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1. Theoretical Foundation

1.1. Review on Galaxies and Classification

Only since the first quarter of the twentieth century when the distance measurements
by Edwin Hubble had been conducted the existence of objects outside our own galaxy
has been publicly accepted.

The first proposal of a galaxy classification was submitted by Edwin Hubble in
1926 (Hubble, 1926). In his study Hubble classified 400 nearby galaxies according
to their apparent morphology. The results clearly indicated a partition into mainly
two morphological types. Only three per cent could be assigned to neither of the
two types, hence were classified as irregulars. The first group features characteristic
elliptical isophotes, merely varying in their apparent elongation, thus called elliptical
galaxies. Galaxies of this type do not show any evidence of internal structure.
Therefore a further division according to the elongation was introduced. In contrast,
members of the second group, which are called spiral galaxies, show typically a
larger, but within the group constant, elongation. However, the main difference
to the elliptical galaxies is the internal spiral-arm like structure. The structural
features are used as an further classification criterion within the branch of spiral
galaxies.

This study provided the basis for the well-known Hubble-sequence or Hubble’s
tuning fork fig. [I.1} The left side includes the spheroid-dominated elliptical galaxies,
whereas the right side is composed of the disk-dominated spiral galaxies with spiral
arms.

Spiral galaxies are further divided into objects exhibiting a stellar bar in the centre
(right top) and the ones not showing this feature (right down).

The galaxies at the merging point of both classes are called lenticular or SO galax-
ies. They represent the transition between ellipticals and spirals, featuring properties
of both categories.

Lenticular and elliptical objects are included in a larger, historically motivated
class, called early-type galaxies or ETGs. Spiral galaxies are also known as late-
type galaxies (LTGs). This terminology has its origin in the early theory of galaxy
formation.

1.1.1. Spiral Galaxies

As mentioned before spiral galaxies are grouped according to their structural fea-
tures. Objects exhibiting a stellar bar in the centre are labeled by SB, whereas



2 1. Theoretical Foundation

Figure 1.1.: Illustration of the Hubble sequence proposed by Edwin Hubble in 1936.
Image credit: NASA, ESA, M. Kornmesser.

objects without a bar are labeled with S.

Independent of the bar, these types form a continuous sequence from bulge dom-
inated galaxies with tightly bound arms S(B)a on the left to smaller bulges with
loosely bound arms S(B)c on the extreme right.

Spiral galaxies in general can be decomposed into three components, namely the
central bulge, a rotational supported disk, and a surrounding halo. The bulge forms
the centre of the spiral, mainly consisting of old population II stars and almost no
gas. Its radial surface brightness profile can be fitted by a Sérsic profile of the form

3=

p(R) e~tn( ) : (1.1)

where n is the so-called Sérsic index (Sérsic, [1963). Typical values for the Sérsic
index are between 0 and 3 (Weinzirl et al, [2009). This profile can also be applied
to elliptical galaxies, indicating similar properties for bulges and ETGs.

The most distinctive component of LTGs is the galactic disk showing the charac-
teristic spiral structure. Gas as well as the stars populating the disk move on nearly
circular orbits. The surface brightness profile can be described by an exponential
law i.e., a Sérsic profile with n = 1 (see eq. :

I(R)=1I-er. (1.2)

During the past decades there have been several approaches to understand the
dynamics and formation of the spiral structure (Lin and Shul 1964; Toomre, 1977).
Different theories like the Density-Wave-Theory by Lin and Shu (1964) were pro-
posed, however still today no consistent theory exists.
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Since the stars in a spiral galaxy move on nearly circular orbits their rotational
velocity Vio; can be calculated from the mass distribution

{/mt<7~) — GM—(<T)’ (13)
r

where G is the gravitational constant and M (< r) the enclosed mass. Observations
by |[Rubin et al| (1978)) revealed a constant Vi, (r) profile. Therefore, unlike the
luminosity, the M (< r) is proportional to the radius. This is clear evidence for an
extended dark matter halo surrounding the galaxy. Since dark matter can not be
observed directly, modern N-Body simulations are a convenient method to analyse
its properties. As a result of these simulations the radial profile of dark matter
haloes can be described by the a NFW profile (Navarro et al., |1996):

plr) 0
Perit r_rs(l + 7‘%)27

(1.4)

where puic = 3H?/87G is the critical density; ry = 2% s the characteristic radius;
0. and ¢ are two dimensionless parameters.

An important scaling relation fulfilled by spiral galaxies is the Tully-Fischer-
relation (Tully and Fisher| [1977). It states a exponential correlation between the
luminosity L and the maximum rotational velocity

L xV®

max’

(1.5)

where a has typical values between 2.5 and 4.2. Hence it correlates a property
dominated by the dark matter halo with the luminosity which is determined by the
star formation history.

1.1.2. Elliptical Galaxies

Early type galaxies are dominated by old stellar populations and a very small amount
of gas. Therefore, they are clearly recognisable by their red colour. Due to the lack
of gas ETGs show very low star formation rates (Shapiro et al., [2010]).

Elliptical galaxies span a broad range of masses from about 107 for dwarf elliptical
galaxies to 10'® solar masses for giant ETGs. This mass-range is much broader than
for spiral galaxies.

The luminosity distribution of ellipticals is very smooth and does not exhibit any
features like spiral structures. de Vaucouleurs| (1948) suggested that the luminosity
profile follows a Sérsic profile with n = 4. However, Sérsic profiles with distinct
values of n fit the large variety of ETGs much better (Ferrarese et al., |2006).

Within the Hubble sequence, ETGs are further classified by a parameter which
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measures their elongation, called ellipticity:

b
e=1 . (1.6)
where a is the major and b the minor axis of the galaxy isophotes. More round
ETGs (low €) are located on the left of the Hubble tuning fork, whereas the flat
ones (high €) are near the SOs. They are labeled as EN where N = 10e.

Obviously, this classification depends on the viewing angle and therefore does not
reveal the intrinsic morphology. Hence, this classification mainly correlates with
inclination rather than with fundamental properties. Due to this drawback the
observed ellipticity is often denoted as apparent ellipticity. Based on that issue,
Kormendy and Bender| (1996) proposed a revision of the Hubble classification. De-
tailed investigations of the surface brightness of ETG’s revealed small deviation of
the isophotes from an ellipse. Therefore, they suggested to arrange ETG’s depending
on the discyness or boxyness of their isophote shapes. Claiming that discy ellipticals
have significant rotation, little or no radio and X-ray emission, while boxy ellipticals
show less rotation and stronger than average radio and X-ray emission this classifi-
cation correlates with fundamental properties (Bender et al., |1989; [Pasquali et al.,
2007)).

For many decades the Hubble sequence for elliptical galaxies has been the com-
monly used classification scheme. Only since the observational methods improved
it is possible to obtain detailed kinematical data, revealing a richness of different
structures.

Features like kinematically distinct cores (KDC), counter-rotating cores and mis-
alignments between the photometric and kinematic axis are found in kinematical
maps provides by integral field spectrographs like SAURON (Bacon et al., [2001]).

Based on these observation a new view of elliptical galaxies emerged, allowing to
classify the sample into two families, the fast and the slow rotators (Emsellem et al.,
2007; Krajnovi¢ et al 2011; [Emsellem et al., [2011). Fast rotators show significant
large scale rotation, whereas slow rotators have low angular momentum and exhibit
more complex kinematical structures. Thus this categorization is not only according
to the morphology, but also corresponding to their kinematics.

Similar to the Tully-Fischer relation for spiral galaxies, the Faber-Jackson relation
relates the luminosity L with the central velocity dispersion oy (Faber and Jackson,
1976):

L xog (1.7)

The exponent 7 is observed to be approximately 4, but its value depends on the
range of luminosities which are fitted. In addition a further correlation between the
mean surface brightness (I.) inside R, and oy was found. Therefore, (I.),00 and L,
span a curved plane in a three dimensional space, called the fundamental plane.
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1.2. Cosmological Structure and Galaxy Formation

1.2.1. Cosmological Structure Formation
Expansion of the Universe

A very essential mechanism to understand the evolution of the universe is spatial
expansion. Without it the structures, like galaxies and clusters, we observe today
would not exist.

In 1915, Albert Einstein published the ground breaking theory of General Rel-
ativity (Einstein, 1915)). Based on this theory the first solutions of Einsteins field
equations described a static and flat universe. Einstein himself preferred a static
universe containing only matter. To prevent such a universe from collapsing, he in-
troduced a positive cosmological constant A > 0, which counteract against gravity.
This was not unreasonable at that time, because the measured velocities of nearby
stars were small. Later on the idea of a static universe was proved to be wrong by
observational results.

Another famous approach is the de-Sitter model formulated by Willem de Sitter
(de Sitter, [1916a,bl |1917). It models the universe as spatially flat without any
matter or radiation, but with a positive cosmological constant driving the expansion.
Although such a model uses unphysical assumptions it was the first formulation of
a spatially expanding universe.

The present-day accepted model of modern cosmology was introduced by Alexan-
der Friedmann in 1922 (Friedmann| (1922). It is based on the assumption, that the
cosmological principle is valid if one observes the universe on scales large enough:

e The universe is homogeneous - on large scales the matter is distributed
uniformly, independent of an observers location.

e The universe is isotropic - on large scales the universe looks the same in
all spatial directions, independent of an observer’s location.

These assumptions constrain the form of the Friedmann-Robertson-Walker (FRW)
metric tensor g,, and the stress-energy tensor 7),, in Einsteins field equations:

1 87 G
Ry =5 R g™ + A gtV = === 11w (1.8)

For the Friedmann-Robertson-Walker metric and a stress-tensor, obeying the cos-
mological principle, eq. are called the Friedmann equations. Combining the
Friedmann equations yields the evolution equation for the scale factor a(t):

@ — g2 Qr Qm Qk
a(t) Ho (a(t)4 * a(t)? + a(t)? - QA) (1.9)

Therefore, the evolution of a(t) is determined by five parameters:
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e H, is the famous Hubble constant defined as

a(to)

Ho=lt)

(1.10)

e (). is the present-day radiative energy density in units of the critical density

o ), = Qg+ Qpy the present-day matter density of the dark matter and bary-
onic component

o Op = A/peis describes the dark energy component

o () =1—-0,—Q,—Q) depends on the curvature k, hence defines the geometry
of the universe {2, < 0 describes an open hyperbolic geometry. For € = 0 the
universe is flat. If €2 > 0 the universe is spherical and closed.

