing the location for galaxies to form the first method that comes to mind

would be the examination of the structures of the universe. Because of gravity interactions,

we can distinguish some clear structures such as filaments, voids, dark matter haloes of

galaxies and clusters of galaxies.

Within a specific halo, one can generally differentiate the (central) main galaxy, which

resides at rest at the center of its dark matter halo, and its satellites galaxies with lower

mass, which orbit the halo associated with the central galaxy. If the satellite galaxy has

mass enough (around 109 M�) it could reside it could lies within dark matter subhaloes

with its own satellites.

.
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Elena Arjona Gálvez CHAPTER 1. INTRODUCTION

The study of galaxy formation and evolution has increasingly advanced in the last years.

One of the most likely mechanisms for growth of massive galaxies, like elliptical galaxies, is

galaxy mergers. Previous research supports this channel of size evolution, in which first, the

bulk of the mass of the most massive galaxies were created as early as z ≈ 2 in an intense

starburst [Kereš et al., 2005, Dekel et al., 2009, Oser et al., 2010, Ricciardelli et al., 2010,

Wuyts et al., 2010, Bournaud et al., 2011], and later the envelope was developed through

the merger with satellites of ancestor galaxies [Oser et al., 2010, Khochfar and Silk, 2006].

In addition, spirals galaxies have been formed due to a strong angular momentum on

the halo that generates the formation of a disc. [Dressler, 1980] pointed out that there

is a slow relation between density and morphological type, so that a significant number

of lenticular galaxies exist in regions where gas density and temperature are too low to

remove the gas from spirals by ram pressure stripping.

In addition, other authors have pointed out that the average velocity dispersion of

the host galaxies has decreased mildly since z ≈ 2, [Javier Cenarro and Trujillo, 2009],

which are in accordance with the merger scenario. Otherwise, observations suggest

that the growth of massive galaxies cannot depend on their intrinsic features, like their

size or their stellar population age, but on other external factors [Trujillo et al., 2011,

Dı́az-Garćıa et al., 2013].

1.2.1 The relation between the abundance of satellites with the

morphology of the host galaxy

For host galaxies, parameters like the abundance of satellites or their intrinsic properties

are bound up with their host merger histories. These properties are closely correlated

with the underlying cosmology and they can be used to establish useful constrains to the

models. The main goal of the study realised by [Ruiz et al., 2015] is the analysis of the

relation between the abundance of satellites around 254 masive galaxies, ( 1011M�), sorted

into morphological types. They segregate their sample of galaxies in four morphological

groups. Their classification identifies visually the elliptical lenticular and two types of

spiral galaxies: Sa and Sb/c with the aim to explore the correlation between the number

of satellites and the morphology of the host.

With their results, massive ellipticals seem to be surrounded by a remarkably larger

number of massive satellites whereas the rest of morphological types typically merge with
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Elena Arjona Gálvez CHAPTER 1. INTRODUCTION

more massive objects. They also obtain for the lenticular and spirals types that the main

contributor to the evolution of massive spirals seem to be the most massive satellites. For el-

lipticals, the merger channel ais in agreement with the results pointed by [Oser et al., 2012]

Their work highlights the importance of the environment where massive galaxies are

immersed and how that the host morphology is strongly linked to the environment.
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Chapter 2

Objectives and Methodology

Nuestro objetivo es estudiar si existe una dependencia entre el número

de satélites de una galaxia central y su morfoloǵıa, para ello utilizare-

mos galaxias obtenidas mediante simulaciones. Para llevar a cabo este

estudio, separaremos las galaxias de las simulaciones en dos tipos: galax-

ias centrales y galaxias satélites. Después, por un lado realizaremos un

tratamiento separando las galaxias centrales en tres tipos: eĺıpticas, lentic-

ulares y espirales y por otro uniremos cada galaxia central a sus galaxias

satélites correspondientes para estudiar la diferencia existente entre el

número de satélites y la morfoloǵıa de cada una.

