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Introduction

Few things have fascinated humanity as much and as consistently as the night sky. As the
window to the outside of our own planet, many civilizations have put a lot of e ort into
observing and trying to understand those peculiar bright objects some of them moving,
some of them seemingly not. And yet, until not even a hundred years ago, the concept of
our Universe was still entirely limited to our own Galaxy, the Milky Way. In 1925, Hubble
(1925) put this idea into question when he showed that the distance to the Andromeda Galaxy
would actually place it beyond the reaches of the Milky Way. Since then, a huge number
of galaxies have been observed as the imaging has been able to go increasingly deep. The
Hubble Ultra-Deep Field (Beckwith et al., 2006) is the deepest optical and near-infrared
image of our Universe to date, based on which Conselice et al. (2016) estimated the total
observable number of galaxies to be ofer 10! at that depth. On the theoretical side,

the eld of cosmology has advanced our understanding of the evolution of our Universe and
the structure formation within. In 1916, Einstein (1916) revolutionized the understanding of
gravity, space, and time, and laid the groundwork for the cosmological model described by
the Friedmann-Lemaitre-Robertson-Walker metric, which was independently developed by
four scientists (Friedmann, 1922, 1924; Lemaitre, 1927; Robertson, 1935, 1936a,b; Walker,
1937). According to this description, the Universe can be open, at, or closed, and may
expand or contract. Based on this model and the observations made over the years, the
Universe is believed to have begun in a Big Bang and has expanded ever since. In this
time of expansion, structures began forming, nally giving rise to the Universe as we see and
know it today.

1.1 Structure Formation

Given such a large number of galaxies far out in our Universe, the intrinsic curiosity of
humanity wants to understand where they come from and how they were formed. Naturally,
we would expect that the properties of today's galaxies are a result of their formation history.
It turns out that to understand their origin, it is necessary to start at very early times of the
Universe.

1.1.1 Early Universe

In 1964, an accidental discovery by Penzias & Wilson using a Dicke radiometer revealed that
there is an isotropic microwave radiation across the entire sky, which they measured as an
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Figure 1.1: High-resolution image of g. 9 from Planck Collaboration (2016): Temperature uctua-
tions of the CMB by ESA and the Planck Collaboration.

excess temperature 865 K (Penzias & Wilson, 1965). Later missions, such as COBE (e.g.
Smootetal., 1992), WMAP (e.g. Komatsu et al., 2011), or Planck (e.g. Planck Collaboration,
2020), showed that thisosmic microwave backgroun€MB) radiation corresponds to a
black body temperature @&725K that has small temperature uctuations on the order of

10 ° on small scales (Figure 1.1). In the cosmological context, this is understood to be
the radiation emitted at the so-calletombinationwhere matter decoupled from radiation

at early times (aroun@870 000years after the Big Bang, which is estimated to have taken
place around. 3-8 Gyr ago), resulting in an optically transparent Universe. The anisotropy

of the CMB is an imprint of the baryonic density uctuations in the early Universe, which
originated from dark matter (DM), a type of matter that does not interact electromagnetically,
forming potential wells: baryonic matter streamed into these by gravitational force and was
compressed, leading to a rise of radiation pressure that induced oscillations of the baryons
within the DM potentials. The scales of these oscillations have been measured by the missions
that explored the CMB in temperature power spectra (Figure 1.2), where the peaks indicate
the oscillation scales. The power spectrum is used to constrain cosmological parameters that
determine the evolution of our Universe. This understanding of the early Universe is part of
the most widely accepted cosmological model: itli@DM model.

1.1.2 Galaxy Formation

In the LCDM model, small structures merge and form larger structures in a hierarchical
manner. In this way, DM structure continuously grows more massive and gains angular
momentum through tidal torques. Simultaneously, it accretes gas, which is capable of
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Figure 1.2: Fig. 11 from Planck Collaboration (2016): Temperature power spectrum (top) and
residuals of the best ttingg CDM model (bottom) of the CMB by ESA and the Planck Collaboration.
The red line indicates the best tting model and the error bargthencertainties of the measurements

at a given multipole.

bringing in angular momentum to the central regions. In contrast to DM, gas interacts
electromagnetically and can radiate away energy, thus cooling and redistributing its angular
momentum. This enables the gas to condense in dense structures at the center of the DM
structures. Here, in the DM structures, called Didlos the rst stars were born. The
formation details of thes@opulation 11l stars is still unclear and they have not yet been
observed. The feedback from these rst stars led to the enrichment of the gas with heavier
metals, from which the second generation of stars were formed, the so-eapethtion I

stars.

Star formation generally occurs in cold and dense gas. It has been found that the cosmic
star formation rate (SFR) peaked at a redshift ef 2 (around105 Gyr ago), after which it
decreased again (Figure 1.3, Madau & Dickinson, 2014), leading to an increase in the number
of quiescenalaxies, which are gas-poor galaxies with little to no ongoing star formation
(Brammer et al., 2011). Cosmological simulations revealed two phases of galaxy formation,
wherein-situ stars are rst formed within the galaxies themselves through infalling cold gas
and gas-rich mergers at& 2 and laterex-situstars are accreted mostly through gas-poor
mergers al . 3 (Oser et al.,, 2010). The switch from the rst to the second phase is a
result of two contending mechanisms that take place: streams of cold gas funnelling into the
galaxies feed the star formation (Dekel & Birnboim, 2006; Dekel et al., 2009), while feedback
mechanisms (e.g. stellar winds, supernovae, or AGN) in the growing galaxies increasingly
deplete the gas (e.g. Hopkins et al., 2012). The fraction of in-situ stars in galaxies has been
studied in simulations and observations and has been shown to be highest in small, low-mass
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Figure 1.3: Left panel of g. 9a from Madau & Dickinson (2014): Evolution of the cosmic star
formation rate density, from far-UV (blue, green, magenta, and black points) and infrared (orange
and red points) measurements. The black solid line is a t to the SFR density data points.

galaxies, and is generally strongly correlated with the merger history of the galaxies (Remus
& Forbes, 2021).

Observations have shown that the morphology of galaxies changes over time. Historically,
it was assumed that elliptically shaped, almost featureless galaxies were rst formed, such
that theseelliptical galaxiesare commonly calle@arly-type galaxie§ETGs). These were
rst believed to evolve intcspiral galaxiesthat have a rotating disk andoallgeat the center,
which are referred to date-type galaxie$L.TGs). However, the opposite appears to be true:
in galaxy merger simulations, it was discovered that the elliptical galaxies are more likely
formed through the mergers of disk galaxies (e.g. Gerhard, 1981; Burkert & Naab, 2003).
Disk galaxies, in turn, form through the infalling gas in a halo, which cools and redistributes
its angular momentum because of not being collisionless. As a result, it is able to settle in a
disk perpendicular to its angular momentum and form stars there.