One important effect induced by the expansion is the redshift of light. It can
be observed in the wavelength of a photon, which is emitted at t, and absorbed at
tq. From the FRW metric and the defining property of comoving distances one can
derive a relation between A(t.), A(t,), and the scale factor:

Ata) — Ate 1
(fa) = Alte) _ —1 (1.11)
Alte) a(te)

This shift of wavelength is parametrized by the so-called redshift parameter z.

Hence, every moment in cosmic time is related to a unique redshift.

z

Structure Formation in the Early Universe

The kinematics of present-day galaxies are completely determined by their formation
history. Since these processes happen on cosmological time scales, it is crucial to
understand them in a cosmological context.

The modern picture of structure formation starts when the universe was about one
Planck time old. At this earliest epoch all matter was concentrated in a very small
volume causing very high temperatures and pressure. Due to the high temperatures
the strong and electroweak force were too weak to bind the gluons in protons or
neutrons. Hence, the universe was in a plasma state consisting of free charges.

At this early stage the universe was dominated by photons, scattering with the
free charged particles. This process prevented the matter from forming potential
wells, causing density fluctuation to smear out leading to a uniform optically thick
universe. At a certain point the universe was cold enough for the gluons to form
protons and neutrons, however, not cold enough to build neutral atoms. In contrast,
the dark was able to grow potential wells caused by quantum fluctuations, since it
is not influenced by the electromagnetic force (Mukhanov and Chibisov, [1981)).

When the temperature of the universe decreased below 3000K a global phase
transition, called recombination, took place. The particles had slowed down enough
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to form neutral atoms out of the electrons and atomic nuclei. As a result, the
photons now could travel freely without scattering. The matter decoupled from the
radiation and the universe became optically transparent.

The gravitational attraction of the dark matter was now the dominating force
acting on the newly formed baryonic matter. Hence, the baryonic matter followed
the density fluctuation in the dark matter, initiating the formation of the first pro-
togalaxies.

The detection of the radiation emitted at the moment of recombination was one
of the groundbreaking observational results of modern cosmology, referred to as
Cosmic Microwave Background (CMB). The discovery goes back to Arno Penzias
and Robert Woodrow Wilson, in 1964. They used a Dicke radiometer, which they
intended to use for radio astronomy and satellite communication experiments. After
examining their data, they found a signal distributed isotropically over the complete
sky, corresponding to a temperature of 3.5K (Penzias and Wilson [1965)). The low
temperature is due to the expansion of the universe, which causes the wavelength to
increase according to eq. and therefore the energy of the photons to decrease.

Further investigations by the space-based probes COBE (launched 1989), WMAP
(launched 2009) and recently Planck revealed the most striking feature of the CMB:
on large scales it is isotropic with a temperature of 2.7K, though on small scales it
exhibits little temperature fluctuations. These fluctuations originate from baryonic
oscillations right before the recombination epoch. The CMB temperature fluctuation
map measured by the Planck mission is shown in fig. [T.2]

—300 K 300

Figure 1.2.: Temperature fluctuations in the cosmic microwave background provided by
the Planck mission. Image Credits: NASA/JPL-Caltech/ESA.

As mentioned earlier, the dark matter grew potential wells much earlier than the
baryons, causing them to stream into these wells. Due to the compression of the
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baryons, a radiation pressure built up, counteracting the gravitational force. At a
certain point the radiation pressure took over the gravitation, pushing the baryons
outwards, provoking them to oscillate within the potential wells. When the photons
decoupled the different oscillation states of the wells were imprinted onto the CMB.
Hence, the CMB encodes the physical conditions of the universe at the time of
recombination. The observed fluctuations in the CMB imply a scale for the initial
density fluctuations of the universe.

Fig. shows the temperature power spectrum of the CMB measured by the
planck mission (Planck Collaboration et al., 2015). Fach peak represents a different
oscillation state. Their height and position constrain the cosmological parameters
appearing in the evolution equation for the scale factor in eq.

The model described above combining dark matter, baryons and the cosmic ex-

pansion is the present-day accepted framework for structure formation and is called
the ACDM model.
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1.2.2. Galaxy Formation at Lower Redshifts

Within the ACDM framework, after the formation of the first protogalaxies the
structure formation progresses in a hierarchical manner. The dominating component
of this process is the dark matter because of its commanding gravitational attraction.
Through merging of smaller dark matter structures larger structures build up which
continuously accrete gas thereby gaining angular momentum. Due to the ability of
the gas to radiate away energy and redistribute angular momentum, it cools to the
centre. Ongoing gas accretion increases the density in the centre and thus trigger
star formation of Population III stars.

The merger and accretion history of galaxies at lower redshifts is effectively en-
coded in their star formation history. Present-day galaxies can be broadly divided
into two main classes, namely star-forming (gas-rich) and quiescent (gas-poor). A
model describing mass assembly of galaxies has to account for this bimodality.

The star formation inside the galaxy is fuelled by ongoing infall of smaller struc-
tures and smooth gas accretion. The evolution of the star formation density mea-
sured from different wave bands is shown in fig. indicating an increase of star
formation until it peaks at z ~ 2. At this stage, quiescent galaxies have already
formed, however, the main part is gas-rich and actively forming stars.
et al., 2013; Whitaker, |2011; [Brammer et al., 2011). In the range of 0 < z < 2 the
star formation density decreases, building up the red quiescent class. Hence, in the

lookback time (Gyr)
8 10 12

o
—
—
— ®

redshift

Figure 1.4.: Taken from Madau and Dickinson| (2014): Evolution of cosmic star forma-
tion rate density from FUV—+IR rest-frame measurements.




10 1. Theoretical Foundation

vicinity of the maximum star formation a physical mechanism is triggered driving
galaxies towards the red sequence. In fact, it is a complex interplay of various effects
which quench the star formation inside galaxies. Sudden removal of gas through out-
flows or stripping is one often proposed mechanism (Diamond-Stanic et al.| |2012;
Forster Schreiber et al., 2014} [Cicone et al., 2014; |Abadi et al.l [1999). Another
process is the so-called “strangulation”, in which the gas supply halted causing the
galaxy to “dry-out” (Peng et all 2015).

Detailed cosmological simulations revealed a two-phase picture of mass accretion
for z < 3.5 (Oser et al.; 2010). In the first, rapid phase smooth cold gas gets accreted
onto the galaxy centre through cold streams. Cold streams are narrow pipelines of
cold gas reaching from the cosmic web directly into the galactic centre (Dekel et al.)
2009)).

The accretion time scales for this “cold mode” are much shorter than for the
“hot mode”, in which the gas initially is shock heated to the virial temperature
of the surrounding hot halo. Therefore, cold streams supply cold gas for high star
formation rates at early times, as found in fig. [1.4] Stars which are formed within the
galaxy are called “in-situ”. However, as the galaxy grows in mass, various feedback
mechanisms quench the inflow of cold gas. This transition happens between z ~ 1
and z &~ 2. The redshift dependent interplay between hot and cold mode accretion
is shown in fig[I.5 Below z ~ 1.8 cold streams exist, although the galaxy already
exhibits a hot surrounding halo.

In a second, subsequent phase galaxies grow in mass and radius, primarily by
accretion of stars through merger events. Stars accreted in this manner are called
“ex-situ” stars, since they have formed in a different galaxy and only added to the
forming central galaxy later on.

As the dominant mechanism, driving galaxy formation at low redshifts, galaxy
mergers have a major influence on the morphology of an object. Especially in
the context of ETG formation, various simulations showed that mergers of two
LTGs can produce ellipticals (Gerhard, 1981; Hernquist, 1992; Burkert and Naab),
2003). Recent studies revealed that the outcome of a merger event is determined
by fundamental properties of the progenitor galaxies: mass ratio, orbital parame-
ter, morphologies and the gas fractions (Mo et al., 2010). However, not only the
morphology is affected but also kinematical features like kinematically distinct or
counter-rotating cores have formed in this manner (Bois et al., 2011; Tsatsi et al.,
2015)).



1.3 The Magneticum Pathfinder Simulations 11

1014 = T T T T T T T T T T T T T T T T T =
1018 A =
5\\ 3
= " Yot cold streams 1
= 10 in hot media -
- L —
w C \ -
4 i \\ ]
=
S 1011 — \ COld <
= - \\ E
ks - .
- \ -
1010 N\ -
E Press—Schechter M:\\ §
B N i
109 111 | | 111 | | 11 | | | I\I\I | | 11 | |
0 1 2 3 4 5
Redshift =z

Figure 1.5.: Taken from |Dekel and Birnboim, (2006): Hot and cold mode accretion as
function of redshift and halo mass. The nearly horizontal red curve marks
the typical threshold for a hot halo. The inclined solid curve is the upper
limit for the existence of cold streams in a hot halo. The dashed line shows
the Press-Schechter estimates of the forming halo masses.

1.3. The Magneticum Pathfinder Simulations

The galaxies investigated in this study are extracted from the Magneticum Pathfinder
simulations, which are a set of cosmological hydrodynamical simulations performed
with the Tree/SPH code GADGET-3. GADGET-3 is an extended version of GADGET-
2 (Springel, 2005; Springel et al., 2001b) including improvements concerning the
treatment of viscosity and the used kernels (Dolag et al. 2005; Beck et al.| 2015).

To investigate the kinematics of galaxies, a detailed treatment of the underly-
ing baryonic physics is required. Therefore, our simulations include a wide variety
of baryonic physics such as gas cooling and star formation (Springel and Hern-
quist}, [2003)), black hole seeding, evolution and AGN feedback (Springel et al., [2005;
Hirschmann et al.,|2014)) as well as stellar evolution and metal enrichment (Tornatore
et al., 2007).

The Magneticum Pathfinder simulations implement a standard ACDM cosmology
with parameters adapted from the seven-year results of the Wilkinson Microwave
Anisotropy Probe (WMAP7) (Komatsu et al. 2011). The density parameters are
Qp = 0.0451, Oy = 0.272 and Q, = 0.728 for baryons, matter and dark energy,
respectively. The Hubble parameter is h = 0.704 and the normalisation of the
fluctuation amplitude at 8Mpc is given by og = 0.809. The Magneticum Pathfinder
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simulation set includes boxes of different sizes and resolutions. Sizes range from
2688Mpc/h box length to 18Mpc/h box length, while resolutions cover a particle
mass range of 10'° > mg, > 10"My/h for the dark matter and 10° > mg,s >
10°M /h for gas particles. The implemented star formation scheme allows a gas
particle to form up to four star particles (Springel and Hernquist, 2003). A summary
of all available boxes is given in tab. [I.1]

For this study we choose the medium-sized cosmological Box4, with a side length of
48Mpc/h at the ultra high resolution level from the various volumes and resolutions
provided by the Magneticum Pathfinder simulations at a redshift of 0.1. The masses
for the dark matter and gas particles are mpy = 3.6 - 1O7M@/h and mgas = 7.3 -
10°Mg /h respectively, with a gravitational softening length of 1.4kpc/h for dark
matter and gas particles, and 0.7 kpc/h for star particles. This box is chosen to
ensures a high enough resolution as well as a large sample size to examine the
kinematics of galaxies in a statistically meaningful manner.