2.1 Objectives

The main objective of this project is to prove the dependence of the amount of satellites

with the morphological types of host galaxies of the same mass. To do this, we are going

to select all central galaxies within the EAGLE cosmological simulation that have a stellar

mass larger than 1011 M�.

This trabajo de fin de grado serves to provide a deeper insight into the study carried out

by [Ruiz et al., 2015] about the relationship between the morphology of massive galaxy

hosts and their number of satellites using observational data. In the course of this work, we

are going to analyse the differences between the results that have been obtained through

observational data, [Ruiz et al., 2015], and our results using simulations.
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Elena Arjona Gálvez CHAPTER 2. OBJECTIVES AND METHODOLOGY

2.2 Methodology

In order to carry out this work, we are going to use an hydrodynamical simulation of

EAGLE, with intermediate resolution. Thanks to the tools that will be explained in

section 3.1, we will be able to study if a distinction between the central galaxies and their

satellites is possible.

Every central galaxy with a mass larger than 1011 M� will be treated as a host

galaxy, and later sorted into morphological classes according to the scheme established

by [Sales et al., 2010] and [Romanowsky and Fall, 2012] based on the rotational velocity

and the central bulge of the galaxy.

On the other hand, we are going to considered only satellite galaxies with a mass

larger than 109 M� and, through various mechanisms developed in the section 3.2.2, we

are going to link this satellites with their respective host.

Once the central galaxies are sorted by morphology and linked to their respective

satellite galaxies, it is possible to obtain for each galaxy the total number of satellites that

they have and the ratio of satellite to central galaxies. With these data, we are going to

reproduce the analysis done by [Ruiz et al., 2015] to study the morphological dependence

of galaxies and their number of satellites.

A detailed explanation of how EAGLE database works and how to establish the

relationship between satellites and host galaxies is given in the following section, 3.1.
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Chapter 3

The data

En este caṕıtulo realizaremos una detallada explicación de EAGLE y su

funcionamiento. Primero veremos el motivo y la necesidad de llevar

a cabo un proyecto tan ambicioso como EAGLE y, tras ello, explicare-

mos el procedimiento que hemos seguido a la hora de obtener nuestras

galaxias centrales y de unirlas con sus respectivos satélites. Se planteará

también el modo de clasificación que hemos seguido para los distintos tipos

morfológicos.

3.1 The EAGLE simulations

To study the assembly and evolution of galaxies, rigorous techniques need to be developed

to test the different theories. The physical and astrophysical phenomena behind this have

a highly non-linear behavior, making analytical description hard to reach. For this reason,

the use of numerical simulations has improved our understanding of cosmological events.

One of the most important tools that can be used to model galaxies and, simultaneously,

the intergalactic medium (IGM), is cosmological hydrodynamical simulations. This allows

us to achieve a better understanding about the feedback cycles and fuelling of different

types of galaxies. If the similarities between observations and hydrodynamical simulations

of galaxy formations are sufficiently strong, the simulations can be used to calculate

cosmological and physical parameters that we could not measure only with observations,

[Croft et al., 1998, Schaye et al., 2000, Viel et al., 2004, McDonald et al., 2005].
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With this objetive in mind, the Virgo Consortium has developed the ”Evolution and

Asembly of GaLaxies and their Enviorments” (hereafter EAGLE) project for cosmological

supercomputer simulations [Schaye et al., 2015, Crain et al., 2015]. EAGLE simulations

consist of a suit of cosmological hydrodynamical simulations in which the main models were

run in cubic, periodic volumes with length of 12, 25, 50, and 100 comoving Mpc (cMpc),

designed to reproduce the evolution and formation of galaxies, i.e, to track the evolution

in time from a redshift of z = 127 to the present day of baryonic and non-baryonic matter.

