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Abstract

This thesis is a study of dwarf galaxies with active galactic nucleis (AGN) characteristics,

their environments, and identification of them in both observations and simulations. More spe-

cifically, it attempts to answer the questions of what environmental conditions are favourable

for AGN activity, if environmental has any influence at all, and to what degree current AGN

identification tools are suitable for dwarf galaxies. Using the observational catalogue NASA-

Sloan Atlas and the Baldwin-Philips-Terlevich (BPT) andWHAN diagrams as diagnostics, no

connection between AGN activity and environment is found based on 62 258 dwarf galaxies,

although a weak connection cannot be refuted in a redshift-limited sample of BPT galaxies,

while the IllustrisTNG simulation shows an increase in AGN occupation fraction of its 6 771

dwarf galaxies if they have recent mergers. Additionally, dense environments are found to

be detrimental for AGN activity, but this finding may be due to numerical reasons. Machine

learning does not rank environmental features highly for identifying AGN, but predicted AGN

galaxies reside closer to a massive galaxy and denser neighbourhoods. Preliminary results

indicate that the best model relies internal features. Other studies find multi-wavelength data

provide the best venue to obtain a complete set of AGN in dwarf galaxies, and simulations

are now utilising higher resolution and improved black hole (BH) modelling, enabling ac-

curate evolutionary paths of dwarf galaxies. The seemingly contradictionary results between

different approaches can in part be explained selection bias (e.g BPT favours unobscured

AGN), numerical effects (e.g overmassive BH seeding), and statistical framework used to

quantify differences. Future work involves constructing a more complete and accurate sample

of dwarf AGN, achieved through using multi-wavelength data, higher sensitivity observations

like integrated field unit spectroscopy, and simulations with improved dwarf galaxy and BH

modelling, tying together the many strings by a fine tuned machine learning approach.
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1. Introduction

There are two outstanding questions regarding dwarf galaxies with active galactic nuclei

(AGN): (1) What conditions are favourable for triggering AGN activity in dwarf galaxies (and

are they the same as for massive galaxies), and (2) are the current diagnostic tools suitable for

selecting AGN in dwarf galaxies? In order to include the relevant background for this subject,

a wide range of data and physical processes are covered in this introduction. We divide the

introduction accordingly. The �rst chapter gives a historical perspective on our understanding

of the Universe and the observation of galaxies and concludes with our current understanding

and cosmological model.

This is then followed with a section on observations of galaxies and how observations are

undertaken. In order to study galaxies, we must �rst collect light and derive information from

them, but this can be done in many ways. Each method has its advantages and limitations, and

these are important to keep in mind when properties are derived from the observed galaxies.

Simulations are a great way to test our theoretical models and provide a wealth of in-

formation that observations can not granted by the fact that it is possible to store whatever

information you are interested in. However, there are limitations and approximations that are

similarly important to understand in order to be able to draw trustworthy conclusions.

Following the explanation of simulation basics, a section is devoted to discussing the

theoretical models of galaxy evolution that simulations are based on. There are models

of both theoretical nature and of empirical nature, and combined they form our current

understanding of galaxies, how they evolve, and their relevance.

The next section deals with an important element of galaxy evolution: active galactic

nuclei (AGN). AGN is a central subject in this thesis, and after a brief historical rundown

of their discovery and how we arrived at our present day understanding, their anatomy is

explored. Today we have a wealth of methods to identify them and several of these methods

are explained. Another important question in this thesis is what can actually cause AGN
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activity in a galaxy, and a number of processes and current research on this is explained.

Lastly in the introduction is a section on dwarf galaxies. This population of galaxies has

been skimmed over observations and simulations due to their elusive and di�cult nature to

properly address, but their importance in galaxy evolution, the unique view they o�er to the

early Universe, and improved observations and simulations mean that they are now a popular

research subject. In conclusion, the dwarf-AGN connection is discussed and the research

questions that this thesis attempts to answer is given.