The haloes are detected using SUBFIND (Springel et al., |2001a) which utilises
a standard Friends-of-Friends algorithm, and is adapted for the treatment of the
baryonic component (Dolag et al., 2009), which allows to identify satellite galaxies
in addition to the central galaxies inside the main haloes. The virial radius of the
main haloes is defined according to the density contrast based on the top-hat model.

Table 1.1.: Properties of available boxes contained in the Magneticum Pathfinder set.
Values taken from the Magneticum Project homepage: www.magneticum.org.

Box0 Box1 Box2b Box2 Box3 Box4 Boxb

Size [Mpc/h]: 2688 896 640 352 128 48 18
Npe: 2-4536% 215263 - 2-594%  2.216% 2813 -
Ny, - - ~ 2.15843 2.576° 2.216° 2.813

Nune: - - - - - 2.5763 22163
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Figure 1.6.: Taken from Teklu et al| (2015): Main Panel: Complete simulated box at
redshift 0.5. The upper and lower panel show exemplary spiral and elliptical
galaxies that have formed in the box. In all panels the upper colour bar
represents the age of the stars from young to old, whereas the lower colour
bar indicates the gas temperature from cold to hot.




2. The Ar-¢ Plane

2.1. Definition of a New Kinematical Parameter

For many years the V/o-parameter has been used to quantify the amount of observed
stellar rotation in a system, where V' and o denote the projected stellar velocity and
velocity dispersion, respectively. This parameter is a useful tool to investigate the
dynamical state of early type galaxies. However, it fails to distinguish between small
scale rotation like kinematically distinct cores and large scale rotation (Emsellem
et al., 2007). Therefore, a new parameter needs to be introduced, which takes the
global velocity structure into account and in addition maintains the information
about the dynamical state, i.e. ordered vs. random motion.

Such a parameter was established by Emsellem et al. (2007) within the SAURON
project, which aimed to investigate the intrinsic shape and structure of ETGs. For
an observed velocity and dispersion map it is defined as

(R [V])
T
where R is the radius, V' the velocity and o the stellar velocity dispersion. (-) denotes

the luminosity-weighted average over the full two-dimensional kinematic field, which
is given by

N,

i G

— TN, o~
> b

Therefore, if the brackets are written out, A reads as

(@) (2.2)

N —_—
I Fi R |V,
)\R — Zz—l ‘ | (23)

ZivzplFi R; \V V?+0i2

with the sum running over all pixels of the velocity and dispersion maps. F;, R;, VZ‘
and o; are the flux, projected distance to the galaxy centre, mean stellar velocity
and velocity dispersion of the i photometric bin, respectively.

The normalisation by (VQ + )2 implies that Mg, tends to one for purely
rotational- supported systems. The lower limit of A\g_ corresponds to either a purely
dispersion-dominated system with no ordered rotation, or to a rotating system where
the total angular momentum vector is along the line of sight. The usage of (R|V])
as a surrogate for the angular momentum ensures the distinction between large-scale
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or little rotation.

It is important to mention that Ar, obviously depends on the spatial size, over
which the sum in eq. [2.3]is taken. Moreover, it is sensitive to the tessellation method
used for the velocity and dispersion maps. This will be discussed in more detail in

sec. 2.3.11

2.2. ATLAS?P: Sample Selection and Relevant Results

The basis for the ATLAS?® project is provided by the investigations within the
SAURON project (Bacon et al.,[2001). In the SAURON project the morphology and
kinematics of 48 early-type galaxies were observed, providing detailed kinematical
maps for the mean stellar line-of-sight-velocity V' and the velocity dispersion o, as
well as for the higher Gauss-Hermite moments hz and hy (van der Marel and Franx,
1993; |Gerhard, |1993)). The moments hg and hy are used to parametrise the line-of-
sight-velocity-distribution (LOSVD) f, measuring deviations from a single Gaussian
function

Fly) o e 5 [1 + hy Hy(y) + haHa(y)] (2.4)

where y = (V —V")/o. Here, V', o, hs and hy are independent fit parameters. Hsz(y)
and H,(y) denote the third and fourth Hermite polynomial. Therefore hs and hy
quantify the asymmetric and symmetric deviation of the LOSVD from a Gaussian.

As a result of this study, Ag, can be used to disentangle the two classes of fast
and slow rotators with a threshold value of 0.1. Fast rotating ETGs show large-scale
rotation and a regular pattern in their velocity maps. In contrast, slow rotators
exhibit different kinematical features like counter-rotating or kinematically distinct
cores with little rotation leading to lower \g, values.

The ATLAS?P project extends the SAURON sample to a total of 260 early-type
galaxies supplying the same types of kinematical maps. While the ETGs in the
SAURON sample were individually selected, the ATLAS?P sample is only volume-
limited ,that is all galaxies within a certain area of the sky below a certain luminosity
(Mp < —18.0mag) were observed. From there the ETGs were identified and the
kinematical maps of those ETGs were obtained. This method, in contrast to the
SAURON survey, allows a more complete, statistical approach to understanding
ETG kinematics. Tab. [2.1] summarizes the characteristics of the total ATLASP
sample, including the LT Gs. A detailed description of the observational and selection
process is given in |Cappellari et al| (2011)) and in sec. 2.4

Having access to a statistically more meaningful sample, ATLAS?P redefined the
threshold between fast and slow rotators as:

Ar, > 0.31 - /€. — fast rotator
Ar, < 0.31- /€. — slow rotator
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where ¢, is the projected ellipticity which is defined as

Zﬁ\fl F, x} '

%

2
€e=1— @:1—

(22)

(Cappellari et al.| 2007)), where the coordinates (x,y) are centred on the galaxy

nucleus and x is measured along the photometric major axis. The subscript “e
indicates the aperture of one effective radius, which is adopted to calculate Ag..

Table 2.1.: Characteristics of the ATLAS?P sample.

Distance: D < 42 Mpc
Galaxy K-band luminosity: L > 8.2-10° Ly, Mo
Galaxy stellar mass: M, = 6-10° M
Galaxy B-band total mag: Mpg < —18.0 mag
Galaxy SDSS r-band total mag: M, < —18.9 mag
Total number of galaxies: Ny, = 871
Spiral and irregular galaxies: N, = 611 (70%)
SO galaxies: Ngg = 192 (22%)
Elliptical galaxies: Ng = 68 (8%)

Thus, this separation also uses the morphological parameter ¢,. This new proxy
is motivated by the effect of inclination on the classification scheme. A fast rotator
seen face-on shows very low rotation and round shape. If one uses the constant 0.1
criterion this leads to a misclassification of the galaxy as a slow rotator. The new
criterion is significantly more robust with respect to inclination effects (Emsellem
et al|, 2011). Although this relation is determined empirically, the /€. dependence
somewhat mocks the change of Ag, and the flattening of ETGs due to inclination
effects.

2.3. Calculating )\r_ in Numerical Simulations

The previously established parameter Ay, is specifically customised to fit the needs
and constraints of the current observational methods. It solely uses projected quan-
tities and fluxes, which can be observed by multi-wavelength surveys. Quantities
like the spatial angular momentum j = mr x v, which require three dimensional
information, can not be observed directly.

Since we obtained our data from the cosmological Magneticum Pathfinder simula-
tions, i.e. we have full three dimensional information and masses of particles but no
luminosities, it is necessary to adapt both eq. as well as the tessellation method.
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The expression for Ag, is transformed into

Ap = o MRVl (2.6)

Z MR\/V—i-U

The flux F} is replaced by the mass inside the i** bin, assuming a constant light-to-
mass-ratio. Eq. is the final formula we will use in this study to calculate Mg,
from the kinematical maps.

In the same way we modify eq. for the projected ellipticity

The construction of kinematical maps from simulated data is not a trivial task.
To be comparable to observations we have to use calculation methods which takes
the properties of numerical simulations into account.

For example, the limited mass resolution in SPH leads to low particle numbers
when assigning particles onto a grid which causes statistical problems. Another issue
is the limited spatial resolution making the maps sensitive to numerical small-scale
fluctuations. For a detailed resolution study see Bois et al.| (2010)).

Since we aim to calculate Ag, given in eq. we need to generate two types of
kinematical maps. The mean projected velocity V; within a cell given by

N,
_ V)
V= 2% e (2.8)

where Vj is the particle velocity and the sum runs over all N, particles within a cell.
And the projected velocity dispersion defined as

ZNc VQ ZNC v
NC ]\/vC '

(2.9)

g; =

2.3.1. Tessellation Methods

The first crucial step when calculating kinematical maps is to choose an appropriate
tessellation scheme. When we evaluate V; for each grid cell we have to address
the issue of low number statistics. We can estimate the statistical quality of the
arithmetic mean for each grid cell via the so-called standard error of the mean
(SEM).

If ng is the size and o the standard deviation of the sample, which is used to
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estimate the population mean, the SEM is given by
Os
NN

This quantity is the standard deviation of all possible sample means that can be
drawn from the complete population. The denominator /ns implies that a larger
sample size diminishes the SEM.

SEM =

(2.10)

Due to the mass resolution in SPH simulations, which can cause low particle
numbers per cell, this statistical error is artificially introduced. To investigate the
effects of various tessellation schemes and resolutions we compare three different
methods with respect to the impact on the A\ -parameter.

Simple Rectangular Grid and Triangulate Shaped Cloud

In this study we use two tessellation methods that are based on a quadratic rectan-
gular grid. After determining the spatial geometry, we have the freedom to choose
a window function. The window function determines which particles around a grid
point are assigned to it, and how these particles are weighted.

The most basic window function is the nearest grid point (NGP). In one dimension
it is given by
1, ‘.’L’Z’ < 05,

. (2.11)
0, otherwise.

Wiap (i) = {
where x; is the distance to the considered grid point, given in units of the lattice
constant A. From the shape of Wxgp(z;) in fig. we deduce that all particles
within an interval of length A around a grid point are assigned to it. Generalising
the NGP window function to two dimensions, every particle inside a quadratic cell
with side length A around a grid point will be sampled to it.