This can be possible through the calibration of a limited subset of z = 0 observations

of galaxies, such as the stellar mass function of galaxies, the sizes of galaxies and the

correlation between stellar mass and black hole mass.

All simulations use a modified version of the GADGET-3 Tree-SPH, N-body Tree-PM

smoothed particle hydrodynamic code based on the GADGET-2 code, that includes the

implementation of a large number of subgrid modules that supply physical processes with

a limited resolution scale, described by [Schaye et al., 2015], such as stellar evolution, star

formation, metal enrichment, feedback from star, the feedback generated by merging and

accretion of supermassive black holes, etc.

The EAGLE simulations adopt a flat ΛCMD cosmology with the parameters listed

below, determined by the Planck Collaboration [Ade et al., 2014]. The initial condition

have been generated using second-order Lagragian perturbation theory [Jenkins, 2010].

ΩΛ Ωm Ωb σ8

0.693 0.307 0.04825 0.8288

ns Y H0 [ km s−1 Mpc−1]

0.9611 0.248 67.77

In this work we use RefL0100N1504, an hydrodynamical simulation with a force

resolution of 0.7 pkpc which we refer to as intermediate resolution. This simulation is

the largest of EAGLE, with a comoving box size of 100 Mpc and 15043 dark matter

particles (being at the initial time the same number of baryonic particles). In addition,

this simulation has a mass resolution of 1.81× 106 M� for gas particles and 9.70× 107

M� for dark matter particles [McAlpine et al., 2016]. The resolution is high enough to

allow for comparisons with observations of global galaxy properties.
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3.2 Sample selection

For each EAGLE simulation, the respective catalogue of galaxies has been distributed in

SQL tables. We are going to use the FOF, SubHalo and MorphoKinem tables which

provide us all the required information for the development of our work.

The information contained in FOF SQL table has been obtained through the friends-

of-friends method [Davis et al., 1985, Summers et al., 1995] to identify the particles in the

different halos in the simulation. This method is used to establish a minimum separation

between particles, named linking length (hlink), and identify all particles inside them.

These particles are designated friends and the halo consist of a suit of particles connected

one by one or more across these relations, i.e., friends-of-friends. They also use spherical

over-density algorithms [Springel et al., 2001, Dolag et al., 2009] to identify the density

threshold that can be parameterized as the linking length as follow:

hlink ≈ 0.2〈∆x〉 = 0.2
3

√
V

N
(3.1)

where N is the total number of particles and V is the volume of our simulation.

Then, the particles belonging to the same halo have been labelled with the group ID,

GroupNumber. Also, particles with their own bound structure are labelled with a subgroup

identifical by SubGroupNumber in the database, where 0 is the SubGroupNumber of the

main galaxy, or host, in the FoF group, [Schaye et al., 2015, The EAGLE team, 2017,

McAlpine et al., 2016].

3.2.1 Sample selection of host galaxies

In order to reproduce the work of [Ruiz et al., 2015] with the objetive of discussing the

similarities and differences between the observations and the simulations, we have ex-

tracted from EAGLE a number of massive galaxies with their respective satellites. For

the sample selection of central galaxies, we are going to select in the simulation all host

galaxies with a stellar mass larger than 1011 M�, and with the aim to select only the host

galaxies, we also have imposed a SubGroupNumber equal to zero, which means we are

only analysing central galaxies. The selection criteria corresponds to 262 massive galaxies

at z = 0.
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For the halo properties we use the FoF field. In addition, for all parameters belonging

to the own host galaxy (such as the stellar mass, the distance, etc.) and its morphology

(like the relation between the brightness of the host galaxy bulge per total luminosity) we

use the Subhalo and Morphokinem tables. Once all massive host galaxies have been

selected, we can link the different tables using the GroupID (FoF and Subhalo tables)

and the GalaxyID (Subhalo and MorphoKinem) parameters in order to extract the

features of each host galaxy.

