MASARYKOVA UNIVERZITA
PRIRODOVEDECKA FAKULTA

USTAV TEORETICKE FYZIKY A ASTROFYZIKY

Bakalarska prace

BRNO 2025 LEA SZAKSZONOVA






MASARYKOVA
UNIVERZITA

PRIRODOVEDECKA FAKULTA

USTAV TEORETICKE FYZIKY A ASTROFYZIKY

Rast supermasivnych
cernych dér v nezrazejicich
se galaxich

Bakalarska prace

Lea Szakszonova

Vedouci prace: Izzy L. Garland, Ph.D, Brno 2025






Bibliogra cly aznam

Autor: Lea Szakszonow
Arodowdecla fakulta, Masarykova univerzita
Ustav teoreticle fyziky a astrofyziky

Nazev pace: Rast supermasvnych cerrych der v neziezejcich se
galaxch

Studijn program: Fyzika

Studijn obor: Astrofyzika

Vedouc pace: Izzy L. Garland, Ph.D,

Akademicly rok: 2024/2025

Paet stran: ix+51

Ktowa slova: Aktvne galakticle pdro; galaxie; Morfologia galaxie;

BPT Diagram; Supermasvnecierne diery






Bibliographic Entry

Author:

Title of Thesis:

Degree Programme:

Field of Study:
Supervisor:
Academic Year:
Number of Pages:

Keywords:

Lea Szakszonowa
Faculty of Science, Masaryk University
Department of Theoretical Physics and Astrophysics

Supermassive Black Hole Growth in the absence of
Mergers

Physics

Astrophysics

Izzy L. Garland, Ph.D,
2024/2025

ix+51

Active Galactic Nuclei; galaxies; Galaxy Morphology;
BPT Diagram; Supermassive Black Holes






Abstrakt

V eto paci se zamgujeme na ust supermasivnchcerrych cer z hlediska mor-
fologie galaxi. Zda mezi prtomnost AGN a spialnmi rameny v galaxich existuje
souvislost, mst\a otewvenou otizkou, negma pozorowan \sak takovou korelaci
naznacu,.

Pro tuto paci jsme pouwili data z projeki: DESI-LS mise a Galaxy Zoo. Pro
zjsen souvislosti jsme pouwili BPT diagram k rozlsen mezi AGN, hvezdotvorrymi,
kompozitnmi a LINER galaxiemi. Dale jsme na zaklace barevreho a hmotnostreho
rozlen zskali vzorek jak spialnch i ne-spialnch galaxi s AGN a hwezdotvornych
galaxi, prcenz \&era data slowila k ucen podlu jenotliwch kategori. Na
zaklade nas pace jsme zjistili, ze podl spialowch galaxi s AGN je 0.298 *%:9%%,
zatmco v nespialowch je 0.276"%3%¢, ca s\ed o korelaci mezi ptomnost AGN
a ptomnost spialnch ramen.

Abstract

In this thesis, we focus on the growth of supermassive black holes from the per-
spective of galaxy morphology. Today it is still an unanswered question, if there
exists a correlation between the presence of AGN and the presence of spiral arms,
but indirect observations are showing that there is a chance that there is the case.

For this work our data were obtained by the collaborating projects: DESI-LS mis-
sion and Galaxy Zoo. For this purpose we distinguish between the AGN, starforming,
composites and LINER galaxies. Further from a colour and mass distribution we ob-
tain a sample of both spiral and non-spiral AGN and starforming galaxies, while the
weighted data were used for calculating the fractions of those categories. As a result
of our work we nd that the fraction of AGN in spirals is 0.298%:2% and in non-
spirals is 0.276%,0%. This indicates that there is a correlation between the presence
of AGN and the presence of spiral arms.
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A.1 The process of weighting data



Introduction

It was previously accepted that mergers between two or more galaxies were the pri-
mary cause of supermassive black hole growth, via triggering and fuelling active
galactic nuclei (AGN) (Toomre and Toomre, ). But in the present day there is
more and more evidence that SMBHs also co-evolve with their host through non-
merger (secular) mechanisms. Recent simulation studies, such as by Smethurst et
al., have shown that the most SMBH growth occurs through secular mecha-
nisms, which can include gas in ow resulting in dissipation in the interstellar gas,
angular-momentum transport by spiral arms, slow changes due to internal dynam-
ical processes. Notably, the SMBH gains most of its mass during an active period
of rapid accretion, when we observe an AGN. Surprisingly it was also discovered
that secular processes are even more e ective for triggering and fuelling AGN, hence
boosting the growth of the SMBH. In this work we will study this co-evolution of
SMBH with its host galaxy through the morphology of the host galaxy.