1.1 Cosmology

Cosmology constitutes the setting in which galaxies are discussed as entities and phenomena,

so understanding the history and current understanding of cosmology is essential to understand

how we view galaxies today. This section includes a brief history section on how we came

to the understanding that galaxies are extra-galactic objects, how we discovered what the

Universe constitutes of today, and what our currently

1.1.1 The beginning of extragalactic astronomy

Around 100 years ago, the nature ofspiral nebulaewas unclear. Were these clouds on the

night sky nearby gaseous nebulae or distant unresolved collections of stars (Fath, 1909)? He

found that these nebulae had continuums and stellar absorption lines suggesting a collection

of stars, although some nebulae had bright spectral lines associated with gaseous nebulae

such as the Orion Nebula.

Some years later, V. M. Slipher published radial velocity observations of M31 in 1913

showing� 300:<B� 1 � a rather large radial velocity for a star cluster in the Milky Way. He

followed up with observations of 15 spiral nebulae in 1915 which had radial velocities up to

1 100:<B� 1 leading him to believe that these nebulae were extragalactic. Contrary positions

were held by Adriaan van Maanen and Harlow Shapley, which is showcased by van Maanen

(1916) where he argued for observing internal motions in M101 and Shapley (1919) where

he comments on the existence of external galaxies, which he calls the average proper motion

velocities of nebulae measured by Wirtz (1916, 1917) and Curtis (1915) for'appaling'.
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Figure 1.1: The Andromeda Nebula, By Isaac Roberts (d. 1904) - A Selection of Photographs of

Stars, Star-clusters and Nebulae, Volume II, The Universal Press, London, 1899., Public Domain, ht-

tps://commons.wikimedia.org/w/index.php?curid=51791
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1.1.2 The Great Debate

In 1920, Harlow Shapley and Heber Curtis met at the Smithsonian Museum of Natural history

to argue amongst other things whether the Andromeda Nebula isinsidethe Milky Way or

outside, respectively.1

Arguments in favour of Shapleys view that the Milky Way was the entire Universe were

the fact that the distance required to the Andromeda nebula were it a galaxy would be in the

order of 500,000 light years and 50,000 light years in diameter � thus similar to the MW, as

well as the absolute magnitudes of novae. Such distances, sizes, and absolute luminosities

were extraordinary claims and contrary to the current understanding of the universe and as

such unlikely to be so. Furthermore, this would imply that other spiral nebulae were even

further away but of comparable size, which results in even more extreme numbers. Combined

with the fact that Adriaan van Maanen recently had, supposedly, recorded rotation in some

spiral nebulae, which would indicate extreme rotational velocities, rendering the idea ofisland

universesunlikely.

Curtis, while agreeing with Shapley that globular clusters are embedded in our own galaxy,

believed spiral nebulae were a class apart (despite having globular cluster-like spectra) and

distances of 500,000 to even 10,000,000 light years were correct. He supported these claims

by the distribution of spiral nebulae towards the galactic poles and not in the same area as stars

were most numerous (suggesting that spirals do not �t into any coherent scheme of stellar

evolution), that most spirals seem to move away from us and at space velocities of 1,200 km/s

� a hundred times the velocities of di�use nebulosities, thirty times that of stars, and even �ve

times more than their spectral intragalactic counterpart, clusters.

Another disagreement between them was of the use and value of Cepheid variable stars

for distance measurement. Shapley was fond of them while Curtis did not regard them highly,

but ironically, the role of Cepheid in answering the spiral nebula question fell out against

Shapley and in favour of Curtis.

1https://apod.nasa.gov/debate/1920/cs_nrc.html
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1.1.3 Leavitt, Hubble, and Lemaitre

A Cepheid variable star is a star that varies in luminosity over days to months. The period of the

variability is closely linked to its luminosity � a relation that was discovered by Henrietta Swan

Leavitt. This relation was used by Edward Hubble in 1923 on Cepheids in the Andromeda

Nebula, and from the distance ladder he inferred that the nebula was actually far outside of

the Milky Way at a distance of 285,000 parsecs (929,000 lyr). The universe suddenly became

a lot larger.