In addition, a fourth field has been provided by Dr. Claudio Dalla Vecchia in order to

add the rotational kinetic energy and the parameters refering to the size of the galaxies.

This information has been connected to the above list via the same GroupNumber and a

SubGroupNumer.

3.2.1.1 Sorting the host galaxy into morphological classes

With the main objective of making a morphological classification of all the central galaxies

from the simulation, we have taken into account different factors.

Firstly, we have sorted the galaxies in two types —passive galaxies and star forming

galaxies, depending on their star formation activity. For make this classification, EAGLE

compute the star formation rate through the method implemented by [Schaye and Dalla Vecchia, 2008]

in addition with the metallicity-dependent density threshold from [Schaye, 2004]. For

each gas particle, the star formation rate is given by the following equation:

SFR = ṁi,∗ = mi,gA(1M�pc
−2)−n(

γ

G
fgP̄ )(n−1)/2 (3.2)

where mg is the mass of gas particle, γ is the ratio of specific heats (equal to 5/3), G is

the universal gravitational constant, fg is the ratio of gas and total baryonic mass of the

halo and P̄ is the total pressure. The A and n parameters are constants that have been

determined by observations [Schaye et al., 2015, The EAGLE team, 2017], and in this

case are equal to 1.515× 10−4 M� yr−1 kpc−2 and 1.4 respectively, [Kennicutt, Jr., 1998].

The above equation is implemented stochastically, where the probability of a gas particle

colliding and creating a star particle during a time ∆t is min(ṁ∗∆t/mg, 1).
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Thus, we are going to define the specific star formation rate as the fraction between

the star formation rate and mass of the relevant host galaxy:

sSFR =
SFR

M∗
(3.3)

With this, we have imposed a threshold to identify the two different types of galaxies. If

the galaxies have a specific star formation rate larger that 10−11 yr−1, [Schaye et al., 2015],

they will be considered star forming, and those that have a lower specific star formation

rate are classified as passive galaxies.

After having sorted all the central galaxies into two types according to their star

forming capacity, we know that the spiral galaxies belong to the star forming galaxies

and the galaxies with a elliptical and lenticular morphology are generally passive. Various

researchers have classified the galaxies according to their morphological characteristics.

[Sales et al., 2010] pointed out that galaxy disks can be found through their amount of

rotational velocity. The amount of rotational kinetic energy is defined by the following

equation as:

krot =
Krot

K
=

1

K

∑
r<30kpc

1

2
[Lz/mR]2 (3.4)

where K is the total kinetic energy, Lz is the projection on the total angular momentum

of the angular momentum for a particle, R is the distance between the particle and the

rotational axis and m the mass of the particle. Therefore, [Sales et al., 2010] established

that spiral galaxies have a rotational kinetic energy larger than 0.4.

Moveover, the prominence of the bulge is one of the key ingredients in the galaxy

morphological criteria. [Romanowsky and Fall, 2012] use another classification for the

morphology in relation with the brightness of the bulge. In this work, having the star

formation classification in mind, they made a separation with all of host galaxies that

have a B/T (i.e, the ratio of the brightness of the bulge per total luminosity of the host

galaxy) larger than 0.9 for ellipticals between 0.4 and 0.8 for lenticulars, and lower than

0.5 for spiral galaxies.
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3.2.2 Sample selection of satellites

For the selection of satellites, and with the aim to reproduce the work of [Ruiz et al., 2015],

we have considered all satellite galaxies with stellar mass larger than 109 M�. The link

between the satellites and their host has been done taking into account that, as we saw in

section 3.2, each halo has a own number of GroupID and all galaxies belonging to the

same halo have the same GroupID. In addition, we have imposed that all satellites have a

SubGroupNumber not equal to zero.
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Chapter 4

Results

En este caṕıtulo se muestran los resultados obtenidos a lo largo de la

realización de nuestro proyecto. Primero se plantea un análisis en primer

orden en base a la posibilidad de que exista realmente una diferencia

entre las distintas galaxias centrales, más allá de la forma de estas. A

continuación se mostrarán los resultados obtenidos con las simulaciones y

se compararán con los resultados observacionales. Por último, se mostrará

un ejemplo visual de ls galaxias que hemos utilizado en nuestro proyecto,

separadas morfológicamente.