It has been found that not only the morphology, but also the relation between the stellar
masses and sizes of galaxies, thass-size relatigrchanges with time: the e ective radius,
the radius within which half the light of a galaxy is emitted, is larger at later times at constant
mass or luminosity (e.g. Oesch et al., 2010; van der Wel et al., 2014; Shibuya et al., 2015;
Allen et al., 2017). Interestingly, the size of ETGs, which are generally formed at later times
than LTGs, increase much faster at a given mass than LTGs (Figure 1.4). For LTGs, the trend
of smaller sizes at earlier times even continues to larger redshifts (Figure 1.5, for the evolution
of the LTG size distribution). The overall evolution of the mass-size relation is believed to
be driven bydry minor mergers, i.e., gas-poor and thus collisionless minor mergers (e.g.
Naab et al., 2009; Hilz et al., 2013; Karademir et al., 2019). Finally, a type of rare objects
that occur at high redshifts, but not in the present day, are very bright and compact galaxies
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Figure 1.4: Fig. 5 from van der Wel et al. (2014): Evolution of the mass-size relation of LTGs (blue)
and ETGs (red) in redshift bins within the rangelof 0 3. The solid lines indicate ts to the LTG
and ETG data points and the dashed lines correspond to theé ¥at Y 0s5 for comparison in the
other redshift bins.

Figure 1.5: Fig. 6 from Shibuya et al. (2015): Distribution of the e ective radii in UV for star forming
galaxies (SFGs) at lower redshifis£ 1 2 andl =2 3) and Lyman break galaxies (LBGSs) at higher
redshifts {4, 5, and6), obtained from Hubble Space Telescope data. The solid curves show the
best- t log-normal functions to the respective redshift bins.

(Fernandez Lorenzo et al., 2011), which are also believed to have increased in size at almost
constant mass.
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Figure 1.6: Cosmic web map from the galaxies observed by the Sloan Digital Sky Survey (SDSS) up
to redshiftl  0¢15. Each dot is a galaxy and is colored by the local density, with red indicating the
denser environments. The wedges with observations in them are perpendicular to the Milky Way's
disk. Image credit M. Blanton and SDSSAww.sdss.org).

1.1.3 Cosmic Environment

Observations have shown that galaxies are not entirely uniformly distributed in space on small
scales, but are found in large lamentary structures that connect clusters of galaxies, i.e., the
especially dense node regions (Figure 1.6). In toismic webthe largest gravitationally
bound structures are very massive DM halos containing thousands of galaxiesgatdied
clusters The larger lamentary structures are typically subdivided in elongdtedents
and even larger attenedalls. Such a wall can be seen in the upper wedge of Figure 1.6
ataround 0-07, called the Sloan Great Wall (Gott et al., 2005). Finally, the low-density
regions between these structures are referred teoms Large DM-only and baryonic
cosmological simulations, such as the Millenium simulation (Springel et al., 2005b), the
EAGLE simulations (Schaye et al., 2015), the lllustris Project (Vogelsberger et al., 2014),
and the Magneticum Path nder simulatidhdiave shown how the cosmic web structures
form and evolve by matter collapsing as laments and then being accreted onto the cluster
nodes along the laments.

Galaxies forming in the di erent environments are naturally subjected to di erent pro-
cesses, which in fact a ect their evolution. Considering that the formation history of a galaxy
Is the key to its present-day properties, the cosmic environment of a galaxy can be expected
to be a relevant factor for understanding the properties of galaxies that we see today. In a
galaxy cluster environment, the encounters between galaxies in the cluster potential feature
such high velocities that they are generally unable to merge. Still, in such encounters, called

Iwww.magneticum.org
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galaxy harassmenthe galaxies lose orbital energy, which is redistributed to their internal
energy, i.e., the galaxies are kinematically heated and increase in size (e.g. Moore et al.,
1996). This facilitates the stripping of matter in their outer regions. In this way, it seems
likely that disk galaxies could be stripped of their disks in a cluster environment and become
elliptical galaxies. A second process in dense environments is caused by the hot gas in the
halo of the cluster, which exerts pressure on the gas of a galaxy in the cluster potential. This
leads to the hot and then the cold gas being stripped from the cluster member galaxy (which
we will refer to as satellite galaxies henceforth, and also includes Milky Way-like and even
more massive galaxies), which is callen-pressure strippindge.g. Gunn & Gott, 1972;

Abadi et al., 1999). Finallystrangulationof satellite galaxies in a cluster is caused by the
inability of a satellite to accrete more gas, such that star formation and stripping remove
all the available gas irretrievably (e.g. Fujita, 2004). This causes blue disk galaxies to turn
red and nally lose their spiral structures to become spheroidal. These processes all lead to
gas-poor galaxies that typically have an elliptical morphology in cluster environments, which
is actually what is also observed (e.g. Goto et al., 2003, for galaxies from SDSS). They also
likely contribute to theButcher-Oemler e eGgtwhich is that the fraction of blue galaxies,

i.e., gas-rich and star-forming, in galaxy clusters has been observed to increase with redshift
(Butcher & Oemler, 1978, 1984).

At the centers of galaxy clusters there are the brightest cluster galaxies (BCGs), which
are the most massive galaxies of the clusters and are generally ellipticals. In contrast to
the satellite galaxies, a BCG continuously accretes matter: in particular the more massive
satellites quickly fall to the center of the cluster's potential because of dynamical friction,
leading to BCGs typically having had several large mergers. In this way, a BCG consumes
its satellite galaxies over time and increases in size and mass, which is galkedic
cannibalism(e.g. Ostriker & Hausman, 1977).

In contrast, in the low-density regions of the cosmic web, the voids, there are no such
massive clusters, but only a comparably small number of galaxies. These mostly are gas-
rich LTGs and can form loosely bound galaxy groups (Szomoru et al., 1996). Such void
galaxies have been observed to be accreting gas, indicating that they are still in the process
of assembling (Kreckel et al., 2012). Void galaxies typically are small and have been found
to have a slightly larger SFR than eld galaxies of similar masses (Beygu et al., 2016).

1.2 Properties of Galaxies

Classifying objects or entities is not only fun, but also contributes an important part towards
the discovery and advancement of knowledge (Kwasnik, 1999). Any classi cation is based on
qualitative or quantitative properties of the objects or entities in question, which here of course
are galaxies. With thisin mind, anumber of di erent morphological and kinematic parameters

and properties are presented in the following. Additionally, the relevant background for the
analysis of galaxy shapes in this work is presented.
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1.2.1 Morphology
Hubble Sequence

In 1926, a rst morphological classi cation scheme of galaxies was proposed by Edwin
Hubble (Hubble, 1926), which laid the foundation for tHebble sequenc@Hubble, 1936),
whose depictionis commonly called the Hubble tuning fork . Most galaxies were discovered
to belong to one of three general classefliptical galaxies (E), which have smooth and
featureless elliptical shapespiral galaxies (S), which feature a at disk of stars, gas, and
dust, with spiral arms extending out from the central bulge Janticular galaxies (S0), which

were later introduced by Sandage (1961) and are an intermediate class between elliptical and
spiral galaxies, having a disk, but no spiral structures. tihang forkof the Hubble-Sandage
classi cation is shown in Figure 1.7. These classes were also extendaddpylar galaxies

(1), which cannot be assigned to any of the other types and include galaxies like the Magellanic
clouds. Elliptical galaxies, or ETGs as previously introduced, are classi ed by their apparent
ellipticity, given by the semi-major and semi-minor ax@and1l, of the 2D projected galaxy:

1
n=1 —e 11
- (L.1)

The galaxies are then labeled b# Ewhere# is the integer closest ttOn, which ranges from

EO to E7 in practice. However, it was later put into question whether especially elongated
ellipticals of types E6 and E7 actually have large-scale disks that are inclined and should
rather be classi ed as SO instead (Liller, 1966). Ellipticals usually have very old stellar
populations and are gas-poor, resulting in a red appearance.