The method which we used to study this connection was through the morphol-
ogy of the host galaxies. Even though dividing galaxies into di erent morphology
categories can be challenging, especially after the advent of large scale surveys with
millions of galaxies, there are unexpected solutions for this problem. In 2008 a project
called Galaxy Zoo was introduced, providing visual morphological classi cation for
nearly one million galaxies from the Sloan Digital Sky Survey (Lintott et al., ),
with the help of volunteers from general public. Since then this project has been
improved and expanded to include more facilities, such as DESI mission (Walmsley
et al., ) or even JWST (Smethurst et al., ; Masters et al., ).

This work is divided as follows. In Section 1 we dive into the history of un-
derstanding of galaxies, explaining what they are, and describe them according to
their morphology. Further we describe the two main types of galaxies according to
Hubble's tuning-fork diagram, and explain their possible evolution in the past. Be-
cause SMBHs are closely connected to AGN, we start Section 2 by describing black
holes and trying to understand the in uence of SMBH on galaxy evolution. After
that we talk about the AGN and the di erent types of AGN according to their ori-
entation with the respect to the observer. We end this chapter with the possible
observational methods of studying AGN (speci cally Type 2 AGN), including BPT
diagrams which we use for this work. Section 3 is about the surveys from which our
data are taken. Here we describe the principle of the DESI-LS project, mentioning
certain technical parameters and further describing the Galaxy Zoo project, with its
decision tree used in Galaxy Zoo. In Section 4 we introduce our way of collating
data. We use a BPT diagram to identify AGN and describe all the processes leading
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2 Uvod

to our results. Section 5 are about the results of this work and we discuss about the
possible causes of our results. Section 6 is the conclusion of our work.

This topic about co-evolution of SMBHs with its host galaxy is relatively fresh,
but still lacks understanding. Although the outlook of this research seems optimistic,
a lot of questions arise, such as how secular mechanisms work and what are the real
triggers for SMBH growth (Elmegreen et al., ). Future contributions through
the Galaxy Zoo project could be very valuable for a further investigation for this
problem, bringing more insight and understanding to this topic.



Chapter 1

Galaxies

1.1 History of galaxy studies

Figure 1.1: The Origin of Miky Way, painting by Jacopo Tin-
toreto, source: https://en.wikipedia.org/wiki/Milk _of _Hera#/media/File:
JacopaTintoretto _-_The_Origin_of_the_Milky "Way_-_GoogleArt _Project.jpg

Our understanding of galaxies as we know them today began not long ago, but
even ancient civilizations were aware of a broad band of pale light across the night
sky. The most popular interpretation is from ancient Greece, where they believed
that the broad band of pale light was spilled milk from Hera, who was supposed to
breastfeed the young Herkules while she was asleep. But before it happened, Hera
woke up and pulled the baby away, and the milk spilled across the sky. That is
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4 Chapter 1. Galaxies

why ancient Greek astronomers called the “spilled milk', Via Galactea, translated
as Milky Way. Figure 1.1 shows the painting by Jacopo Tintoreto representing his
vision about this story from Greek mythology. But then the attention of astronomers
was diverted, and studies of our home galaxy were not seen as interesting. In 1609,
Galileo Galilei turned his refracting telescope towards the Milky Way, and discovered
that it contained thousands of stars so densely packed that from Earth it looked like
a cloud, reigniting interest (Galilei, ).