4.1 Number of satellites per galaxy host

With the classification we have mentioned in the section 3.2.1.1 for the rotational velocity

proposed by [Sales et al., 2010] and the bulge fraction, B/T by [Romanowsky and Fall, 2012],

within the stellar mass range from 1011 M� to 2× 1011 M� we select 33 E-type, 29 S0-type

and 28 S-type galaxies1 We have established this upper mass limit with the goal to discuss

the result obtain by [Ruiz et al., 2015] within the same mass range.

In figure 4.1 we can see the distribution of host galaxies sorted by morphology. The

galaxies that are not inside any coloured area have been classified like irregular galaxies

and they will not be taken into account in the following results.

1The section 4.2 illustrates some of host galaxies for each morphological type.
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Figure 4.1: Number of host galaxy per morphology. The coloured areas represent the space
of each morphological type. The green area corresponds to spiral galaxies type, the yellow
area indicates where lenticular galaxies are and the blue region holds the elliptical type.

If we repeat the same procedure, but select all host galaxies with stellar mass larger

than 1011 M�, we get 53 elliptical galaxies, 45 lenticular galaxies and 35 spiral galaxies.

A larger increase in ellipticals is expected, being the most massive galaxies in the universe

of this type.

4.1.1 The dependence with the morphology of the host galaxy

In order to carry out this work, we are going to analyze all central galaxies with a stellar

mass larger than 1011 M�. We can check if there is, at first order, a dependence between

the host morphology and the number of satellites. To accomplish this, a simple study

of the correlation of the virial mass, M200
2, of the halo and the number of satellites is

2The M200 of the halo is referred to the total mass within radius which density is 200 times the critical
density of the Universe.
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enough.

In figure 4.2 we can see that there is a strong correlation between M200 of all host

galaxies and the number of their satellites, [Tinker et al., 2008]. This fact tells us, at

first glance, that there is no dependence with the morphology, this is, they all follow the

following relation:

log10(Ns) = α log10(M200) + log10(A) (4.1)

where α is the slope of the linear relation and log10(A) is the y-intercept.

12.5 13.0 13.5 14.0 14.5

log10(M200
M )

0.5

1.0

1.5

2.0

2.5

lo
g 1

0(
N

s)

corr = 0.89474823

Figure 4.2: Correlation between M200 and the number of their satellites

In addition, we repeat the same procedure, but this time with different morpho-

logical types. If we take into account the relative error of each morphological type in

relation to all host galaxies, we can not see a significant differences (figure 4.3). The
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three types are closed enough and owns a certain error for us to be able to deem a difference.

Elliptical type Lenticular type Spiral type

α 1.02± 0.06 0.92± 0.04 0.81± 0.14

log10(A) −12.5± 0.9 −11.2± 0.5 −9.8± 1.8

12.5 13.0 13.5 14.0 14.5

log10(M200
M )

0.5

1.0

1.5

2.0

2.5

lo
g 1

0(
N

s)

Elliptical galaxies data
Spiral galaxies data
Lenticular galaxies data
Elliptical galaxies correlation
Spiral galaxies correlation
Lenticular galaxies correlation

13 12 11 10 9 8
log10(A)

0.7

0.8

0.9

1.0

1.1
Elliptical
Lenticular
Spiral

Figure 4.3: Upper figure: correlation between our samples of host galaxies and the number
of their satellites. Bottom figure: the error between the linear relation of the three types of
galaxies in reference with all of them.