Spiral galaxies, or LTGs as previously introduced, are labeled as SB if they have a
bar-like structure in the center, whereas normal spirals without bars are only labeled as S.
Galaxies with tightly wound spiral arms additionally are labeled by the lajteshile more
loosely wound spiral arms are labeledl@asndc. Examples of six di erently classi ed
spiral galaxies can be seen in Figure 1.7. Most spiral galaxies feature a large bright stellar
component in the center, called the bulge. The bulge is typically largest for galaxies with
the most tightly wound spiral arms and the smallest for Sc and SBc galaxies. While the
disk component oftentimes features active star formation and young stellar populations in its
spiral arms, therefore appearing blue, the bulge is more similar to elliptical galaxies because
of its featureless appearance and old stars.

Note that even though elliptical galaxies tend to show little star formation and are therefore
usuallyquiescentthe terms elliptical and quiescent are not equivalent. The same is true
for spiral galaxies and star forming galaxies, where spiral galaxies often feature active
star formation in their spiral arms. All types of galaxies can experience so-caddulirsts
with very high rates of star formation, which typically occur in the process of a merger with a
gas-rich galaxy (e.g. Hau et al., 1999). There is also an interesting class of red disk galaxies,
which have been found to have stellar population properties similar to elliptical galaxies (e.g.
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Figure 1.7: Hubble sequence of galaxies: Elliptical galaxies (E) are classi ed by their apparent
ellipticity, while spiral galaxies (S) are classi ed by the existence of a bar feature at the center and
by how tightly the spiral arms are wound. The sequences are connected by the class of lenticular
galaxies, SOImage credit NASA & ESA (www.esahubble.org).

van den Bergh, 1976; Robaina et al., 2012). Clearly, the morphology and the star formation
of galaxies are closely linked, but need to be considered separately when discussing galaxies.

There have been a number of other proposed morphological classi cation schemes. For
example, thele Vaucouleursystem (de Vaucouleurs, 1959) adds a further feature of spiral
galaxies to the classi cation system, in which the bars, spiral arms, and the existence of
ring-like structures are considered. Because of the ellipticity of elliptical galaxies mainly just
correlating with the inclination of a galaxy, Kormendy & Bender (1996) introduced a revised
classi cation of ellipticals by the shape of their isophotes, which can be disky or boxy. The
reason for this choice was that the shape of the isophotes can be used as an indicator to the
kinematics, where disky ellipticals show faster rotation than boxy ellipticals.

The classi cation of galaxies according to their morphology was crucial to gaining a
better understanding of galaxies and their formation, as stated at the beginning of this chapter.
Despite being imperfect due to the huge variety of galaxies, even only the simple distinction
between elliptical and spiral galaxies advanced the physical concepts of how galaxies form
and evolve. Overall, the morphology is found to be closely linked to the formation history of
a galaxy and is therefore an important fundamental property of galaxies.

b-Value

With the modern-day possibilities of measuring the kinematics of galaxies in the outer
regions using kinematic tracers, such as planetary nebulae (PNe) or globular clusters (GCs),
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Figure 1.8: Fig. 2 from Fall & Romanowsky (2013): Relation between the speci c stellar angular
momentum and the total stellar mass for the disks of LTGs (squares) and for ETGs (circles) for a
sample o@5 observed galaxies. The dotted lines represent the relation in Equation 1.3 wil6.

it is possible to determine the total stellar angular momentBm, It was found that the
speci c stellar angular momentumn), , where the speci ¢ angular momentum is de ned by
the total angular momentum divided by the total mass,

= (1.2)

shows di erent relations with the total stellar mass,, for ETGs and LTGs (Fall, 1983;
Romanowsky & Fall, 2012; Fall & Romanowsky, 2013). In fact, they found that both
morphological types followed the same exponential law, only with di erent proportionality
factors (Figure 1.8):

9/ " Y- (1.3)

with 9 = jj jandU= 0% 01. The di erence between ETGs and LTGs is that at a given
mass, LTGs have a higher speci ¢ angular momentum, which is what one would expect given
the intrinsic rotational property of disks. The relations are also in agreement with other
observations (e.g. Cortese et al., 2016) and simulations (e.g. Teklu et al., 2015; Lagos et al.,
2017).

The proportionality factor of Equation 1.3 was used by Teklu et al. (2015) to describe
the morphological position of an individual galaxy in tBe" -plane, which corresponds to
the Hintercept of the line with slop® on which the galaxy lies in logarithmic space. They
de ned the 1-value usingU = 2.3:

. (1.4)
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The 1-value therefore combines three important aspects of galaxy formation: angular mo-
mentum, mass, and morphology. It has proven to be a good indicator for morphology and
has recently started to be used to classify galaxies morphologically. A big advantage of using
the 1-value for galaxies in simulations is that it can be computed directly from the particle
properties and does not require a manual inspection of every galaxy. In this work, we follow
the classi cation for galaxies dt = 0 used by Schulze et al. (2020), who used the same
cosmological simulation as in this work, and by Emami et al. (2021):

() LTGs: 435V 1
(i) Intermediates:  4s73Y 1Y 435
(i) ETGs: 1Y 473

In this work, thel-value is calculated from the stellar particles within three stellar half-mass
radii of the galaxy's center.

1.2.2 Kinematics

With the advances of observational instruments and telescopes, it has become possible to
access the kinematics of galaxies along the line of sight. Major ndings have been made
possible through this. For example, the analysis of the radial velocity pro les of disk galaxies
revealed much too high velocities at large distances from the center, which provided evidence
for the existence of DM and advanced the research on DM halo density pro les. At the same
time, the kinematics of individual galaxies contain important information for the respective
galaxy: just like the morphology, the kinematics are a direct result of a galaxy's formation
history, such that analyzing and modeling kinematics has evolved to be a central topic in
galaxy physics.

IFU Spectroscopy

Integral eld unit (IFU) spectroscopy has enabled observers to obtain two-dimensional spec-
troscopic data through IFU instruments, usually consisting of an array of lenses or bers,
that yields spatially resolved maps of spectra. From these spectra, it is possible to obtain the
line-of-sight velocity distributions (LOSVDs). The rst survey to map the galaxy kinematics

in two dimensions was SAURON (Bacon et al., 2001; de Zeeuw et al., 2002), in which around
50 nearby galaxies were observed and mapped. Later, the AY2 R&ject extended this to

a sample oR60ETGs within a distance af2 Mpcwith the goal of kinematically character-
izing the ETGs in a statistically signi cant way (Cappellari et al., 2011). A number of other
IFU studies have taken place in recent years, including DiskMass for face-on intermediate-to-
late-type disk galaxies (Bershady et al., 2010), SAMI for a large sample of galaxies (currently
over3000 across multiple environments (Croom et al., 2012, 2021), CALIFA for almost 700
galaxies as a wide- eld IFU survey (Sanchez et al., 2012), MaNGA as the IFU program of
SDSS for around 0 000nearby galaxies (Bundy et al., 2015), SINS/zC-SINF3galaxies

at redshiftl = 2 (Forster Schreiber et al., 2018), and MAGPI for galaxies at redshifts of
025Y | Y 0+35in di erent environments (Foster et al., 2021).