Arguably, the great distances could also have been inferred from the 'large' redshifts

measured by Slipher in 1917. The average line-of-sight velocity of nearby spiral nebulae was

570 km/s � 30 times larger than the average velocity of stars. However, large radial velocities

alone were not compelling enough arguments, but the fact that galaxies appeared to be moving

away from us was explored further by Hubble. He found a simple correlation between the

distance from the Milky Way to a galaxy and the velocity at which they are receding from us

in the form ofE= � 0 � � , whereEis the recession velocity,� is the proper distance to the

galaxy, and� 0 is the Hubble constant, which Hubble calculated to be around 500 km/s/Mpc

while modern values of this constant is between 68-71 km/s/Mpc (Planck Collaboration et al.,

2020).

This observation that the further away a galaxy is called the the Hubble�Lemaître law.

Lemaître had published similar results two years earlier, but it did not receive much attention.

He took this observation a step further and suggested that the universe is expanding � a view

that is central in the current cosmology paradigm. This suggestion was not without problems,

though. If the universe is expanding today, it must have been smaller in the past and in fact

have originated from a single point.

Having the Universe starting expanding from a single point gives a mental image of a

large explosion, and this was commented on by Fred Hoyle in 1949 where he explained that

in this hypothesis[...] all the matter in the universe was created in onebig bang[...] , and

this term caught on in the 1970's when the expanding universe hypothesis was becoming

widely accepted due to emerging evidence in support of it. One vital discovery was that of

the Cosmic Microwave Background Radiation (CMB).
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Figure 1.2: Power spectrum of the CMB.
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1.1.4 Cosmic microwave background

In short, the CMB is the �rst light that decoupled from baryons in the early and expanding

universe (aroundI � 1200, ). The decoupling happened due to the universe cooling allowing

hydrogen (and helium) and electrons to recombine letting light escape and travel towards us.

While the matter of the universe continued to evolve and collapse further, the conditions that

the light escaped from were imprinted on it. As such, the CMB provides valuable insights

into the initial conditions and cosmological parameters of the Universe such as matter and

radiation densities, as well as topology and density pertubation scales.

The peaks in the power spectrum (1.2) corresponds to di�erent physical processes a�ecting

the Universe. Small monopoles (10 � ; � 100) corresponds to large spatial scales and by the

time of recombination, these anisotropies had not had time to develop much. As such, this

part re�ects the initial conditions and the temperature variations of this part are closely linked

to the initial density pertubations.

At larger monopoles (100 � ; � 1000), there are several acoustic peaks that are caused

by gravity-driven acoustic oscillations happening before recombination. Larger structures

oscillate more slow and vice versa, and by the time the photons decoupled to the baryons,

the phase of these oscillations were frozen in. The oscillations must be primarily driven by a

matter component, but it is inconsistant with a baryionic matter only component and requires

an even larger additional matter component that only interacts gravitationally. This type of

matter is called dark matter (DM) .

From a galaxy evolution perspective, the initial dark matter distribution is important for

a number of reasons. Overdense regions are the seeds of future galaxy clusters and groups,

and environment density has impact on parameters such as star formation history and galaxy

interactions. While baryonic matter is also important, its lower abundance makes it of less

importance for large scale gravitational structures.

1.1.5 Dark matter

Figuring out the constituents of these galaxies and their properties (such as kinematics,

dynamics, and environment) became a big point of interest. Galaxies in clusters of galaxies
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seemed to have orbital velocities far greater than what could be inferred from the visible

matter (from a mass-to-light ratio argument, proposed by George Abell and Fritz Zwicky) and

orbital velocities of stars in galaxies themselves also did not seem to agree with the apparent

mass distribution. Zwicky mentioned that some invisible/dark matter must be present in order

to account for this discrepancy in 1933.

Nowadays, the existence ofdark matterhas been con�rmed by several other observations

and it is required to explain a number of phenomena regarding galaxies such as their rotation

curves and cluster/group dynamics. Furthermore, dark matter constitutes around 84 per cent

of the matter budget of the Universe (Planck Collaboration et al., 2020) and are thus more

responsible for structure formation and evolution than baryonic matter. It is not surprising

that the earliest cosmological simulations only focused on modelling dark matter to replicate

the large scale structure of the Universe.