Another commonly used window function is the triangular-shaped cloud (T'SC):

0.75 — 272, |lz;] < 0.5,
_ ) (15— fa])?
WTgc(l‘i) = T, 0.5 < |IZ| < 1.5, (2'12)
0, otherwise.

Hence, in one dimension the sample range is three times the lattice constant. The
weight of a particle decreases quadratically with increasing distance to the grid
point.

Switching from one to two dimensions the sampling area is a square with a side
length of three times the lattice constant. The weights are multiplied according to
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the distance from the grid point in both directions leading to:

((0.75 — 22) - (0.75 — 32), |lz;| < 0.5 and |y;] < 0.5,
1.5 — |zy])?
% (075 —9?), 0.5 < |z < 1.5and |y < 0.5,
L5 — |yi|)?
Wrso(wi,yi) = § (0.75 — 22) - #, |z;| < 0.5 and 0.5 < |y;| < 1.5,

(L5 —Jmi)* (1.5 — |wi])?
2 2 ’
0, otherwise.

0.5 < |z;| < 1.5 and 0.5 < |y;| < 1.5,

\

(2.13)
We use this window function in order to smooth the mass of a particle over nine grid
points, while conserving its total mass. In this manner we improve our statistics at
each grid cell by a factor of nine, hence decreasing the SEM (see sec. [2.3.1]).
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Figure 2.1.: One dimensional window function for NGP (solid line) and TSC (dashed
line). The z-axis is in units of lattice constant A.

Since this method samples the mass of a particle over more than one grid cell we
have to adapt the expressions for the mean velocity and the velocity dispersion at
each grid point:

Nc
7 _ 2= Wase(w;,45)msV;

T N,
Zj:1 Wrsc(z;, y;)m;

, (2.14)
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g; =

2
E;'V:CI WTSC<37]'7 yj)mjvj2 B <Z;V:cl WTSC(xja yj)mj‘/}> (2 15)
Zjvzl Wrsc(xj, y;)m; Z;V:cl Wrsc(xj,y;)m; )

where the sum runs over all particles within the sampling area. The kinematical
maps calculated with these expressions are then used to derive \g.

Centroidal Voronoi Tessellation Scheme

The third tessellation method we will use in this study is the so-called centroidal
voronoi tessellation (CVT). It was introduced by |Cappellari and Copin| (2003) and
primarily developed to tessellate integral-field spectroscopic images into bins with
a signal-to-noise-ratio above a certain threshold while retaining a maximum spatial
resolution.

Since we obtain data from a numerical simulation, we are dealing with statistical
noise due to the SEM rather than with observational noise. Thus we adapt the
method of CVT to generate a tessellation with nearly equal-particle-number bins
in the range of a chosen target-particle-number Nt. In contrast to the pure NGP-
and TSC-Method this ensures a constant statistical error per bin below a value
determined by Nr.

A good tessellation scheme should fulfil some basic requirements. Let €2 be the
2D particle distribution area, already tessellated with the NGP-Method. The term
“pixel” refers to the cells of the NGP binning, whereas “bin” refers to the actual
voronoi cell.

e Topological Requirement: the tessellation should construct a partition of
Q) without any cavities or overlapping.

e Morphological Requirement: the bin shape should be as “round” as pos-
sible, such that the pixels in one bin are as close as possible to each other. In
that manner the best spatial resolution is implemented and it is possible to
assign a well defined spatial position to each bin. To measure the roundness
of a bin we use the parameter

R=lmx_ (2.16)
Teff
where 7., is the maximum distance to any pixel of the bin and r.¢ the radius
of a circle with the same area as the bin. (Cappellari and Copin/ (2003) obtained
good results for R < 0.3, thus we adapt the same value.

e Uniformity Requirement: the scatter around Nt should be as small as
possible while not sacrificing the spatial resolution.

A general Voronoi tessellation (VT) of an area 2 is uniquely determined by a set
of points {z;}Y, called generators. A VT is a segmentation of {2 into regions {V;}¥,,
enclosing the pixels closer to z; than to any other generator. In the special class
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of Centroidal Voronoi tessellation the generators coincide with the mass centroids
according to the quantity which is desired to be constant (in our case the particle
number). If one for example wants to create equal physical mass bins, the generators
coincide with the physical mass centroids.

Such a partition naturally satisfies the topological requirement but none of the
other requirements. Hence |Cappellari and Copin| (2003) developed an algorithm
that also tackles the morphological and uniformity criterion. We will sketch this
bin-accretion algorithm following (Cappellari and Copin| (2003) adapted to generate
equal-particle-number bins:

i) Choose the pixel with the highest particle-number N;.
ii) Compute geometrical centroid of the current bin and select the closest unbinned
pixel as candidate for addition to the current bin.
iii) If the following criteria are satisfied add the pixel to the bin and go back to ii)
a) The new pixel is adjacent to the current bin (topological criterion).

b) Adding the pixel would not cause the roundness R to exceed the chosen
threshold (morphological criterion).

¢) By adding the pixel the N; will get closer to the desired Nt (uniformity
criterion).

v

~—

The accretion has come to an end if the S/N is above a certain fraction of Nrp.

v) Again calculate the geometric centroid of the pixels in the current bin and select
the nearest unbinned pixel as starting point for a new bin. Go back to ii) until
all pixels are binned.

vi) Evaluate the geometric centroid of each successful bin and assign the unbinned
pixels to the closest centroid.

vii) Recalculate the geometrical centroids.

The centroids obtained from this process can directly be used as generators to per-
form a VT, giving already good results (Cappellari, 2009).

In this study we use a second procedure starting from the calculated centroids
and performing a CVT. This bin-regularisation uses a modified Lloyd algorithm to
generate a CV'T with the generators coincide with the mass centroids, rather than
the geometrical centroids (Cappellari, 2009; Cappellari and Copinl, 2003)).

An example for a CVT of a simulated galaxy is given in fig. with Nt =
150. The green crosses indicate the positions of the generators, while the particles
positions are represented by red dots. Filling colours of the cells are according
to the particle numbers as given in the colour bar. The number and size of the
cells clearly scale with the density, while properly satisfying the three requirements
stated before. However, there is a certain scatter in the particle numbers between
111 and 231. Hence it is important to take this scatter into account when choosing
a target-particle-number.
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RN 135 159 183 207 231

Figure 2.2.: Exemplary Centroidal Voronoi Tessellation of a random galaxy from the
Magneticum sample. Filling colours correspond to the particle number per
cell. The stellar particle positions are indicated by red dots, while green
crosses mark the position of the generators.

2.3.2. Probing Tessellation Methods

After introducing three different tessellation schemes we now investigate their sta-
bility. For this purpose we select a random galaxy from our sample and trace its
path in the Ag_-€. plane when going from the edge-on to the face-on projection. We
always use a square with a side length of two effective radii centred on the centre-
of-mass of the galaxy as the field of view to calculate Ag_. It is not intended to
conduct any physical interpretation in this section, we only focus on the behaviour
of the tessellation methods.
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For the NGP and TSC method the free parameter to vary is given by the number
of grid cells N . Generally, it is possible to use a different cell number for each
spatial direction, i.e. non-quadratic grid cells can be generated. However, we restrict
ourself to quadratic cells. The CVT method has two free parameters, namely the
cell number of the the underlying NGP and the desired target-particle number. To
exclusively investigate the impact on Ag, the parameters to determine €, are held
constant for all 40 projections.

Fig. shows the paths in the Ag,-€. plane for five different N, distinguishing
the tessellation schemes by colour.
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Figure 2.3.: Each panel shows tracks in the Ag -€. plane when going from the edge-
on to the face-on projection for the same galaxy. From left to right, top
to bottom the cell number N increases by 20. The colours represent the
three tessellation methods as given in the legend. The green solid line marks
the threshold between fast and slow rotators, i.e eq.
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For Ne = 20 and Ny = 40 the CVT and TSC are in good agreement, whereas
the NGP already shows significantly larger values. When going to even higher N
this trend continues until the NGP is approximately a factor 2 higher than the CVT.
A similar, however weaker, trend can be observed when comparing the CVT and
TSC method: The TSC curve shifts away from the CVT line to larger values for
increasing N . The behaviour of the TSC and NGP scheme can be explained by
by the decreasing number of particles per cell for larger N.e, causing the statistical
noise on V; to increase.

As expected, only the CVT curve stays constant for all five N o1, implying stability
with respect to changing N .. This result emphasises one of the major advantages
of a CVT: All cells contain approximately the same number of particles, ensuring a
constant as well as low statistical error.

In order to examine the effect of a varying Nt on the CVT, we again calculate
the paths in the Agr_-€. plane, now for five different Np. We adapt an underlying
NGP with N.p = 60 for all five paths. From Fig. we conclude that the CVT
method is stable across a large range of target-particle numbers. The curve shifts
only little when lowering N, especially for Nt > 200 the deviations are very small.
Although an increasing Nt improves the statistical noise, it is not reasonable to
employ extremely large values, due to the larger extend of the cells leading to a
reduced spatial resolution.

Based on the considerations in this section, we select the CVT method for this
study adopting Nt = 150. For the underlying NGP we choose N = 60, which is
in agreement with the resolution within the ATLAS?P project. This ensures a low
statistical noise as well as a proper spatial resolution.
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Figure 2.4.: Tracks in the AR -€. plane for the CVT method. Colours are according to
different target-particle-numbers Nt as given in the legend. The green solid

line represents eq.

2.4. The Magneticum Galaxy Sample

Since we aim to conduct a statistical comparison to results which are based on
the ATLAS®P sample, the galaxy selection is a crucial step. Our galaxy selection
algorithm should ensure a meaningful comparability as well as a large enough sample
size.

The classification scheme used by ATLAS?P is purely based on the morphological
properties of a galaxy (Cappellari et al., 2011)). Adopting the discrimination crite-
rion between LTGs and ETGs outlined in Sandage, (1961)), they select ETGs from
their complete sample by visually inspecting multi-colour images. Therefore, the
galaxy selection is based entirely on the presence of spiral arms, while other galaxy
characteristics, which vary with morphology, are neglected (Sandagel |1975)). This is
reasonable, because a further devision into the subclasses EO-E7 is not intended.

Because of the potentially large sample size and the challenging task of generating
realistic multi-colour images from simulated data, a visual inspection is not conve-
nient for our study. Hence we use a simple automatic process to select our sample
from the complete simulated box: We first select all main- and subhaloes identified
by SUBFIND with a total stellar mass M, > 1-10M,. In this manner the se-
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lected galaxies are properly resolved in terms of mass resolution. Furthermore this
threshold is in the range of the lower limit M, > 6 - 10° My, chosen for the ATLAS?P
galaxies. In total, we find 2112 galaxies above this mass in Magneticum Box4.