12 Chapter 1 Introduction

Kinematic Maps

Di erent properties of the LOSVDs obtained from IFU spectroscopy for each pixel can
be mapped as two-dimensional images. By simply tting a normal distribution or directly
computing the statistical mean and standard deviation for a LOSVD, the pixel velocities,
htig and velocity dispersion$ g are determined for each pix@IWhile it would be possible

to simply create a map directly from these values, it is generally preferred to bin the pixels
to improve the signal-to-noise ratio (particularly relevant for the regions with low surface
density). A commonly used method is an adaptive spatial binning technique using centroidal
Voronoi tessellations (Cappellari & Copin, 2003; Cappellari, 2009), which ensures roughly
circular bins of pixels, an approximately constant signal-to-noise ratio across all bins, and
a proper spatial resolution. The kinematic maps are then created according to the average
velocity or velocity dispersion in each bin.

A velocity map can reveal some of the most important kinematic features of a galaxy,
including if and how fast it rotates, along which (two-dimensional) axis it rotates, and if there
are di erences between the inner and outer line-of-sight velocity maps. For obvious reasons,
disks have been found to have strongly ordered rotation around the minor axis (note that
face-on disks will generally not reveal their rotational motion in velocity maps, however),
while the bulge component was found to have more disordered motion. Similar to the bulges,
ETGs usually also show less ordered rotation. The velocity dispersion o ers a quanti cation
of the disorder of motion, which should always be considered alongside the magnitude of
the velocities themselves (just like the standard deviation is meaningless without knowing
how large the mean is). The velocity dispersion is generally highest in ETGs, where younger
ETGs have been found to often have lower central velocity dispersions (Forbes & Ponman,
1999), revealing a connection between velocity dispersion and formation history: mergers
will generally bring in material from di erent directions, such that the overall rotation of the
central galaxy will become more disordered and its shape more spherical. The details of the
merger orbits and masses of the accreted structures will then determine how the kinematics
of the central galaxy change, therefore strongly linking the merger history and the kinematics.
The velocity and velocity dispersion maps of an example disk galaxy observed in the SAMI
survey are shown in the two left panels of Figure 1.9 (not binned with the Voronoi tesselation
method, however). The velocity map shows a clear sign of ordered rotation, while the velocity
dispersion map shows the di erent kinematic behavior in the bulge and disk: the velocity
dispersion is larger in the central bulge region.

Of course, the LOSVDs are not perfect normal distributions, but deviate from a Gaussian
curve. Most parametrizations of these deviations involve the Gauss-Hermite moments,
and 4. These higher-order moments describe the asymmetric deviatigen(d symmetric
deviations (4) from a Gaussian curve. Both quantities have been studied in observations,
where for example one of the rst studies by Bender et al. (1994) found that the deviations
are generally small, with the asymmetric deviations being larger than the symmetric ones.
In the SAURON survey, it was found that there is an anticorrelatioryafith the rotational
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Figure 1.9: Four left panels of the middle row of g. 24 from van de Sande et al. (2017b): Kinematic
maps of a SAMI disk galaxy of the stellar kinematic parameters velogityelocity dispersionf ,

and the two higher-order momentsg,and 4, from left to right. Annulirefers to the template method
used to obtain the stellar kinematic parameters.

support, quanti ed by++f (e.g. Bender et al., 1994; Krajnovi¢ et al., 2006). Because of the
di culty in interpreting the higher-order moments in observations, simulations have been
employed to investigate the drivers of the behavior of the LOSVDs (e.g. Bendo & Barnes,
2000; Jesseit et al., 2007; Schulze et al., in preparation). The two right panels of Figure 1.9
show the higher-order moment kinematic maps of the example SAMI galaxy. Compared to
the velocity and velocity dispersion maps, it is a lot more di cult to determine what patterns
exist in these maps.

Kinematic Groups

As part of the ATLASP project, Krajnovi¢ et al. (2011) studied the kinematic map26if

ETGs and determined ve kinematic groups of their galaxies: regular rotators, non-rotators,
galaxies with complex velocity maps, but no speci c features, galaxies with kinematically
distinct cores, and galaxies with double peaks in the velocity dispersion maps. The diversity
of kinematic features is especially remarkable in light of the morphologically featureless
ETGs compared to LTGs. The by far largest group of classi ed ETGs are the regular rotators,
with about80% of the galaxies. Interestingly, these galaxies were found to have velocity
maps more similar to those of disk galaxies than to remnants of equal-mass mergers, giving
insights into what the most common formation histories may look like. ETGs appear to often
be disk-like galaxies that have a near-axisymmetric shape, where two important formation
processes are likely minor mergers and gas accretion. The other four groups were determined
to typically be located in dense regions, which is consistent with the idea that accretion
from random directions in dense environments leads to a disordering of galaxies' rotation.
Krajnovi¢ et al. (2011) suggested that major mergers could be an important factor of their
formation histories.

For the cosmological simulation considered in this work, Schulze et al. (2018) classi ed
the galaxies by using the velocity maps from an edge-on perspective, since this allows a
more consistent classi cation of galaxies that is not dependent on an observer from a random
direction. Moreover, rotation generally occurs along the minor or major axis of a galaxy, such
that an edge-on perspective ensures that these types of rotation will be found in the velocity
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Figure 1.10: Example velocity maps of the four kinematic groups used in this work: regular rotators,
non-rotators, KDCs, and prolate rotators. The inner two half-mass radii of the galaxies are viewed
from an edge-on perspective. The velocity maps were created using the Voronoi tesselation method for
the bins, where each bin contains arol@f stellar particles from the simulation. The four galaxies

are from Box4 (uhr) of the Magneticum Path nder simulation suite (see Section 2.1 for further details).

maps. Schulze et al. (2018) divided the galaxies into ve kinematic groups, which are based
on those of Krajnovi¢ et al. (2011):

() Regular rotators: The galaxy has an ordered rotation around the minor axis.

(i)  Non-rotators: The velocity map shows low velocities with no distinct features.

(i) Distinct cores (DCs): There is a central rotating core that is surrounded by a non-
rotating component.

(iv) Kinematically distinctcores (KDCs): Thereis a central rotating core thatis surrounded
by a rotating component around a di erent axis.

(v) Prolate rotators: The galaxy has an ordered rotation around the major axis.