As mentioned previously, another type of observation that further supports the existence

of dark matter is the temperature anisotropies of the CMB, which was discovered in 1965 by

Arno Penzias and Robert Wilson. Small �uctuations in temperature of the CMB are evident of

gravitational instabilities, and the strength of the �uctuations are inconsistent with a baryonic

matter only component but with dark matter being able to close the matter gap.

1.1.6 Large scale structure

While the CMB is the frozen out light from when the Universe became transparent and has

not changed since then (except cooled due to expansion), the matter component continued

evolving. Gravity works to collapse matter, but in a completely homogeneous Universe,

all forces cancel out. However, the minute density pertubations (both initially and from the

acoustic oscillations described in previous sections) initiated the collapse to form the structures

we see today. Since dark matter constitutes roughly 84 per cent of the matter budget of the

universe, the collapse and structure formation is primarily driven by dark matter.

Smaller structures formed �rst and evolved into more massive structures with time. After

the decoupling of photons and baryonic matter, baryonic matter was now also free to collapse

further since the radiation pressure from the photons was gone. Baryonic matter were attracted
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to the dark matter structure that had been assembling somewhat unimpeded until now, and

this clustering is what became the �rst stars and galaxies. It clustered onto a network of

sheets, �laments, and knots, which forms the basis of the web-like structure we see today.

The knots/intersections are the densest parts and it is here that groups and clusters of galaxies

reside today. There are also largely empty areas called voids where little to no galaxies reside.

Together, the web like structure with knots and �laments and sheets between them is

referred to as the large scale structure of the universe, and while it tells us a lot about the

initial conditions and the beginning of the Universe, it also sets the determines the future of

galaxies. Galaxies evolve over time through various processes, and several of the processes

depend on the environments of the galaxies.

Further collapse of the large scale structure will not happen due to the expansion of the

Universe which serves as a counteracting mechanism. Furthermore, the expansion is not only

constant, it is accelerating (Riess et al., 1998). The component responsible for the accelerating

expansion is described by a constant,� , in the �eld equations that describe the expansion of

space. This term is an energy term in those equations and is called dark energy since we have

no clue what it actually is2.

1.1.7 Our current cosmological model

From the discovery of the expanding Universe in the beginning of the nineteen hundreds

to the �ne tuning of the cosmological parameters of today and discovery of invisible forces

and components, the Big Bang model has been through many iterations but stood its ground

somewhat solidly for almost a century, especially due to its compatibility with general relativ-

ity. The current broadly accepted cosmological model is called theLambda-cold dark matter

model (or� -CDM).

Lambda refers to the dark energy component which is dominating the energy budget of

the Universe today while the cold dark matter refers to the dark matter component where the

'cold' relates to the velocity of dark matter particles and the cold model (i.e slow moving)

is the preferred one due to being able to build structures from a bottom-up approach. The

2last sentence obviously needs rewriting
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di�erent components contribution to the energy budget is written as the density parameter
 ,

where


 =
Õ

2><?>=4=CB


 2><?>=4=C= 1 (1.1)

Planck Collaboration et al. (2020) give
 values for dark energy, dark matter, and baryonic

matter as
 � = 0•6894, 
 � " = 0•2601, and
 1 = 0•0489. For the Hubble constant,� 0,

they give a value of67•70:<B� 1" ?2 � 1. These values are derived from observations of the

microwave and sub-mm sky and thus based of the CMB, but these values also give predictions

for the clustering of galaxies and clusters. However, observations of galaxies is not just a

simple matter of using a measuring tape and a scale and the intricacies of galaxy observation

will be discussed in the next chapter.

1.2 Observations of galaxies

This section will discuss the basics of observations � how to collect light and converting it to

a quanti�able signal, and then moves on to highlight the strengths and weaknesses of di�erent

methods of observing. While observation methods can be divided into two (photometry

and spectroscopy), telescope and instrument design allow for both highly specialised but

also �exible types of observations. This section focuses on optical observations, but many

discussion points are also valid for infrared and ultraviolet observations. X-ray and radio

observations are very di�erent and will only be discussed brie�y.

1.2.1 Basics of observations

The basis of modern astronomy is a telescope, the purpose of which is to collect light and

either amplifying or magnifying (or both) it. Pointing the telescope towards objects that are

otherwise too faint or too small become bright enough or large enough to be seen and studied.