The real dawn of extragalactic astronomy began in 1750, when Thomas Wright
speculated that not all of the known nebulae (at the time, indistinguishable from
galaxies) were a part of our Milky Way, but outside of it (Wright, ). A few years
later, the philosopher Immanuel Kant gave the term “island universes' (Wleteninseln)
to the then known nebulae. The extragalactic hypothesis was quickly spread across
the scienti c community, but it was not generally accepted. This is because some
of the nebulae were of galactic origin and, at the time, nebulae and galaxies were
considered the same type of objects. To prove the extragalactic hypothesis, more
observations were needed. A great step in this direction was taken by William
and Caroline Hershel, who made a catalogue of 5000 nebulae in the 18th and 19th
century (Herschel, ). Further support was given by Lord Rose with his 72-inch
telescope in Ireland. Great progress was made by Herber Curtis in the 1920s, who
summarised a number of arguments demonstrating that the Andromeda "nebula’,
M31, is a galaxy like the Milky Way (Curtis, ). He noticed a Doppler shift due
to its rotation and absorption by dust, something that was observed in Milky Way
too. The measurement of its distance bypik in 1922 con rmed the nebula to be

an extragalactic object with its distance d=450kpc Opik, ). Edwin Hubble
and Henrietta S. Leavitt in the end were able to observe Cepheids in M31 and M33
galaxies and based on their observations (Hubble, ; Leavitt, ), established

a system for classifying galaxies, laying a foundation for cosmology. M31, or the
Andromeda galaxy, is shown in Figure 1.2.

Figure 1.2: Andromeda Galaxy, M31, photographed by Robert Barsa with SW New-
ton 203/1000 + comacorector MPCC (f/5) and Canon EOS 350D modi ed, source:
http://www.astrofotogra a.sk/galeria/galaxie/42-galaxia-v-andromede3

Today, we know that a galaxy is a vast system consisting of other smaller space
objects such as stars, gas, dust, dark matter and a supermassive black hole. Galaxies
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belong to a rich structure known as the cosmic web, creating the largest known struc-
tures in the universe. This includes binary galaxies, small groups of galaxies in close
proximity, voids in which the number density of galaxies is greatly depleted or giant
clusters containing thousands of galaxies. Detailed studies of individual galaxies and
of associations of galaxies led to a surprising result, these objects contain more mass
than is visible in the form of stars and gas. That means that the largest fraction of
their mass is invisible, which is known as "dark matter'. Not much is known about
dark matter today, but it has a signi cant in uence on our understanding of galax-
ies and the universe. Hence, galaxies are also signi cant tools for the development
of a standard model of cosmology. Our main purpose now is to describe galaxies
according to their morphology and the physical properties related to this.

1.2 Morphology

Galaxies are very diverse objects in our Universe and show a wide range of morpholo-
gies. Edwin Hubble, with his observations in Mount Wilson observatory, classi ed
galaxies according to their broad shape, as well as whether or not they demonstrate
spiral structure or a bar. The system he created is today known as Hubble's tuning-
fork diagram, shown in Figure 1.3 and was released in his bodke Realm of the
NebulagHubble, ).

Figure 1.3: Hubble's tuning fork, where example images are taken from Hubble Space
Telescope, ellipticals on left and spirals on right. Irregulars do not t on this scheme
and are not shown here, source: https://esahubble.org/images/heic99020/

According to Hubble's tuning fork we can divide galaxies into elliptical and spiral
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galaxies, which will be further discussed in Section 1.2.1 and Section 1.2.2. Note
that galaxies can also be classi ed as irregular galaxies, although we do not deal
with those in this work. These classes not only di er in their morphology, but also
in their physical properties, e.g. colour (indicating di erences in stellar population),
internal reddening (depending on their dust content), amount of interstellar gas,
star-formation rate.

It can be surprising that categorising galaxies solely by their morphologies pro-
duces classi cations that correlate with their other physical parameters. Crucially
the morphology of a galaxy is dictated by a combination of factors, mostly related
to its most related to its age, environment and formation history.

1.2.1 Elliptical galaxies and bulges

Figure 1.4: Examples of elliptical galaxies, source: DESI

Elliptical galaxies are smooth, featureless, dispersion dominated stellar systems.
Figure 1.4 shows a few examples of elliptical galaxies from the DESI-LS Survey, about
which we are talking in Section 3.1. According to Hubble's tuning-fork diagram they
are denoted by a letter "E' followed by a numben which describes their ellipticity
(ratio of minor axis bto major axis a), where ellipticity is:

b
n=10 1 _ : (1.1)

Elliptical galaxies vary from EO, which is labelled for completely round ones, to E6,
labelled for highly elongated (or “cigar' like) shape. They contain little or no cool
interstellar gas or dust to produce new star populations and little or no stellar disk.
Some of the stars in elliptical galaxies can be as old as the Universe.