The presence of spiral arms is tightly coupled to the amount of cold gas contained
in a galaxy. Young et al. (2014)) investigated the cold gas contend for the ATLASP
ETG sample, observing My /M,-fractions ranging from 10~! to 10~%. Therefore,
we adopt the selection criteria

M,
fgas _ gas,cold <01

e < (2.17)

rather than visually identifying spiral arms. In addition, we constrain the effective
radius to be larger than 1.4 kpc (i.e. twice the stellar softening length) to ensure a
proper spatial resolution. Our final sample therefore includes 1334 galaxies, which
we will refer to as the “Magneticum sample” in the following. Some characteristics
of our sample are summarised in Tab[2.2]

Table 2.2.: Characteristics of the Magneticum sample.

Total number of ETG’s: 1334
Galaxy stellar masses: 110 —9.7. 10" M,
Galaxy cold gas fractions: 3-1075 — 0.09
Galaxy effective radii: 1.58 — 30.5 kpc

Galaxy gas masses:
Total halo masses:

0—3.1-102 M,
1.1-1010 — 4.0- 1013 M,

To further motivate our sample selection, we follow results of Cappellari et al.
(2013) and Shen et al.| (2003). For a given stellar mass they observe a larger effective
radius for LTGs compared to ETGs on average (see fig. 9 and fig. 14 in |Cappellari
et al| (2013)). Cappellari et al.| (2013) used the complete (also including LTGs)
sample described in sec. in their study.

To review the Magneticum sample in the view of these results, fig. shows the
mass-size relation for each galaxy. Galaxies that are selected to resemble ETGs are
shown in red, those that were discarded from our sample are shown in blue. The
latter includes disc-like galaxies as well as peculiar galaxies and ongoing merger.
In the mass stellar range 10*° — 10'* M, we clearly see the separation stated above
between the selected spheroidal galaxies and rejected galaxies with an significant
overlap as found in the observations. At the high mass end the split up becomes less
evident. Small deviations from the observations in (Cappellari et al.| (2013)) might be
due to the low number of galaxies observed in this range. However, overall the mass-
size relation found for the Magneticum sample is consistent with the observations in
Cappellari et al.|(2013)) as well as the results from the GAMA survey (Baldry et al.,
2012).
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Figure 2.5.: The mass-size distribution for all galaxies with M, > 1-10'°M, and R, >
1.4 kpc. Colours separate selected and rejected galaxies as given in the
legend.

2.5. The Ap,-¢. Plane in the Magneticum Simulation

In this section we investigate the Ag_-€. plane for the sample described in Sec.
and compare it directly to ATLAS?P.

Since the galaxies in the observational sample are observed in a random projection,
an arbitrary projection is selected to calculate Ag, and €, to avoid a possible bias.
As mentioned in sec. 2.1, Ag, depends on the spatial area which is considered for
the calculation. In practice, we start by calculating the ellipticity according to eq.
2.5l Knowing €, and the effective radius R,, the calculation area is determined to be
an ellipse with €, and a surface of Aepipse = mR%. This procedure ensures maximal
comparability to observational results (Emsellem et al., 2007).

2.5.1. Magneticum Galaxies in the Ay -¢, Plane

To get a sense for the concept of Ag,, fig. illustrates the Ag.-€. plane for all
galaxies in the simulated box satisfying M, > 1 -10°M, decomposed into the
Magneticum sample and rejected galaxies.
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Figure 2.6.: \r_-¢. plane for Magneticum galaxies with M, > 1-10'9M. Colours sepa-
rate the Magneticum sample (red) and the rejected galaxies (blue) according
to sec. The green line defines the threshold between fast and slow ro-

tators given in eq. @

Overall, the rejected galaxies clearly show higher Agr_ values, as expected for poten-
tial LTGs. Hence, fig. further verifies our sample selection. Of course inclination
effects can cause low Agr, for LTGs, furthermore external interaction can diminish
AR, for gas-rich objects.

The most extreme case of inclination effects can be seen in fig. 2.7 where we show
the Ag.-€. plane for the edge- and face-on projection of the Magneticum sample.

As expected, the distribution shifts significantly from the lower left to the upper
right corner. A large amount of galaxies, which are classified as slow rotators in the
face-on projection, cross the green line, whereas only few fast rotators go the reverse
way. This behaviour follows the basic idea of Ag_, however clearly showing its limits
in terms of inclination, especially with respect to the slow rotator family.
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Figure 2.7.: \g_-€. plane for the Magneticum sample. The left panel shows the face-
on projection, whereas the right panel illustrates the edge-on projection.
Colours separate fast (red) and slow (blue) rotators, according to the face-
on projection. The green line represents eq.

2.5.2. Comparison to ATLAS?® and CALIFA Observations

The comparison sample contains the ATLAS*” sample (see sec{2.2)) and observations
from the CALIFA survey (Sanchez et al) 2012) extracted form |Querejeta et al.
(2015)).

Fig. 2.8 shows the Ag -€. plane for our sample as well as for the observational
sample. The Magneticum simulation forms fast as well as slow rotating early-type
galaxies with Ar, and €, in the range 0.06 < A\g < 0.84 and 0.005 < e, < 0.75,
respectively. With 83% (1103/1334) the vast majority is classified as fast rotators,
accordingly only 17% (231/1334) are slowly rotating. The appearance of both types
is in almost perfect agreement with the ATLAS®P observations, where 86% (224,/260)
are fast rotators and 14% (36,/260) are slow rotators (Emsellem et al., [2011)).

The overall distribution covers almost the complete observational range except
for the lowest Ar, values. However, this is not a physical issue, since it is due to the
nature of calculating Ag, from simulated data. As Ag_ is a cumulative parameter
of absolute values, the statistical noise of voronoi cells with nearly zero velocity
adds up creating a lower limit for A\g, (Naab et al.,[2014). We verified this notion by
calculating Ag, for all galaxies assuming zero velocity, only considering the statistical
noise. It revealed a mean value of 0.07, which corresponds to the lower values found
for the simulation in fig.

Similar to the observations, we see a fairly well defined upper envelope: as ¢,
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Figure 2.8.: Comparison of the Magneticum sample with ATLAS3P and CALIFA obser-
vations in the Ar -€¢ plane. Filled circles indicate the Magneticum sample,
whereas the filled diamonds mark the observations. The green line defines
the threshold between fast and slow rotators given in eq. The lilac line
shows the theoretical position of an edge-on viewed ellipsoidal galaxy with
an anisotropy parameter 5 = 0.70 x € (for further details see Cappellari et al.|

(2007)).

increases, the maximum Ag_ increases accordingly. In the slow rotating regime we
tend to have larger ellipticities than the observations. While ATLAS? includes
only one slow rotator with €, > 0.4, we find several slow rotators in the Magneticum
sample with flatter ellipticities. The CALIFA survey, however, finds already five slow
rotators with ellipticities flatter than 0.4. Nevertheless, although there are observed
galaxies in this range, a larger number is found in the Magneticum sample. If this
slight disagreement is caused by insufficient physics implemented in the simulation
needs to be checked by comparing to a more complete observational sample.

The fast rotating domain is in substantial agreement with the observations, show-
ing only minor deviations in the range of extremely large e, near 0.9, where we
do not find any galaxy. Several former studies investigated the formation of fast
and slow rotating ellipticals in simulations through isolated merging events
et al., [2009; |[Naab et al., 2014; Moody et al 2014; Bois et al., 2010, [2011)). Although
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they were able to produce both kinematical types, they did not reach the regime of
Ar, > 0.65. Since we obtain our data from a fully cosmological simulation, this is
a hint for a different formation process forming high A\g, ETGs that is only present
in a cosmological framework. Effects like strangulation and ram-pressure-stripping
of LTGs are candidates for these processes (Peng et al., 2015} /Abadi et al., [1999).

Overall, the galaxies in the Magneticum sample resemble the Ag_-€, plane observed
by the ATLAS?P and CLAIFA projects in a remarkable manner implying a proper
treatment of physical processes influencing the formation of fast and slow rotating
ETGs. Only in the extreme low Ar, range we are not able to make a meaningful
statement due to the limitations by statistical noise aforementioned.

To further investigate the consistency with observations, we plot the mass distri-
bution within the Ag_-€. plane for our sample (upper panel) in direct comparison
to results found by [Emsellem et al| (2011)) (lower panel) in fig. 2.9 The size and
colour of the symbols is chosen accordingly to the mass as given in the legend. The
observations revealed that the roundest slow rotating ETGs are among the most
massive ones, while the high A\gr_ range is preferentially populated by less massive
galaxies. Still today the formation of this objects is not completely clarified. A
recent study by [Moody et al| (2014) showed a possible formation channel through
multiple minor mergers.

Comparing the panels in fig. we find a similar trend for the high Ar_ range to
be preferentially populated by object with stellar masses below 10'° M. The most
massive galaxy in our sample represents an outlier in this regime. With decreasing
AR, the number density of ETGs with stellar masses above 10! M, increases, com-
parable to the observations. In the extremely round slow rotating sector we do not
find the most massive galaxies, however we resemble the tendency for slow rotators
to be more massive then fast rotators.

A possible reason for the lack of massive slow rotators in the simulated galaxy
sample the still relatively small box size of our simulation, which simply does not al-
low the formation of extremely massive structures in a statistically relevant amount.
This is also visible in the fact that the ATLAS?P sample includes five galaxies with
stellar masses larger than 10'2M, we only have one galaxy above this mass. Thus
to understand the properties of those massive slow rotating galaxies, a larger box
volume with at least the same resolution would be needed, however, this is beyond
the scope of this work, but needs to be addressed in the future.
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Figure 2.9.: Upper panel: AR -€¢ plane for the Magneticum sample. Colour and size of
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as in fig.
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2.5.3. Connecting the \p_-¢. and the M,-J, Plane

In this section we want to connect the separation of ETGs into slow and fast ro-
tators to the fundamental classification introduced by [Fall| (1983)) and reviewed in
(Romanowsky and Fall, 2012). When investigating a plane spanned by the stel-
lar specific angular momentum log;o(J,) and the total stellar mass logyo(M,), they
found a continuous sequence of morphological types when going from the lower right
to the upper left corner. Furthermore, they found that LTGs and ETGs follow a
parallel sequence with a slope of approximately 2/3, implying a power law relation
in the non-log plane. This result was confirmed for the Magneticum simulation,
using the same box as this study, by Teklu et al.| (2015). The authors adapt the
so-called “b-value” defined as

Jx 2 M,
b=1 — | — =l — 2.1
0g10 <kpc km/s) 3 0810 (MG) (2.18)

to effectively distinguish between morphological galaxy types. It is per definition
the y-intercept of a linear function with slope 2/3 in the logio(M.)-logio(J«) plane.
According to Romanowsky and Fall (2012)) and [Teklu et al. (2015), objects with
b ~ —4 are disc-like galaxies followed by a smooth transition to lenticular and
elliptical galaxies with decreasing b.