In this work, the classi cations determined by Schulze et al. (2018) are used, but count both
the DCs and KDCs to the group of KDCs because of the very small number of KDCs, thus
considering only four kinematic groups. Four example velocity maps of these kinematic
groups are shown in Figure 1.10, where all galaxies are shown from an edge-on perspective.
Note that in all of the discussed classi cations, there is a further group of unclassi able
galaxies due to poor resolution or unclear kinematic features.
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Especially the two rarest groups, the KDCs (including the DCs) and prolate rotators, are
intriguing with respect to their formation history. KDCs have been observed and investigated
in multiple studies, ranging back from one-dimensional slit spectroscopic data (e.g. Efstathiou
et al., 1982; Bender, 1988) to modern IFU surveys (e.g. AT®AS appellari et al., 2011;
MaNGA: Bundy et al., 2015) and simulations (e.g. Tsatsi et al., 2015; Schulze et al., 2017;
Ebrova et al., 2021). The term KDC has not been de ned consistently in the literature,
where di erent minimum misalignment thresholds of the core's rotational axis compared
to the outer rotational axis were required (€2§° for SAURON and30° for ATLASS3D),
or where certain types of kinematic features are distinguished from KDCs. These include
counter-rotating cores (a feature used in the ATEASurvey), galaxies with two velocity
dispersion peaks (which often also have KDCs), distinct cores (as seen above, from Schulze
etal., 2018). Others, such as Ebrova et al. (2021), include galaxies with any of those features
in the group of KDCs. While a number of studies suggest that young KDCs are likely formed
through retrograde mergers (e.g. Balcells & Quinn, 1990; Bois et al., 2011), there have also
been ndings of old KDCs originating from originally prograde orbits, where reactive forces
because of mass loss led to a signi cant change in the orbital spin (Tsatsi et al., 2015). In
a study by Schulze et al. (2017), a binary spiral galaxy major merger simulation formed an
ETG with a kinematically distinct core. In fact, Ebrova et al. (2021) found that most KDCs
in the Illustris cosmological simulation were formed through mergers, most of them major
mergers, and others were formed through y-bys or through precession of a rapidly rotating
core component. Schulze et al. (2020) found both old and young KDCs in the cosmological
simulation studied in this work, which may have two di erent typical formation histories:
mergers with plenty, but not too much gas for younger cores (Ho man et al., 2010), and the
remnant of an old disk at the center.

Prolate rotators, the rarest among the four kinematic groups, were theoretically predicted
through a class of orbits around the major axis called long axis tubes (de Zeeuw, 1985).
This kinematic behavior has been observed in the bulges of early-to-intermediate type disk
galaxies (e.g. Bertola et al., 1999) and in massive ETGs (e.g. Tsatsi et al., 2017; Krajnovi¢
et al., 2018), where it was found that prolate rotation occurs more often in the most massive
galaxies. Prolate rotators and their formation histories have also been studied in simulations
(e.g. Ebrova & Sokas, 2015; Tsatsi et al., 2017; Ebrova & Sokas, 2017). One possible
formation mechanism that has been suggested is a dry major polar merger of disk galaxies,
where the disks are originally oriented perpendicular to each other, which appears to lead
to a correlation between the line-of-sight velocity and the higher-order mome(iisatsi
et al., 2017). Ebrova & Sokas (2017) found that prolate rotators in the lllustris simulation
are strongly linked to the last major merger of the galaxy, where the actual formation of the
prolate rotation appears to depend on the details of the initial conditions in a non-trivial way.
They determined several di erent formation channels of prolate rotation, including dry and
wet mergers, but also found systems without signi cant mergers to show such a kinematic
feature.
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Circularity Parameter

A kinematic parameter that quanti es the rotational properties around the minor axis is the
circularity, nirc. Introduced by Abadi et al. (2003), it can be computed for each particle in

a simulation (such that the 3D data of the particles and of the potential are available) and
describes how close the angular momentum around the minor axis is to that of a particle on
a Keplerian circular orbit:

9 9
Nirc = 5— =
Qirc  Akirc
where is the angular momentum component of a particle along the minor axis of the galaxy,

Ais the distance from the galaxy's center, and

- (1.5)

r

n 1N
*eirc = A (1.6)

is the Keplerian circular velocity with the total enclosed madss$£, within A The distri-

bution of the circularity for the stellar particles is expected to peak at arogygd 1 for a

disk component, whereas a peakngt. 0 indicates a component dominated by velocity
dispersion. For this reason, the circularity distribution has been used to decompose the stars
into disk and spheroid components (e.g. Scannapieco et al., 2008) and the mean circularity
even as an indicator for the morphology (Teklu et al., 2015). For this reason, there is a strong
correlation between the mean circularity and thealue.

Rotational Support \ 2

As already stated, the absolute value of the velocity dispersion is meaningless without putting
it in relation with the velocity itself. For this reason, the quantisf has been used in the

past to measure the amount of rotation as the ratio of ordered to random motion (lllingworth,
1977), wheret has been de ned as the maximum velocity ahndas the mean central
dispersion, o# as the mass-weighted root mean square of the velocitieé asthe mass-
weighted mean velocity dispersion. It was found that larger valugesfoftend to correspond

to larger ellipticities, i.e., atter galaxies, but also that most at ETGs are not attened by
rotation, in part having data consistent with no rotation at all (e.g. lllingworth, 1977; Binney,
1978). This attening oslow rotatorswas generally assumed to carry information about the
formation history of ETGs, and has been interpreted as the result of the remnant anisotropy
of the velocity distribution.

Rotational Support , x-Parameter

The usage ofr+f was revisited with the advent of IFU surveys, since the small number
of slits used in earlier spectrographs, which usually only covered small regions of galaxies,
limited the available kinematic data of a galaxy and because the valaefoffails to
distinguish small-scale from large-scale rotation. Based on a theoretical study by Binney
(2005), Emsellem et al. (2007) introduced a new parameter within the SAURON project that
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aimed to obtain the same general nature of : to describe the ordered versus the random
motion. This new parameter, , acts as a proxy of the speci ¢ angular momentum in relation
to the random motion and is de ned as

L= H+Jz+_“f2 _ (1.7)
where' is the distance to the galaxy's centerandf are again the line-of-sight velocity and
velocity dispersion, and the brackdis correspond to the luminosity-weighted average. The
termh j+ji enables the distinction between small-scale and large-scale motion by resembling
a kind of mean projected angular momentum. Large-scale rotation will therefore lead to large
values ofti j+ji, while small-scale rotation will have small values of the term.

Assuming a constant mass-to-light ratio, Equation 1.7 is implemented for simulations as
(following e.g. Jesseit et al., 2009; Naab et al., 2014; Schulze et al., 2018)
P n 1 d+d
8 8
_ = P & - (18)
n 1 +2 f 2
8 8 8 . Ig

where the sums run over the 2D bins (in this work the previously introduced Voronoi tes-
selation binning method is used), and the quantities' g +g andf g are the total mass,
distance from the galaxy's center, mean velocity, and mean velocity dispersionaif the,
respectively. The sum is performed over the Voronoi bins instead of over a pixel-based grid
to avoid issues with limited mass and spatial resolution in the simulation, which can cause
statistical errors (following the approach taken by Schulze et al., 2018; a thorough study
on resolution in simulations is performed by Bois et al., 2010). This approach leads to a
lower limit of _+ in simulations, since the statistical noises in the bins add up because of
the cumulative de nition of - (Bois et al., 2010; Naab et al., 2014; Schulze et al., 2018),
corresponding to arour(@Q7 for the simulation considered in this work.