Mergers are important for the formation of elliptical galaxies and the growth of
bulges in spirals. Ellipticals are thought to have a similar history to bulges (often
found in spiral galaxies). In the theory of hierarchical galaxy formation (e.g, Toomre
and Toomre, ), large systems are built up from mergers of smaller galaxies.
This theory was later proved observationally by Schweizer et al. (1990) (Carter,

) , where they discuss that mergers may have been important in the formation
of elliptical galaxies. However they also note that the merging must have taken place
before the majority of the gas in the smaller units was covered into stars. White
and Frenk, describe galaxy formation as following: "Gas cools, condenses, and
forms stars within a hierarchically clustering distribution of dark matter." They also
suggest that stars in ellipticals and bulges formed at high redshift. One consequence
of CDM cosmology is that structure forms hierarchically (e.g., Toomre and Toomre,
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). Other studies also show (Bournaud et al., ; Bournaud et al., ) that
multiple sequential mergers with mass ratios ranging from 4:1-50:1 can lead to the
build-up of elliptical galaxies. However what is important to add is that minor
mergers, along with stellar accretion, dominate a galaxy's mass growth, rather than
a major merger event atz < 1 and that they occur more frequently (Hilz et al.,

).

There are two known types of mergers. The rst type are the major mergers,
which are violent events strongly impacting a galaxy's morphology. Major mergers
can change spiral galaxies into ellipticals, especially when two relatively gas-poor
galaxies are involved. According to Larson, the reason why ellipticals formed
in such events is the transfer of angular momentum during the collapse and leads to
models which closely resemble elliptical galaxies.

The second type of mergers are the minor ones, which are more frequent and
support bulge formation. Most spiral galaxies contain a bulge, which is a centrally
concentrated stellar system with a smooth appearance. Even though shapes of the
bulges are similar to the elliptical galaxies, their shape is not always close to the
perfect spheroid. Bulges and elliptical galaxies are sometimes called spheroidal stellar
systems or spheroids. The observations also show that small bulges in spiral galaxies
are common in the nearby universe. But it challenges the concept of the co-evolution
of bulges and central supermassive black holes at early phases of galaxy evolution
(Costantin et al., ). But still the origin of bulges is still poorly understood.
Whilst a bulge or elliptical will always form as a result of a merger, some studies
show that they can also form from the disk through dynamical processes, such as
mergers, gas accretion from cosmic laments and internal processes driven by disk
instabilities (Martig et al., ).

1.2.2 Disks and spiral arms

Spiral galaxies, such as M31 and our Milky Way, are rotation dominated objects.
They are characterised by a disk shape, which contains spiral arms laments in
which stars are continuously being formed. Spiral arms vary in their shape, length
and prominence, but are present in all spiral galaxies. Figure 1.5 shows the anatomy
of a spiral galaxy similar to our Milky Way.

In Hubble's classi cation, spiral galaxies are denoted by a letter 'S'. We divide
these galaxies into "'normal' spiral galaxies and into "barred' ones, where the bar
is an elongated stellar system rotating at the centre of the galactic disk. There
are also di erences between the ‘normal' and "barred' galaxies. In general "barred’
ones are more massive, appear more red, and are most likely to host AGN. In the
Hubble's classi cation, barred galaxies are indicated by inserting the letter 'B' into
the notation. Figure 1.6 and Figure 1.7 show some examples for ‘normal’ spiral and
"barred' galaxies imaged by DESI-LS.

In Section 1.2.1 we discussed, how bulges (and elliptical galaxies) form. Spi-
ral galaxies, however, evolve predominantly through secular (merger-free) processes.
Examples of such secular evolution in galaxies are through gas in ow resulting to
dissipation in the interstellar gas, angular-momentum transport by spiral arms and
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