In fig. we show the Ag -€. plane coloured according to b-value bins of size
Ab = 0.25. For the calculation of M, and J, we used all stellar particles within a
sphere of radius 5R, centred on the galaxy centre of mass.

There is a clear trend for the b-value to increase with increasing Ag,. Except for
a few outliers, all objects with b > —4.5 are classified as fast rotators. The mean
values for this branch is (Ag.,€) = (0.46,0.36), hence lying in the fast rotating
regime. From a physical point of view one would expect objects with large b-values
to be located in the extremely high Ag_, however inclination effects can lead to near
zero values. This explains the scatter in Ag, for galaxies with b > —4.5. For the high
AR, galaxies in our sample we see properties similar to LT Gs in terms of b-value. Such
a connection was already found by Bois et al. (2011)) and |Jesseit et al.| (2009) when
they compared the location of their spiral merger progenitors in the Ag_-€, plane
to ATLAS®P or SAURON observations. The formation process of these objects is
probably driven by smooth processes like strangulation or ram-pressure-stripping
of an gas rich disc virtually conserving its b-value. Conserving the b-value requires
a coevolution of M, and J, during the galaxy transformation. In the view of the
Hubble-sequence they are most probably classified as SO, which typically possess a
large amount of angular momentum. Although |Querejeta et al.| (2015) showed that
the formation of SO through the violent process of major merger is possible, they did
not reach the high Ag, regime above 0.65. This is a hint for a transition of smooth
formation processes, only present in cosmological simulations, to more violent ones
when going from extreme high to intermediate Ag,. This supports our findings in
sec.

Objects with b < —5.25 are primarily classified as slow rotators, reflecting their
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Figure 2.10.: A -€¢. plane for the Magneticum sample with colours according to nine
b-value bins of size 0.25 symmetric around the value given in the legend.

small total angular momentum. Accordingly, the mean values for this branch are
(AR, &) = (0.14,0.27), thus lying in the slow rotating region. The intermediate
b-values populate the complete intermediate Ag, range with a mean of (\g,é) =
(0.31,0.34).

Although we find a smooth transition for the b-values, we want to emphasise that
there are outliers in all A\g_ regions, e.g. one of the galaxy with the lowest b-value
possesses a Ag, of 0.38. An ongoing merger might be an explanation for such an
unlikely object.

To further investigate the connection between Ar, and b, fig. shows their
direct relation. The vertical dashed lines mark the borders of the b-bins, while
colours are according to fig. [2.10] Although fig. nicely verifies the trend
described above, the b-value range for a constant Agr_ is too broad to conclude a
distinct correlation. We can only define a banana shaped envelope enclosing the
vast majority of galaxies.
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Figure 2.11.: Relation between A, and b-value. Colours correspond to the same nine
bins as in fig. with vertical lines marking the bin borders.

2.5.4. Connecting Morphological and Kinematical Classification

In eq. we introduced the Sérsic index as a parameter to distinguish between
ETGs and LTGs, more generally between spheroidal and disc-like objects. Although
it was already established in 1963, it is still widely used in observational studies
(Sérsic, [1963)). Since it describes the curvature of the Sérsic-profile fitted to the radial
light distribution, it is a purely morphological parameter. Thus, in this section we
explore how this morphological classification is connects to the kinematical split-up
of slow and fast rotators. Furthermore, the relationship between the Sérsic index
and the b-value is investigated.

Sérsic fits

The Sérsic fits are performed on the same projection of the stellar component used
to calculate Ag,, but out to 5R,. Since the isophotes in general have an elliptical
shape, we initially transform them into circles, conserving the enclosed area, by
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applying the coordinate transformation:

, y (2.19)

where x is measured along the major axis of the ellipse. We neglect the effects of
isophotal twists or variation of e, with radius. Excluding the inner 1.4 kpc, the
density is derived in annuli out to 5R.. The border of the annuli are determined
by demanding a constant particle number of 200, ensuring a proper weighting of all
data points.

The surface density is then defined as:

M(Ri, < R < Row)

p(R) = = (2.20)

where R;, and R, are the boundaries of the annuli. We now fit a Sérsic-profile in
log-space to the obtained surface density p(r):

logsa(p(10) = Togil) = b | (g) -1 toofe) (221)

where I, is the density at the effective radius R.. The dimensionless parameter b,
is defined according to the definition of the effective radius. There is no analytic
solution to the defining equation for b,. Hence, we use a numeric approximation
given by |Ciotti and Bertin (1999):

by — o~y 2,40
n T S T 05m T 25515m2

(2.22)

Fig. shows fit examples for four galaxies. As expected, n is lower for more
flat profiles. A LTG with n = 1 would be represented by a straight line in this
log-linear plot.
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Figure 2.12.: Projected surface density profiles for four example galaxies with different
Sérsic indices indicated by blue lines in a log-linear plot. Red curves rep-
resent the best fitting Sérsic profile.

Sérsic Index in the )\g_-¢, Plane

Fig. illustrates the Sérsic index distribution in the Ag_-€. plane for the Mag-
neticum (upper panel) and the ATLAS3P (lower panel) sample (Krajnovi¢ et al.,
2013). We sample the galaxies into seven bins as defined in the legend of fig.
where big symbols represent the mean (g, ) of the corresponding bin.

The statistical abundance for the Sérsic index bins are summarised in tab. 2.3l
The Magneticum sample covers the complete range found for the ATLAS3P sample.
In the six lowermost bins the deviations are small, namely between 0.4 and 3.4 per
cent. For both samples the majority of galaxies populate the bin with 2 < n < 3.
We find the largest deviation in the uppermost bin. However, overall the statistical
distributions are in good agreement, allowing for a meaningful comparison.
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Figure 2.13.: Upper panel: AR, -€ plane for the Magneticum sample with colours accord-
ing to the Sérsic index bins defined in the legend. Major symbols indicate

the mean values for each particular bin. Lower Panel: Same as upper panel
for the ATLAS?P sample.

Looking at the overall distribution of n in fig. there is no clear separation in
both samples. However, the high Ar, regime is preferentially occupied by galaxies
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with 1 < n < 3 in both panels.

For the Magneticum sample four bins show almost the same (Ag,, € ), while only
the 1 <n < 2and 3 < n < 4 bins shift to higher mean values as physically expected.
Such a trend is also present in the observational sample, but more distinct: except for
the first and last bin, larger n tend to exhibit larger (Ag.,%). Although we observe
weak trends for both samples, the mean values of all bins are in the intermediate
range.

Table 2.3.: Statistical frequency of different Sérsic index bins.

Sérsic index Magneticum [%] ATLAS3P [%]
0-1 0.8 1.2
1-2 19.3 17.3
2-3 25.9 29.2
3—4 17.6 20.4
4-5 10.0 11.9
5—06 6.1 9.6

> 6 19.7 10.3

The direct relationship between n, Ag, and €, is shown in fig. 2.14 Colours are
according to the various bins as indicated in the legend of [2.13]

It confirms the trend stated above, furthermore showing a rather well-defined
upper envelope in all panels. Especially, the maximum ¢, in each bin for the Mag-
neticum sample follows a parabolic shape. A similar trend is present in the ATLAS3P
sample, however showing a more linear declining shape when going to larger n. In
the two left panels we see a similar linearly declining behaviour, but less evident.
For the observational sample this was already found in [Krajnovi¢ et al.| (2013).

In general, we do not find any strong correlation between €, and n or A\g, and n
for the Magneticum sample. Hence, using the Sérsic index alone is not sufficient to
disentangle fast and slow rotators. A similar result was concluded by [Emsellem et al.
(2011)) from the correlation between ay and Ag_, where a4 is a purely morphological
parameter measuring the “boxiness” and “disciness” of galactic isohotes (Kormendy
and Bender} [1996; Bender) [1987)).
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Figure 2.14.: Upper Row: Correlation between Sérsic index and Ag, (left) and ellipticity
(right) for the Magneticum sample. Lower Row: Same as upper row but
for the ATLAS3P galaxies. In all panels the colours correspond to the
Sérsic index bins as in fig. [2.13] with vertical dashes lines indicating the
borders.

Correlation Between Sérsic Index and b-value

After investigating the classifications according to the Ag_-€¢. plane in the view of
the Sérsic index, we now inspect the connection between n and the b-value (see
sec. 2.5.3). To this end fig. shows the direct relationship between n and the
b-value. Since b-values are not available for ATLAS?P galaxies we are restricted to
the simulated sample. The colours are again chosen like in fig. 2.13

The distribution is almost featureless, showing a fairly weak tendency for larger n
to have lower b-values, however much to weak for a meaningful correlation. Again,
the kinematical classification according to b is inconsistent with the morphological
classification. In the view of the results of sec. this comes up to our expecta-
tions, since both Ag, and b are proxies for the angular momentum.
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bins as in the figures before.



3. Kinematical Misalignment and
Implications on Shape

3.1. Quantifying Morphological and Kinematical
Orientation

After investigating the central kinematics of our sample in the previous sections we
now analyse an important large scale property. The misalignment between morphol-
ogy and kinematics gives meaningful insight into the intrinsic structure of a galaxy.
For this purpose it is required to introduce quantities to measure the morphological
and kinematical orientation of a galaxy:.

Since the dynamics of a galaxy is dominated by its angular momentum we use
the total angular momentum vector

N Ns YjVzj — %y,
J= E Ty X V= E my | zjUey — 750, (3.1)
j=1 j=1 LjVy,j — YjVz,j

to measure the kinematical orientation of an object, where the sum runs over all
stellar particles within the considered region.

The definition of the morphological orientation is based on fundamental properties
of the moments of inertia tensor for ellipsoids: For an elliptical mass distribution
the principal axes of inertia are along the semi-minor, semi-median and semi-major
axis of the object. They can be obtained by diagonalising the moments of inertia
tensor for the stellar particle distribution:

R Ns yJQ + Z_72 _ijij —ZjZ;
1= Zmi —Yix x5 E YR (3.2)
=1 —5x; =2y T4y

This procedure provides the principle axis of the maximum and minimum principle
moments of inertia and a perpendicular axis, which in the case of an elliptical object
corresponds to the semi-principal axes.