When viewed from an edge-on perspective, galaxies dominated by rotation have values
of + 1, whereas dispersion-dominated galaxies have values of 0. This motivated
Emsellem et al. (2007) to use , (where' 4 is the e ective radius, within which half the
light of the galaxy is found) to classify ETGs a®w rotators(_-, Y 0e1) andfast rotators
(', i 0e1). The larger galaxy sample of the ATLAS survey allowed Emsellem et al.
(2011) to rede ne the threshold criterion based on both thgarameter and the ellipticity,

n, within one e ective radius:

() slowrotator: ., V031 Pm;

(i) fastrotator: _, i 031 Ion_4
This separates galaxies into the two groups depending on their position in th@lane,
which also corresponds to the re ned version of the previously considered relation between
++f andn. Emsellem et al. (2011) found th@6% of the elliptical galaxies are fast rotators,
suggesting that the majority of ETGs are consistent with disk-like systems, while only a
comparably small percentage shows more spherical properties.



18 Chapter 1 Introduction

Figure 1.11: Left Right panel of g. 9 from van de Sande et al. (2017a): The-n plane for

galaxies in the SAMI and ATLA® galaxy surveys. The lled symbols indicate aperture-corrected
measurements, whereas the small open symbols correspond to data without aperture corrections. The
dashed lines indicate where galaxies of di erent intrinsic ellipticities would be located, while the
dotted lines correspond to di erent viewing inclinations, starting from edge-on (solid magenta line),

for galaxies with an anisotropy o= 0¢7 n. The enclosed region by the solid gray line indicates

the location of slow rotators according to the classi cation by Cappellari (20R@)ht The_: ,.,-n

plane for the edge-on sample of galaxies used in this work, colored dyvhkie. The dashed line
indicates the threshold between fast and slow rotators, lying above and below the line, respectively.

Figure 1.11 shows this plane for galaxies from the SAMI and ATBASurveys (left panel)
and for the sample of galaxies considered in this work with the threshold line separating slow
and fast rotators (right panel), where the values-ondn are computed from the particles
within one and one-and-a-half half-mass radii, respectively, following Schulze et al. (2018).
The parameters are computed from the edge-on perspective of the galaxies to ensure that
rotation is maximally captured. Note the strong correlation of the morphology with the
_+ -parameter, where more disk-like objects generally are more rotationally supported. As
discussed for the «f quantity, rotationally supported galaxies tend to be atter, but there is
also the interesting class of at slow rotators, which are attened by their larger anisotropies
in the velocity distribution (e.g. lllingworth, 1977; Binney, 1978, 2005).

Clearly, the_: -parameter presents an important measure of the rotational support of
galaxies that can easily be compared between simulations and observations. Its correlation
with the 1-value, with the projected shape of galaxies, and with the anisotropy make it a very
e ective property of galaxies which has already helped better understand the kinematics and
formation histories of ETGs.
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Figure 1.12: Fig. 2 from Binney (2005): Constant anisotropy parameter curves it#i ¢hen plane.
The solid lines correspond to the rotational behavior of a solid body, whereas the dotted lines indicate
the constant anisotropy curves of galaxies with some shear of the stellar ow.

Anisotropy Parameter

In the theoretical study by Binney (2005), the tensor virial theorem was used to derive a
relation between the rotatior€f ), shape f), and velocity anisotropy of galaxies. Here,
the quantity+«f was used as the ratio of root mean squares of the line-of-sight velocity and
velocity dispersion. It was shown that the anisotropy depends on the location of a galaxy in
the++f -n plane and introduced the global anisotropy parameter:

PII 2
8" .
X=1 J:l |8_

1.9
GG 8" d & g (1.9)

where ggand | are measures for the random motion in tAand| directions by the
mass-weighted mean square velocity dispersion along the respective axis. The anisotropy
parameter takes on valuesX¥f 0 1. The curves of constant anisotropy in thef -n plane
are shown in Figure 1.12.

Based on the tight relationship betweesf and_: (Emsellem et al., 2011), Schulze
et al. (2018) found that the anisotropy parameter is also accurately predicted by the position of
a galaxy inthe : -nplane. It also becomes apparent that the attened slow rotators (galaxies
with low values of -, but high ellipticity in Figure 1.11) have large values of the global
anisotropy parameter, con rming early attempts of determining the driver of the peculiar
non-rotating attened systems (lllingworth, 1977).

Radial , x-Pro les

Schulze et al. (2020) investigated the radial pro les_of out to ve half-mass radii for
a subsample of the galaxies considered in this work. They computed the values of
from the edge-on projection of the galaxies in a di erential manner to avoid missing any
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Figure 1.13: Fig. 5 from Schulze et al. (2020): Example-pro les of selected galaxies for each of

the three pro le types: decreasers, increasers, and ats. The plots include the pro les for the velocity,
+, the velocity dispersiorf, , and the quantity-<f . The three galaxies are from Box4 (uhr) of the
Magneticum Path nder simulation suite (see Section 2.1 for further details).

kinematic transition features of the pro les. From the shapes of the pro les, they found three
characteristic radial pro le types:

(i) Increasing pro le (increasers): The -pro le increases linearly with radius and
potentially plateaus at larger radii.
(i) Decreasing pro le (decreasers): The-pro le has a central peak betwe@b ' 1.5
and2' 1.,_, after which it decreases towards the outer regions.
(i) Flat prole (ats): The _: -pro le stays approximately constant within the full radial
range up td" 1.o_.
An example pro le for each of the three types can be seen in Figure 1.13. Almost half of
the galaxies were classi ed as increasers, while decreasers and ats each make up almost
20% of the galaxies. As for the kinematic groups, some galaxies remain unclassi ed, often
due to large uctuations in the pro les because of ongoing mergers or tidal interaction. Both
increasers and ats are comprised of slow and fast rotators, where they are found to equal
parts among the increasers and wh&déoof the ats are slow rotators. The increasers tend
to have the largedt-values, i.e., they are the most disk-like, and while the ats cover a similar
range ofl-values, they overall have smallewvalues than the increasers. The decreasers were
found to mostly be fast rotators, which is consistent with observations from the SLUGGS
survey (Arnold et al., 2014) and the SAMI survey (Foster et al., 2018) of such galaxies having
inner stellar rotation within a non-rotating halo.

For the formation histories of the di erent -pro le types, Schulze et al. (2020) found
that the largest di erence between the classes was the fraction of mass accreted through
major mergers. OnljL3% of a decreaser's mass is accreted through major mergers, while
the fraction is22% and 32% for ats and increasers, respectively. Overall, the decreasers
tend to accrete the least amount of mass through mergers and only around a third of them
have experienced a major merger, most of which occurred morestEgm ago, such that
the kinematics of decreasers is generally driven by minor and mini mergers. This nding
can explain the low values of in the outskirts, where the accreted material leads to a large
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velocity dispersion, whereas the central in-situ stellar component continues with an ordered
disk-like rotation, as the centers are never disturbed by the small mergers (Karademir et al.,
2019, for a study of how matter is deposited through mergers of di erent orbits and mass
ratios). Thus, for decreasers, the transition radius from the rotationally supported central
component to the outer dispersion dominated component marks the transition from the old
in-situ to the ex-situ stars. Increasers accrete the largest amount of gas, where the di erence
to the other pro le types is especially driven through major mergers. They propose that there
is an evolution channel from increasers over ats to decreasers, which mainly depends on the
stellar mass accreted and on the major mergers $inc2

Schulze et al. (2020) suggested that decreasers could evolve to ats, such that decreasers
and ats may have similar merger histories, where ats are formed through a merger event
that removes the rotational peak of. Interestingly, only a small fraction of decreasers are
KDCs, which is likely a result of the kinematic groups having been determined only within
one half-mass radius, suggesting a complex relation between the kinematics in the centers
and halos of galaxies.