Collecting the light is not enough, it also needs to be recorded.

The earliest astronomical observations were hand-drawn, but this practice was slowly

replaced with the advent of photographic plates in the 1800s onto which the light could be

recorded. In the 1980's, charged-coupled devices (CCD) had become the staple (Janesick

(2001)), and the development since then has led to CCDs with millions of pixels, high

10



Dwarf AGN in observations and simulations Mikkel Theiss Kristensen

e�ciency, and little noise.

The design of the telescope depends on what wavelength you are doing your observations

in. For optical observations, a main mirror collects the light, and the diameter of the mirror

(called the aperture) is the limiting factor in how much light it is possible to collect. Another

way to manipulate the telescope to suit your need (other than changing the aperture size) is to

change the focal length. Using the same aperture and sensor size, increasing the focal length

gives a smaller �eld of view, which is useful to study single objects, while decreasing the

focal length gives a larger �eld of view, which is useful for multiple source observations.

The incoming light is then further fed to an instrument which determines what will happen

with the light. While instruments are usually designed to answer a speci�c science question,

the types of di�erent instruments can be broken down to two types: spectrographs and

imagers. Spectrographs di�ract the incoming light onto the CCD and provides a spectrum

of the observed object while imaging provides a energy/photon count of the whole observed

�eld, usually in a speci�c colour/�lter.

The resolution of an observation means something di�erent in imaging and spectroscopy,

but it also somewhat similar. In imaging, the resolution is usually taken to mean the angular

resolution � how many arcseconds does a single pixel cover? In spectroscopy, the resolution is

given as how many nm or Ångstrom,� _, a pixel covers. However,� _ is di�erent at di�erent

wavelengths, so resolution is often given as the dimensionless resolving power' =
_

� _
.

Typically, ' � 1 000 is referred to as low resolution,1 000 � ' � 10 000is considered

intermediate resolution while above10 000is high resolution.

1.2.2 Photometry and spectroscopy

Photometry is the method of measuring the amount of light of an area of the sky and where

� imaging basically � and the light is usually �ltered through bandpasses that only allow

a certain range of wavelengths through. While the light is integrated over the interval and

thus losing �ne details, this type of observation can cover a large area and many sources at

once. Additionally, several �lters are usually employed simultaneously and the combination

of each of these data points can give a general idea of the shape of the spectra, but spectral
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line information is lost.

Spectroscopy is the measure of energy �ux per unit wavelength, and it is done by sending

the light through a prism-like object that di�racts it. The di�racted light is then projected

onto the CCD with each column corresponding to a di�erent wavelength. Before reaching

the prism, the light passes through a spatial limiter (such as a slit) which ensures that only

light from the object of interest is collected. Spectroscopy reveals spectral lines since the

resolution is high enough to reveal such features. Having spectral lines is useful for galaxies

since it provides accurate redshifts and dynamics.

Although spectroscopy is usually limited to observing single objects at a time, a technique

exists that covers multiple objects at once - multi�bre spectroscopy. For technique, a bunch

of �ber optic cables are connected to holes in a plate, and each �ber/hole observes a di�erent

point in the sky and the light from each cable is sent through a prism and projected onto a

row on the CCD. Each row on the CCD thus constitutes a single object. This enables building

large catalogues of sources with spectroscopy available, but the light from each source is

integrated over the whole �ber coverage and thus losing spatial details.

However, spatial details can be recovered by using integrated �eld units (IFU). The basic

idea behind this is that each �ber is divided into further �bers, and each smaller �ber projects

onto their own row in the CCD. This method provides even more detail about the dynamics

and di�erent parts of a galaxy (e.g di�erence in metallicity or SFR between the core and outer

parts), but it does require a longer exposure time and more CCD rows so less galaxies are

observable at the same time.

1.2.3 Large scale surveys

One kind of astronomical observations is large scale surveys. The objective of these surveys

is to cover a large area of the sky and characterise many objects simultaneously in that �eld.