As we can see in figure 4.4, for massive galaxies, the stellar mass of the host galaxies

and the total mass of the halo, M200, follow a linear relation. So, it is to be expected

that the relation between the host stellar mass and the number of satellites, has a similar

nature.
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Figure 4.4: Correlation between the mass of the halo and the stellar mass of the host for the
different types of galaxies.

After that, we study the amount of stellar mass accumulated by the satellites around our

samples of massive galaxies within the same range of stellar mass that [Ruiz et al., 2015]

used. In figure 4.5 we can see an histogram with the above relation for each morphological

types. In blue, we present the elliptical galaxies, with the coloured area as the error bars

obtained on the fitting. In green, we can see the same results with the lenticular galaxies,

and spirals galaxies has been represented in orange. We see how the tree types overlap

and therefore we cannot observe differences between the morphology. These results go

against the ones obtained by [Ruiz et al., 2015] for the same mass range.
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Figure 4.5: Left-hand panel: differential number of satellites per galaxy host for each morpho-
logical type versus the stellar mass ratio satellite-host. The coloured areas represent the error
bars for each sample. The blue lines correspond to E-type, green to S0-type and orange to spiral
type. Right-hand panel: cumulative number of satellites per galaxy host for each morphological
type versus stellar mass ratio satellite-host. The colours associated with the lines and areas is
the same that in the left-hand panel.

However, if we extend the stellar mass range of our host galaxies to a stellar mass

larger than 1011 M� we can see how, in this case, there is a growing trend of elliptical

having a large number of satellites followed by lenticular and spiral galaxies, figure 4.6.

Nevertheless, as we can see in the 4.4, we have not a significant number of host galaxies

with a stellar mass larger than 6× 1011 M�, so the statistic error is large enough to take

into account this dependence.
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Figure 4.6: Left-hand panel: differential number of satellites per galaxy host for each morpho-
logical type versus the stellar mass ratio satellite-host. The coloured areas represent the error
bars for each sample. The blue lines correspond to E-type, green to S0-type and orange to spiral
type. Right-hand panel: cumulative number of satellites per galaxy host for each morphological
type versus stellar mass ratio satellite-host. The colours associated with the lines and areas is
the same that in the left-hand panel.

4.2 Visual insight of the galaxy host

In this section, we are going to give a visual insight to the face on and edge on projection

of the host galaxies which we have studied. To do this we select 20 random galaxies from

each morphological type.

These images have been generated by the method proposed with [Lupton et al., 2004]

through combinations of synthetic images in bands i,r,g of the Sloan filters. Only one

galaxy is represented in each image, i.e, we cannot see mergers of two galaxies or com-
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panion galaxies in the images, only the remnants of said merge. In addition, there are

only images belonging to galaxies with stellar masses larger than 1010 M� within an

spherical aperture of 30 kpc. For more details of how EAGLE generated these images see

[McAlpine et al., 2016] and the references inside them.

In figures 4.7 and 4.8 we present the visual edge on projection and face on projection

of 20 random galaxies from 33 elliptical galaxies. Also, figures 4.9 and 4.10 show the edges

on view and faces on view of 20 random galaxies from 28 lenticular morphology type

and, finally, in figures 4.11 and 4.12 the visual edge on projection and face on projection

of 20 random galaxies from 28 spiral samples. In these images we can see that there is

contamination for each morphological type, with passive galaxies having a bigger amount

compared to spirals.
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Figure 4.7: Mock gri images of elliptical galaxies in a edge on visual insight within a spherical
aperture of 30 kpc. We can see galaxy host that does not follow the morphology classification
with accurate.
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Figure 4.8: Mock gri images of elliptical galaxies in a face on view within a spherical aperture
of 30 kpc. We can see galaxy host that does not follow the morphology classification with
accurate.
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Figure 4.9: Mock gri images of lenticular galaxies in a edge on view within a spherical aperture
of 30 kpc. We can see galaxy host that does not follow the morphology classification with
accurate.
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Figure 4.10: Mock gri images of lenticular galaxies in a face on view within a spherical aperture
of 30 kpc. We can see galaxy host that does not follow the morphology classification with
accurate.
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Figure 4.11: Mock gri images of spiral galaxies in a edge on view within a spherical aperture of
30 kpc. We can see galaxy host that does not follow the morphology classification with accurate.
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Figure 4.12: Mock gri images of spiral galaxies in a face on view within a spherical aperture of
30 kpc. We can see galaxy host that does not follow the morphology classification with accurate.
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Chapter 5