1.2.3 Angular Momentum

Unlike observations, simulations are not limited to a 2D projected view of galaxies. This
allows for 3D analyses of the galaxies, such as the kinematics. Two such parameters have
already been introduced in Section 1.2.2, which were necessary for de ning-vhéue
(Equation 1.4): the angular momentuf,and the speci ¢ angular momentum,= Pe" ,

where the total angular momentum of a set of particles is known from classical mechanics
and is de ned by X

P= <glg Vg (1.10)
8

where the sum runs over all particles ang rg andvgare the mass, position, and velocity
of the &h particle, respectively. In comparison+ef and_:, these 3D vectors are not
dependent on the line-of-sight, but are intrinsic properties of an object.

The statistics of angular momenta in simulations was rst primarily studied in DM halos,
since the rst cosmological simulations only contained DM. Bullock et al. (2001) discovered
a universal angular momentum pro le for DM halos, where the mass having at most a certain
speci ¢ angular momentum can be described by a two-parameter function, given by

9

"y @=" halom—

(1.11)
where™ and § are the two free parameters. With the introduction of increasingly accurate
hydrodynamic simulations, the three-dimensional nature of the angular momentum was
exploited to compare the rotation of the stellar, gas, and DM components (e.g. van den Bosch
et al., 2002; Sharma & Steinmetz, 2005; Sharma et al., 2012; Teklu et al., 2015). It was
found that the angular momenta of baryonic matter and DM have median misalignments of
betweer20° and50°. For the Magneticum simulation used in this work, Teklu et al. (2015)
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determined that the stellar and gas angular momenta are well aligned in disk galaxies, but
approximately randomly oriented in elliptical galaxies, where the misalignment gets worse
over time. At low redshifts, the alignment of the angular momenta between the stellar and
DM components is better than that between the stars and the gas. They also investigated the
alignment of the angular momentum in the central regions of a galaxy with that in the halo
and found a median misalignment#i°, consistent with the ndings of Hahn et al. (2010).

The misalignment is less for disk galaxies, however. In the context of galaxy formation and
evolution, note that angular momentum can only be changed by infalling or escaping matter,
which for example can be caused by mergers, y-bys, or feedback. Also, gas can redistribute
its angular momentum, as discussed in Section 1.1.2, which is not possible for the solely
gravitationally interacting DM.

Global Spin Parameter,

Based on his work in 1969 (Peebles, 1969), Peebles (1971) introduced a dimenspmess
parametey_, to express the residual angular momenti#ymf a proto-galaxy:

jjv?

where is the total energy of the galaxy and its total mass. Mo et al. (1998) adopted
this parameter in their study of the formation of galactic disks and Bullock et al. (2001)
de ned a modi ed component-wise spin parameter to measure the spin of the stellar, gas,
and DM separately. This was later expressed in terms of the speci ¢ angular momentum by
van den Bosch et al. (2002), which additionally is directly obtainable from the particle data

in simulations:

RS (1.13)

2'+ irc

where: denotes the component (i.e., stars, gas, or DM),afgdis the Keplerian circular
velocity at the radial distance,, de ned by Equation 1.6. In this work, the spin parameter
will be referred to as spin parameter or global spin parameter, since here it is used
as a measure of the spin within the virial radius. Theparameter (which is sometimes
referred to as thepinof a galaxy in other literature), will always be referred to as or

the _. -parameter .

The distribution of the global spin parameter is well tted by a log-normal distribution
(van den Bosch et al., 2002), where the gas component has the largest values, followed by the
DM and nally, with the smallest values of, the stars (Danovich et al., 2015; Teklu et al.,
2015). The large gas spin is a result of the gas component continuously transporting angular
momentum from the outer parts to the inner parts through cooling, leading to an increasing
spin of the gas. This e ect is not possible for stars and DM, which approximately retain their
angular momenta. The stellar spin is the smallest because of its concentration in the central
regions, whereas the DM spin is concentrated in the outer halo region.
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The global spin parameter at the virial radius of the galaxies enables a robust comparison
between the total large-scale spin properties of di erent galaxies and their components. For
instance, Teklu et al. (2015) found that the spins of disk galaxies tend to be slightly larger
than the those of elliptical galaxies and suggested that the formation history of the DM halo
is an important factor for the morphology of galaxies by cross-matching halos between a
DM-only and an equivalent full hydrodynamical simulation. The angular momentum and
spin of a galaxy therefore represent important properties of galaxies and give indications of
their formation history.

1.2.4 Shapes

The rst morphological classi cation schemes all were based on the 2D projections of
galaxies. While the apparent ellipticity of ETGs was found to mostly just be correlated with
the inclination and is not an intrinsic property of galaxies (since it depends on the line of
sight), a three-dimensional characterization of galaxy shapes o ers a physical description
and is independent of an observer. As one of the most fundamental properties, the spatial
distribution of matter is a key component for modeling galaxies and their dynamics; a good
understanding of the 3D shapes of galaxies is therefore necessary. Models based on the
Schwarzschild orbit-superposition method (Schwarzschild, 1979, 1982) require assumptions
to be made about the shape of a galaxy, where axisymmetric spheroids (e.g. Krajnovi¢ et al.,
2005, for a galaxy from the SAURON survey) or the more general triaxial ellipsoids (e.g.
Zhu et al., 2018, for spiral galaxies from the CALIFA survey) have been used, which are then
tted to the observations of the projected galaxy.

Ellipsoids

In contrast to observations, simulations of galaxies have the 3D positional data of the particles
readily available. While the well-known density pro les are based on spherically symmetric
descriptions of the particle distributions, such as the Hernquist pro le (Hernquist, 1990)
or the NFW-pro le (Navarro et al., 1997), the shapes have generally been described by
ellipsoids (e.g. Gerhard, 1983; Katz, 1991; Springel et al., 2004; Allgood et al., 2006; Bett,
2012; Pulsoni et al., 2021). These are typically used to approximate the iso-density surfaces
of the particle distribution. The surface of an ellipsoid that has its three axes aligned with the
coordinate axes is de ned by

2
g, g |2—2:1— (1.14)
where0, 1, and2 are the semi-axis lengths of the ellipsoid. Ellipsoids with two axes of the
same length are callegpheroidswhere the spheroid @blateif the two longer axes have the
same length angrolateif the two shorter axes have the same length. An ellipsoid with three

axes of di erent lengths is calletliaxial and an ellipsoid becomes a sphere whenl = 2.
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Axis Ratios

When comparing the shapes between di erent galaxies, for example with respect to being
at or prolate, the absolute values of the axis lengths are not of interest, but their ratios.
Assuming0 j 1 j 2 without loss of generality, the axis ratios are de ned as

@= 10— (1.15)
B= 20— (1.16)
2=21— (1.17)

where in this work,@is referred to as thenajor axis ratioand Bas theminor axis ratia

The axis ratio? is not used as commonly in the literature. Note, however, that some authors
de ne ? = 1«0 and@= 2+0 instead (e.g. Pulsoni et al., 2020, 2021). The minor axis ratio is
also known as thephericity(e.g. Bett, 2012), since a value Bf 1 means that the ellipsoid

IS approximately a sphere. It also describes how at an object s, as lower valBesdidate

atter objects. From the de nitions of oblate and prolate ellipsoids, it follows st 1
indicates an oblate shape a@# Bindicates a prolate shape.