This is in contrast to dedicated observations of single objects. Building large catalogues

provides a good statistical basis and details about the distribution of galaxies, which can help

constrain cosmological parameters such as initial density �uctuations and energy distribution.

Similarly, these surveys provide information about how common and important di�erent

12



Dwarf AGN in observations and simulations Mikkel Theiss Kristensen

Figure 1.3: Large scale structure as seen from SDSS

13



Dwarf AGN in observations and simulations Mikkel Theiss Kristensen

processes are. E.g, having one galaxy with AGN activity and an old stellar population may

be indicative that red and dead galaxies are favourable for AGN activity, but if it is the only

one in a sample of a hundred galaxies, the correlation is easier to pin on happenstance.

Examples of recent large scale surveys are the SDSS (York et al., 2000) and UltraVISTA

(McCracken et al., 2012). The SDSS is now in its fourth phase (SDSS-IV Blanton et al.,

2017) and previous iterations have collected both optical images and optical and near-IR

spectroscopy of the northern high Galactic latitude sky. UltraVISTA is a photometric survey

focusing on ultra deep observations in optical to infrared bands.

SDSS consists of multiple types of surveys. One survey is the Mapping Nearby Galaxies

at APO (MaNGA) is an IFU survey taking spatial spectral measurement of around 10,000

nearby galaxies.

When observing galaxies, the only property that is directly measured is the light output.

Other properties such as stellar content, star formation rate, and gas content are derived from

interpretations of the measurements. One method of inferrring galaxy properties is �tting its

spectral energy distribution with combinations of stellar distributions.

1.2.4 Deriving galaxy properties

While spectroscopy can provide �ne details about a galaxy, it is generally more time intensive

than photometry/imaging. A less demanding way of obtaining galaxy properties is spectral

energy distributions. This method exploits the fact that the slope between di�erent points in a

galaxy spectra varies depending on parameters such as stellar composition, age, gas fraction,

and redshift. Spectroscopy, however, can give details about the kinematics of the components

of the galaxy and information about the central black hole by measuring emission lines and

their widths.

To derive properties from photometry, the points in the spectra are measured in di�erent

�lters and data from multiple telescopes can even be combined. For example, visible light

telescopes can measure the red and blue light and from the slope between these points, the

ratio of young to old stars can be inferred. However, the dust content of the galaxy can not as

easily be inferred from visible observations in which case infrared telescopes like WISE can
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be utilised.

Then, a �tting algorithm combines di�erent galaxy templates that have di�erent stellar

populations with di�ering metallicities and ages. The galaxy templates are made from models

that synthesise a range of di�erent stellar populations. The core of these stellar synthesis

models is the mass distribution of newly formed stars (also calledinitial mass function(IMF))

and how these populations evolve (stellar evolution models). The �tted SED can then give

information about stellar mass of the galaxy, its stellar population age, and even redshifts.

The derived properties are thus reliant on the theoretical assumptions behind the �tting

templates. For example, using an IMF that is bottom-heavy (i.e produces more low mass stars)

for a dusty galaxy may yield a higher stellar mass because the infrared radiation from the dust

may be confused to be stellar radiation instead. A top-heavy IMF could easily overshoot the

blue and UV radiation parts of the SED and thus require a lower stellar mass.

By measuring spectral lines with spectroscopy, several can be measured to a higher accur-

acy. For example, redshift can be accurately determined by comparing the peak wavelength

of known emission line to their laboratory measured peak. A measured peak value of HU

(_ = 6563) at e.g_ = 7000yields a redshift ofI =
_>1B� _4<8C

_4<8C
= 0•067. Such accuracy

in redshift is hard to obtain with photometry only although it is possible. Furthermore, the

abundance of di�erent elements can be inferred from the strength of the emission lines (e.g

Pilyugin et al., 2012), and ratios between di�erent emission lines can reveal details about their

excitation mechanism (e.g Baldwin et al., 1981). Absorption lines are suitable for measuring

column densities amongst other things and is thus a good tool for measuring abundances.