Interpreting these vectors depends on the particular shape of the ellipsoid. Let us
consider an ellipsoid with semi-principal axes of length a,b and ¢ measured along the
x,y and z axis, respectively. Furthermore, the ellipsoid is centred on the origin of
the coordinate system. Such an object can have four distinct shapes, each fulfilling
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the defining relation for an ellipsoid:

2 2 2
Tenn |, Yel |, el

a > b > c — triaxial shape
e a =b > c — oblate shape
e a4 = b < c — prolate shape

e a = b= c — degenerate case of a sphere

For an oblate object the principal axes of inertia of the largest moment is along the
z-axis, with the other two moments being equal. In the case of a prolate body there
are two equal moments along the x and y axis, and one smaller along the z-axis. In
contrast, a triaxial object has three different moments of inertia, with the largest
along the z-, the medium along the y- and the smallest along the x-axis.

Certainly the appearance of a real elliptical galaxy is not completely ellipsoidal. In
addition massive substructures can influence the considerations above. However for
most elliptical galaxies our consideration represents a reasonable approximation. To
support this assumption, fig. shows the stellar particle distribution before (left
panel) and after (right panel) rotating the coordinate system such that the principle
axis with the largest moment of inertia is along the z-axis. One can see that after
the rotation the z-axis corresponds to the minor axis of the galaxy, hence implying
an oblate galaxy shape in agreement with the notion described above. Based on our
considerations we quantify the morphological orientation of a galaxy by the three
principal axes of inertia.

Figure 3.1.: Stellar particle distribution before (left panel) and after (right panel) rotat-
ing to the principle axes of inertia system.
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3.2. Misalignment Angle Distribution in the
Magneticum Sample

To measure the misalignment of the morphology and kinematics of a galaxy we
follow the definition of [Franx et al. (1991) and calculate three misalignment angles
U, given by the equation

sin(W;) = [sin(P;)| (3.4)

where ®; is the angle between the i’th principal axes of inertia and the total angular
momentum as defined in the previous section. In the above parametrisation ¥, lies
between 0° and 90° and is not sensitive to changes of 180° in ®;.

3.2.1. Fast and Slow Rotator

The result for the misalignment angle is shown in fig. as histograms, showing
the complete sample (upper panel), fast (central panel) and slow rotators (lower
panel). We consider all stellar particles within a sphere of radius 5R.. We find that
44 per cent of the Magneticum sample galaxies show a misalignment angle lower
than 5° with the major moment of inertia, ¥3. Another 21 per cent of the galaxies
are in the range 5° < W3 < 10°, while in total 74 per cent populate the region
with W3 < 15°. These objects are most probable axis-symmetric and oblate shaped
with minor axis rotation. Theoretically, a prolate galaxy rotating around one of the
minor axes would show the same behaviour, however, such objects are very unlikely.

The peaks at 90° in the other two panels are a direct consequence of the small
misalignment in the third panel, because per definition the principle axis of inertia
are perpendicular. It is however meaningful to also investigate these angles, since a
prolate objects with major axis rotation would be aligned with the minor moment
and hence generate a peak in the first or second panel at 0°. As can be seen, there
are only very few galaxies which show a peak at = 0° in the first or second panel,
that is these objects are rare.

While the total mean value for W3 is 13.9, only 25 per cent of the galaxies show a
misalignment angle larger than 15° with only a few percentages having angles above
40°. As a result for the majority of galaxies in our sample the total angular momen-
tum is aligned with the principal axes of inertia of the largest moment. |Crott et al.
(2009) calculated the same angle in a fully cosmological simulation at a redshift of
1. They found a significantly larger value of 39° for their average sample. This
disagreement implies a significant evolution of the misalignment angle from z = 1 to
z = 0. A possible explanation might be the higher merger rate at z = 1 compared
to z = 0, which leads to a larger amount of galaxies with external interactions, dis-
turbing the alignment. Recent studies indeed showed a decreasing merger rate over
cosmic time, however strongly dependent on the progenitor mass ratios (Rodriguez-
Gomez et al 2015; Lotz et al. 2011). Hence we can not clarify if the evolution
in the merger rate can account for the approximately factor 3 larger misalignment
angle at z = 1, without checking the detailed merger trees in the simulation.
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Figure 3.2.: Misalignment angle for minor, medium and major moment of inertia (from
left to right). Different rows correspond to the complete Magneticum sample
(black), fast rotators (red) and slow rotators (blue). We only take particles
within 5R. into account.

If we compare the lower two panels, a clear trend is visible: Fast rotators are
much better aligned with the major moment of inertia than slow rotators. The
mean value of W3 is 10.0° for the fast rotating regime. This implies, as expected,
an oblate disc-like shape with minor axis rotation for fast rotators. In contrast,
the distribution for slow rotators is much broader, showing only a weak trend of
alignment between the morphological major axis and the angular momentum axis,
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with an average misalignment of U5 = 32.6°. This is not a surprise result since slow
rotators are per definition dominated by random motion, it however indicates an
agreement between the kinematics on the scale of 1R, and the complete galaxy out
to 5R, for both fast and slow rotators.

To further investigate the misalignment angle, fig. [3.3]illustrates the same plot as

fig. only considering stellar particles within 2.5R,.
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Figure 3.3.: Same as fig. but considering only stellar particles within 2.5R,

Visually we observe an improved alignment for the complete sample and the fast
rotators. Also, the slow rotators appear to be better aligned, however, the mean W5
stays almost identical with U3 = 33.1°.
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Table 3.1.: Statistical properties of the misalignment angle distribution.

5R. Complete sample Fast Rotators Slow Rotators
Uy < 5% 44% 52% 11%
5% < Uy < 10°: 22% 24% 13%
Wy < 15°: 74% 83% 33%
L Pt I 260 Yo 66%
U3 13.9° 10.0° 32.6°
2.5R.
U3 < 5% 57% 66% 14%
5° < Uy < 10°: 16% 17% 9%
Wy < 15°: 80% 89% 33%
L Rt I 200 Who . 6%
0, 11.8° 7.3° 33.1°
1R,
Uy < 5% 60% 70% 15%
5 < U3 < 10°: 15% 16% 11%
Wy < 15°: 80% 90% 34%
£ Rt I 200 W% 6%
W, 11.7° 7.0° 35.5°

The mean value for the complete sample decreases slightly to U3 = 11.8° with
a total of 80 per cent having misalignment angles lower than 15°. For the fast
rotators this trend is somewhat more evident with a decline of U3 to 7.3°. On the
even smaller scale of 1R, this behaviour continues, though not as clear. Going from
2.5R. to 1R, the mean values and percentages only chance little as can be seen
in tab. where we summarise the results for all scales. This might be due to
structures like bulges, rings and bars which potentially disturb the alignment, which
become more influential in this region.

We can directly compare the complete sample in fig. to the observed angles
found in [Krajnovié¢ et al.| (2011)) for the ATLAS®P sample. They approximated the
misalignment angle via the two dimensional velocity and intensity maps in the range
between 2.5 and 3R,, depending on the accessible data for the galaxy.

They find a mean misalignment angle of only 3° with 90 per cent showing angles
lower than 15°. This is a significant difference of 8.8° and 10 per cent respectively.
We however want to emphasis the fact that the differences in the methods determin-
ing ¥ influences the comparison and therefore it is reasonable to compare the overall
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picture rather than the numbers: In agreement with the observations we find the
majority of ETGs to show strong evidence of axial symmetry with the total angular
momentum being aligned with the minor axis (major moment of inertia).

3.2.2. Correlating the Misalighment Angle with the ) .-J, Plane

In sec. we introduced the b-value as a parameter to discriminate spheroidal
and disclike galaxies according to their position in the M,-J, plane. We now want
to explore how the b-value connects to the misalignment angle to see if it fits the
physical expectation for larger b-values to be better aligned. Since the b-value is a
globally measured quantity, the misalignment angles on the scale of 5 R, are employed
in this section.

Fig. shows again the misalignment angle distribution as an histogram plot,
each row now representing one of five b-value bins. Corresponding mean values and
percentage are displayed in [3.2] revealing a distinct tendency for larger b-values to
be better aligned.

The percentage in the range 0° < W3 < 5° declines continuously from 84 per cent
in the first bin to 0 per cent in the last bin. Accordingly, the mean misalignment
angle increases rapidly with decreasing b. Only between 5° and 10° the amount of
galaxies rises between the first and second bin.

Table 3.2.: Statistical properties of the misalignment angle distribution for various b-
value bins. The bins are as given in fig.

1.Bin 2.Bin 3.Bin 4.Bin 5.Bin
Ua < 5% 4% 56% 14% 1% 0%
5° < U3 < 10°: 11% 27% 21% 4% 0%
Vs < 15°: 99% 90% 50% 12% 0%
o Ys> 15 1% 0% 50% 8% 100%
53 3.7° 7.3° 22.4° 45.7° 54.0°

This result follows our expectations since larger b-values correspond to disclike
objects. In the view of sec. [2.5.4] were we found only a weak correlation between
the Sérsic index and b, this is a surprising result. It suggest that also galaxies
with large Sérsic indices can be well aligned implying again a non-trivial connection
between kinematics and the Sérsic index.
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Figure 3.4.: Misalignment angle for minor, medium and major moment of inertia (from
left to right). Each row represents a b-value bin as given in the first panel.
We consider only stellar particles within 5R,.
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3.3. Discriminate Between Oblate and Prolate Shape

As shown in the previous sections, if one assumes an ellipsoidal morphology the
moments of inertia deliver insight into the actual shape of the galaxy, i.e. pro-
late,oblate or triaxial. In this section we introduce a parameter to effectively distin-
guish between prolate and oblate objects. Moreover, its correlation to the b-value is
investigated.

As mentioned in sec. [3.1] an oblate ellipsoid has two equal moments of inertia
and a larger one. In contrast, a prolate body possesses two equal and one smaller
moment. In the special case of a sphere all moments are equal. Bases on this
consideration we define the so-called “oblatness” parameter ng, as:

(J1/ )
Nop = 3.5
(7)) 3
where Jp,Jo and J3 are the minor, medium and major moment of inertia, respectively.
Following this definition it is possible to distinguish the three shapes:

> 1 oblate,
neb 4 &~ 1 nearly spherical, (3.6)
< 1 prolate.

Since triaxial shaped ellipsoids show three different moments, with their quotient
dependent on the length of the principle axes, no, does not separate them from
oblate and prolate galaxies. It is important to note that ny, > 1 does only imply a
more oblate shape, rather than a completely oblate morphology. The same applies
in the prolate case.