Triaxiality

To quantify whether an ellipsoid is closest to being oblate, prolate, or triaxiatri&xeality
parameter is used (Franx et al., 1991), which is de ned as

0> 1°_1 @,

)@ 2 18 (1.18)

Ellipsoids with) = 0 are perfectly oblate, whilg = 1 indicates a perfectly prolate shape.
While di erent de nitions are used for the exact intervals, a commonly used classi cation of
shapes using the triaxiality is the following, which is also used in this work:

(i) oblate: 0 )Y 13
(i) triaxial: 1e3 )Y 23
(i) prolate: 23 ) 1

A visualization of the values of the triaxiality depending on the axis ratios is shown in
Figure 1.14, together with the regions of the oblate, triaxial, and prolate shapes@Bthe
plane.

This Thesis

In this thesis, the galaxy shapes, their properties, and their relations with other galaxy
properties are investigated to provide insights for numerous elds. This is the case for

the dynamical modeling of galaxies, which requires assumptions with respect to a galaxy's
shape. It is also relevant to the information that observers can extract from combining

morphological and other properties, and to the connection between formation histories and
the resulting galaxies' shapes.
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Figure 1.14: Visualization of the triaxiality) , in the plane spanned by the major and minor axis
ratios,@andB The solid lines indicate the borders between prolate, triaxial, and oblate shapes, from
left to right, respectively. The two dividing curves are givenby 1e3and) = 2¢3.

In Chapter 2, the cosmological simulation and the galaxy sample used in this work are
presented. Chapter 3 presents the methodology used in this work, with a special focus on
the theoretical background of shapes and the analysis of the di erent shape determination
methods, which were performed as a part of this work. The shapes of the galaxies in the
sample, their statistics, and the di erences between stellar and DM shapes are presented
in Chapter 4. The following chapters show the results of the relations between shapes and
other galaxy properties: global properties (Chapter 5), kinematic classi cations and the
overall radial shape and alignment pro les (Chapter 6), large scale properties (Chapter 7),
and symmetry properties (Chapter 8). Finally, the results of this work are summarized and
concluded in Chapter 9.
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Chapter 1

Introduction




Simulation

Because of the non-linear growth of structure and the complex behavior of baryonic matter
with gas, stars, and feedback, cosmological hydrodynamical simulations present a wonderful
site for studying galaxy formation self-consistently. However, the need for large volumes,
which are necessary for statistically relevant studies and for obtaining larger galaxy clusters,
and for high resolution makes the simulations computationally expensive. By now there are
ve big suites of fully cosmological hydrodynamical simulations: Magneticum Path fder
(Dolag et al., in preparation), from which the cosmological box used in this work is taken,
lllustris (Vogelsberger et al., 2014), IllustrisTNG (e.g. Pillepich et al., 2018), EAGLE (Schaye
et al., 2015), and HorizonAGN (Dubois et al., 2014).

2.1 Magneticum Path nder Simulations

The galaxies studied in this work are extracted from Megneticum Path nderproject,
a suite of cosmological hydrodynamical simulations of di erent volumes (see the website
for more information on the available boxesww.magneticum.org), performed with the
Tree/SPH cod&ADGET;3vhich is an extended version GIADGET+{&Springel et al., 2001b;
Springel, 2005). The improvements include the treatment of viscosity and the used kernels
(Dolag et al., 2005; Beck et al., 2016). The implemented baryonic physics include gas
cooling (Wiersma et al., 2009), star formation based on the subresolution model by Springel
& Hernquist (2003), black hole growth and feedback from active galactic nuclei (AGNS)
(Springel et al., 2005a; Di Matteo et al., 2005; Fabjan et al., 2010; Hirschmann et al., 2014;
Steinborn et al., 2015), and stellar evolution and metal enrichment (Tornatore et al., 2007).
The simulations adopt a standdt€€DM cosmology with parameters according to the
seven year results of WMAP (Komatsu et al., 2011), which are shown with their values in
Table 2.1. For this work, the galaxies were selected from the medium-sized cosmological
Box4, which has a side length 48 Mpc 1, at ultra high resolution (uhr). The DM particle
massixpw =36 10°'M  landtheinitial gas particle massigas= 7.3 10°PM 1
with softening lengths ofisgftpm.gas = 14 kpc ! for DM and gas particles andor. =
0s7 kpc 1 for stellar particles, which correspond to arougghkpm.gas 2 Kpcandnses
1kpc Gas particles lose mass by forming up to four stellar particles in their lifetime, where
the stellar particles also vary in mass through stellar winds and have an average mass of
around< =14 10°M 1 Initially, there aré576° DM particles ands76° gas particles.

Iwww.magneticum.org
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Table 2.1: L CDM cosmological parameters used in the Magneticum Path nder simulations.

Hubble parameter 0704
dark energy density parameter 0728
matter density parameter v 00272
baryonic density parameter 1 00451

normalization of the uctuation amplitude 8&Mpc fg 0809

This simulation has a size that is large enough to ensure a su cient galaxy sample while
providing the resolution necessary to adequately analyze the kinematic and morphological
properties of the galaxies.

Galaxies in a given snapshot are identi ed with the subhalo n8EBFINISpringel
et al., 2001a), modi ed to treat baryonic matter in addition to the DM component (Dolag
et al., 2009). The algorithm uses the friends-of-friends (FOF) method (Davis et al., 1985)
to identify the parent halos (which are not substructures of other galaxies). The parent halos
found through the FOF method have overdensities that are characteristic for virialized objects
predicted by the spherical collapse model (Eke et al., 1996). For this reason, the virial radius
of a parent halo can be determined by the density contrast based on the top-hat model. In
a second step, a global density threshold is lowered step by step to nd locally overdense
regions. In each of these overdense regions the gravitationally bound particles are kept,
which nally constitute the substructures, calledbhalos In this work, the majority of
galaxy properties are determined from the particles assigned to a given subhalo, i.e., main
galaxies without their identi ed substructures, and satellite galaxies. Figure 2.1 shows an
example main galaxy including the substructure (left pane) and without the substructure (right
pane). SUBFINDften does not identify the full substructure, such that their outer regions
remain in the main halo when removing the identi ed substructures. This can be seen in the
right pane, where denser regions hint at the existence of substructures. Other features in the
outskirts of galaxies include shells, streams, and other tidal stripping remnants, which would
often still be considered part of the satellite galaxies in observations. For this reason, the
galaxies obtained frorBUBFINBhould be treated with caution at larger radii.

2.2 Galaxy Sample

The galaxy sample studied in this work consists of galaxies in the latest snapshot of Mag-
neticum Path nder Box4 (uhr) dt  0«066that ful Il the following criteria:

(i) To ensure a su cient number of stellar particles for a kinematic and morphological
analysis, only galaxies with stellar masses'of 10'°M are considered, which
corresponds to approximatedp00stellar particles.

(i) Some satellite galaxies are identi ed IUBFINDvith very few DM particles. To
exclude these galaxies, a mass cut for the DM mass is also appligg: 10°°M .

This corresponds to approximat@@0ODM particles, which is still a very low number
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