The theoretical assumptions behind the interpretation of galaxy observations and proper-

ties can be put to the test by doing a numerical time evolution of a galaxy with the theories

as the framework and see if they end up reproducing or matching observations. It works the

other way as well with simulations being able to predict if there are observables that may

have been missed. It is therefore important to know how galaxies are simulated, which will

be discussed in the next section.
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1.3 Simulations of galaxies

Simulations of galaxies involve a numerical time evolution of a galaxys's constituents. For

example, one if the earliest simulations was by (Holmberg, 1941) who investigated the tidal

disturbances of two stellar systems passing each other. Each system was composed of# = 37

light bulbs each of which represented a single mass element. The light emitted from the light

bulbs represented the gravitational force, so at each light bulb/mass element, the light intensity

was measured in all directions to estimate the overall 'gravitational' acceleration. The model

was then moved forward in time and each mass element moved to their new positions.

A decade later, theseN-body simulations were made on programmable computers which

increased the processing time signi�cantly. Even then, Lindblad (1960) mentioned that the

choice of# = 160is not limited by storage butkeeping the computing time within reasonable

bounds. He was similarly trying to replicate the structure of a galaxy, speci�cally a barred

spiral structure.

Nowadays with increased computing power, not only has the number of simulated bodies

increased but the size, scale, and detail have as well. Furthermore, modern simulations model

not only gravity but also dark matter, dark energy, ordinary matter, and central black holes

over several Gyrs. Still, the scope of present day cosmological simulations is limited in order

to keep computing time within reasonable bounds.

1.3.1 Simulation basics

Given the way the di�erent constituents (dark matter, baryonic matter, and dark energy etc)

interact with other parts, each part is usually modelled somewhat di�erently. Dark matter is

usually modelled through an# -body approach while baryonic matter are usually modelled

in a Lagrangian smoothed particle hydrodynamics (SPH) fashion or a Eulerian mesh-based

hydrodynamics with adaptive mesh re�nement (AMR) one.

Regardless of what is being modelled, a single mesh cell or particle represent a collection

of what they model. For example, masses of DM particles are in the order of� 103 � 109" � ,

and stellar particles (particles that represent one or more stellar populations) can be of similar

sizes.
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The physical size of the simulations are referred to as the side length or box length. This is

the size of a single side of the 3D space being simulated, so the total volume being simulated

is the box length cubed. Similarly, the particle count is often given as# 3. For example, the

IllustrisTNG100-1 has a box length of 75 Mpc/h with21803 (DM/gas) particles.

For this thesis, central black holes are also of interest. They can be included in simulations

in various of ways. Either, they exist at the beginning of a simulation or be spawned, orseeded,

when their host galaxy is su�ciently massive. The next question is then how they should

interact with their environment. In large scale simulations, the scale on which they operate

is too small to be resolved, so they are modelled in a semi-analytical way. For example, gas

accretion can be modelled by an Eddington-limited Bondi-Hoyle accretion3. The Eddington

accretion rate is the point where the gravitational force is equal to the radiative pressure caused

by accretion, and accretion rates higher than this is assumed to be unfeasible in simulations.

1.3.2 Cosmological simulations

Cosmological simulations involve simulation boxes that range from tens of Mpc to hundreds

of Mpc depending on what science questions they attempt to answer. One of the earliest ones,

the Millennium Simulation (Springel et al., 2005b) aimed to replicate the large scale structure

observed by surveys such as SDSS and thus had a large box side (500� � 1 Mpc) but large

particles sizes (8•6 � 108� � 1 M � ).

Attempting to replicate the large scale distribution of galaxies means that galaxies need

to be properly identi�ed in simulations. Several methods exist for this, and a common tool is

the Friends-of-Friends (FoF) algorithm. FoF identi�es groups of particles by using a linking

length to check if they are connected. Linked particles are then assigned to a unique halo.

A large linking length is useful for identifying clusters and groups while a smaller linking

length can be used to identify substructures/subhalos such as galaxies, although much more

complicated subhalo �nders exist (see https://arxiv.org/pdf/1203.3695.pdf for a comparison).

The identi�ed halos and subhalos can then be stored in a group catalogue, which is simulation

equivalent of an observational galaxy catalog like the NASA-Sloan Atlas.

3A standard accretion estimate that relies on the sound speed and pressure of surrounding gas as well as mass

of the black hole
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