Conclusions

Tras los resultados obtenidos, es posible comprobar que no existe un acuerdo

entre las simulaciones y los datos observados. Con el mismo rango de

masa, las observaciones apuntan que existe una fuerte dependencia del

número de galaxias satélite y la morfoloǵıa de la galaxia central. Sin

embargo, las simulaciones no muestran dicha dependencia. Por otro lado,

al aumentar el rango de masa de las galaxias centrales, se ve una pequeña

tendencia a la dependencia indicada anteriormente, pero dada la poca

estad́ıstica con la que trabajamos en rangos de masa tan altos, no es

posible verificar este resultado. Estudios futuros podŕıan, con un mayor

resolución, verificar o contradecir este punto.

We have studied, using the same analysis as [Ruiz et al., 2015] with observational data,

the relation between the abundance of satellites and the morphology of the host galaxy

with the aim to verify what seems to be the main process of galaxy formation; the galaxy

mergers. For this reason, we have used a hydrodynamical simulation of EAGLE. Using

several methods we have selected all massive host galaxies with a stellar mass range larger

than 1011 M� and linked them with their respective satellites (that have a stellar mass

larger than 109 M�). According to the morphology definition of [Sales et al., 2010] and

[Romanowsky and Fall, 2012], we have classified the hosts galaxies as elliptical, spiral and

lenticular types.

The statistical analysis of the correlation between the number of satellites and the

morphology of the host can be summarised as follow:

• We have found that the correlation between the number of satellite galaxies per host
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does not show any dependence with the morphology types, if we take into account

the stellar mass range used by [Ruiz et al., 2015] for the host.

• By increasing the stellar mass range of the galaxy hosts, it is possible to find a

dependence with the morphology. Nevertheless, we do not have enough data in the

simulation to be able to back this statement.

• Subdividing simulated galaxies into morphological classes, as defined in observations,

is a quite challenging. We have been testing different ways to classify host galaxies

into morphological classes. Finally, the classification used in this work has proved

to be the most loyal. Moreover, as we can see in the images in, section 4.2, there

still is some contamination of the sample. We have found that a good classification

for the host encounters several limitations.

• The discrepancies between this work and the observational results could be due to

the observational biases introduce by the clustering and background correction.

Further work can be done with simulations with a larger number of hosts in the mass

range in which we have seen a morphological dependence or with a much more accurate

morphological separation. This can lead to a better understanding of the formation and

evolution of galaxies, opening the doors to new ways to explain that or reaffirm the

existing theories.
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Ducout, A., Dunkley, J., Dupac, X., Efstathiou, G., Elsner, F., Enßlin, T. A., Eriksen,

H. K., Fabre, O., Falgarone, E., Falvella, M. C., Fantaye, Y., Fergusson, J., Filliard, C.,

Finelli, F., Flores-Cacho, I., Foley, S., Forni, O., Fosalba, P., Frailis, M., Fraisse, A. A.,

Franceschi, E., Freschi, M., Fromenteau, S., Frommert, M., Gaier, T. C., Galeotta, S.,

Gallegos, J., Galli, S., Gandolfo, B., Ganga, K., Gauthier, C., Génova-Santos, R. T.,

Ghosh, T., Giard, M., Giardino, G., Gilfanov, M., Girard, D., Giraud-Héraud, Y.,
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