Fig. illustrates the relation between n,, and the b-value. It clearly indicates a
trend for larger b-values to be oblate shaped, whereas lower b-values tend to be more
prolate. When looking at the mean values the transition between oblate and prolate
occurs at b = —5.1. We find that 73 per cent of the galaxies are in the oblate range
with no, > 1. Accordingly, 27 per cent populate the prolate range with no, < 1.
These values are almost identical to the percentages we found in sec. [3.2.1 on the
5R, scale for galaxies with a misalignment angle below and above 15°.

In fig. we again show the b-value against n,p, now discriminating the two
branches of misalignment angles by colour. Although the separation is not as dis-
tinct as the percentages suggest, a clear trend is visible: Galaxies with U3 < 15°
preferentially populate the oblate regime with a mean n.p, of 1.16. This supports the
conclusion that galaxies with little misalignment show an oblate shape with minor
axis rotation.

In contrast, the red symbols are present in both branches, however not reaching
the range no, > 1.4. They reach farther into the prolate region, accordingly the
mean value is 0.92, hence in the spherical /prolate regime. Of course effects which
disturb the ellipsoidal morphology, like tidal forces or ongoing mergers, are more
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present for misaligned galaxies.
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Figure 3.5.: b-value against the oblateness parameter n.,. We adapt the same bins
as in fig. Grey circles represent the complete distribution, whereas
coloured circles indicate the mean value per bin. Black dashed lines mark
the borders of each bin. The length of the error bars is according to the
standard deviation within each bin. The horizontal solid line separates the
prolate (< 1) and the oblate (> 1) regime.

Furthermore, triaxial galaxies have a larger potential to exhibit features like kine-
matical and morphological twists increasing the misalignment (van den Bosch and
van de Ven, 2009). Therefore both effects influence the the W3 > 15° regime and
increase the scatter into the oblate and prolate region.
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Figure 3.6.: b-value against the oblateness parameter no,. Red filled circles indicate
galaxies with W3 > 15°, whereas blue symbols correspond to objects with
Vg < 15°.



4. Kinematical Features

4.1. Kinematical Features in the ATLAS?® Sample

As mentioned in sec. the ATLAS?P project provides detailed kinematical maps
of the stellar velocity and velocity dispersion. Until now, we only used these maps
to calculate Ag, without viewing them in detail.

Within the ATLAS3P project, such a study was done by [Krajnovié¢ et al.| (2011)
and will serve as the comparison observation in this section. They find that the
majority of galaxies are dominated by ordered rotation, but several maps exhibit
distinct features. The variety of kinematical features indicate a variety of formation
histories. Based on this result they define five kinematic subclasses:

e Group a: galaxies with no apparent rotation.

e Group b: galaxies with non-regular velocity pattern (non-regular rotators),
but without any specific kinematic feature.

e Group c: galaxies with kinematically distinct or counter-rotating cores.

Group d: galaxies with two symmetrical off-centred stellar velocity dispersion
peaks.

e Group e: galaxies with regular apparent rotation (regular rotators) and with
or without small minor-axis kinematic twists.

Members of group a to d are mainly slow rotators, whereas group e contains
mostly fast rotators. While the groups a,b,c and e are defined by their velocity
maps, group d is determined by the appearance of the dispersion maps.

Examples for observed velocity maps for all groups are given in fig. 4.1, The
panels showing galaxies of group e suggest a further distinction, however the large
scale behaviour is similar in all three maps.

Especially kinematical decoupled cores are believed to be imprints of the complex
assembly history of early type galaxies. Several studies investigated the connec-
tion of these five kinematical groups to the formation processes affecting the galaxy
evolution. Tsatsi et al.| (2015)) showed that kinematical maps of type ¢ and d can
result from an initially prograde major merger of two disk galaxies. The kinemati-
cally distinct core is most prominent in the old stellar population. Further studies
demonstrate the formation of the other three groups by major or multiple minor
mergers (Moody et al.| 2014} Bois et al., 2010, |2011; Naab et al., 2014; |Jesseit et al.
2009; Khochfar et al., 2011)).
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Figure 4.1.: Taken from [Krajnovié¢ et al| (2011): Example of various features found in
the velocity maps of ATLAS3P galaxies. The different kinematical groups
are indicated by the letter in the right upper corner.

4.2. Kinematical Features in the Magneticum Sample

In this section we investigate whether we find galaxies showing the same kinemati-
cal features as the five groups stated above. Therefore, we construct images of the
voronoi tessellated velocity and dispersion fields out to one and two effective radii.
After choosing a random projection of the galaxy and rotate it such that the pro-
jected major axis is aligned with the x-axis the CVT is performed. We lower the
target-particle-number to Ny = 100 to obtain an improved spatial resolution. The
characteristic kinematical features are identified by eye viewing the velocity maps
on both scales.

Group a

Group a combines all galaxies possessing featureless non-rotating velocity maps with
typical low-level velocities. Results from binary mergers simulations suggest a com-
plex formation history since they could not be formed in a such process ,
. The velocity maps found in the magneticum sample in fig. show no
evidence of a characteristic kinematical feature in agreement with the observations.
Furthermore, the maximum velocities are around 30 to 50km /s, which indicate the
low-level velocities. So we can clearly account for this types of velocity structures.
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Figure 4.2.: Voronoi binned velocity maps of four members of group a for the simulated
galaxies. The colours are rescaled for every individual plot as given in the
colour bar in km/s. Black solid circles indicate one effective radius.

Group b

Although denoted as non-regular rotators, galaxies assigned to this group show com-
plex velocity patterns without any specific feature. Hence a large variety of velocity
maps are collected in this group. For example, galaxies with multiple rotating sub-
components or significant kinematical twists are contained. Therefore, it is kind of
a residual class of objects which could not be assigned to group ¢ or e. We also plot
four examples identified in the Magneticum sample in fig.
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Figure 4.3.: Voronoi binned velocity maps of four members of group b for the simulated
galaxies. The colours are rescaled for every individual plot as given in the
colour bar in km/s. Black solid circles indicate one effective radius.

Although there is rotation in all maps, they do not show a kinematically distinct
core or regular rotation. Since galaxies of this type exhibit various completely dis-
tinct features, rather than one characteristic like the other groups, it is likely that
there are multiple different formation pathways that lead to galaxies included in this

group.
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Group c

This group is defined by very distinct kinematical structures: The central region
shows a kinematically decoupled rotating component either, completely independent
of its environment (KDC) or even counter-rotating (CRC).

Fig. [.4 illustrates four examples for members of this group identifies in the
Magneticum sample. In the first panel, the centre roughly extending to 1R, ro-
tates opposite than its surrounding with a small kinematical twist. Hence it clearly
represents a CRC.

Figure 4.4.: Voronoi binned velocity maps of four members of group c for the simulated
galaxies. The colours are rescaled for every individual plot as given in the
colour bar in km/s. Black solid circles indicate one effective radius.

A similar pattern is visible in the third panel showing a less extended CRC.
Furthermore, there seems to be a larger rotating structure inclined by 45° with
respect to the core. The second panel two shows a special case of KDC, featuring a
rotating core inclined 90° to the large scale rotation. The core extends roughly out
to half the effective radius.

Another characteristic feature for this group is a rotating core surrounded by a
non rotating environment. Such a pattern is present in the fourth panel. There is
a rotating core within 1R, encircled by a region showing comparatively low (near
zero) velocities.

Group d

Group d is the only class determined by a feature in the velocity dispersion maps.
Galaxies which feature two off-centred peaks separated by at least half the effective
radius are assigned to this group. The two peaks are interpreted as two counter-
rotating flattened components which can have various relative luminosity contribu-
tions (Emsellem et al [2011). Such systems can be formed through merging of two
spiral galaxies with opposes intrinsic spin (Crocker et al., 2009). Although there are
several formation channels Emsellem et al.| (2011)) concludes that most probably a
gas-rich merger or accretion event is required.
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Galaxies of this type are very rare in the simulated sample. We only find three
objects of this type. Moreover, the maps shown in fig. do not feature peaks as
clear as in the observations (Krajnovi¢ et al., 2011).

ylpx]
ylpx]

Figure 4.5.: Voronoi binned velocity dispersion maps of four members of group d. The
colours are rescaled for every individual plot as given in the colour bar in
km/s. Black solid circles indicate one effective radius.

In all three panels the peaks are well aligned with respect to each other. In
the first and second pictures the requirement for a separation of at least half the
effective radius is not fulfilled. Although the third panel satisfies this demand, the
o-peaks are very weak. So we are not able to fully account for group d galaxies in
the Magneticum sample. We want to note that for many galaxies the low spatial
resolution of the voronoi binned maps makes it difficult to identify galaxies of this
type.

When comparing the absolute values of the maps to the observations, we find
significantly higher values. Only one out of eleven observed 20 galaxies reaches
similar values. There might be a connection between the lack of 20 galaxies and the
larger velocity dispersions in the simulation.

Group e

Members of this group exhibit a regular rotating velocity pattern with a receding
and an approaching side almost axis symmetric with respect to the y axis. They are
also denoted as regular rotators.

Such galaxies are mainly classified as fast rotators in the Ag. -€. plane due to
their ordered rotation (see sec. and [Emsellem et al. (2011)). There are several
formation pathways like ram-pressure stripping, strangulation, multiple minor and
major mergers leading to such a kinematical. However, as mentioned in sec. [2.5.2
cosmological processes apart from mergers have not been investigated yet.

In fig. we again plot four examples extracted from the Magneticum sample.
All galaxies exhibit the characteristic velocity pattern stated above and are well
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aligned with the minor axis, with only minor differences among them. Especially
the first panel shows a core with maximum rotation velocities restricted to roughly
half the effective radius. The maximum velocity regions of the residual galaxies are
located near or outside the black circle. Comparing the absolute velocities the maps
are in total agreement with the observations.
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Figure 4.6.: Voronoi binned velocity maps of four members of group e for the simulated
galaxies. The colours are rescaled for every individual plot as given in the
colour bar in km/s. Black solid circles indicate one effective radius.

Anomaly

We briefly want to mention an anomaly found when surveying the velocity maps
to assign them to the kinematical groups. We find a noticeable number of objects
appearing to rotate around their projected major axis. Fig. presents four exem-
plary velocity maps of these type of kinematics.
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Figure 4.7.: Voronoi binned velocity maps of four simulated galaxies showing a difference
of 0° between the projected major axis and the rotation axis.

In the ATLAS?P sample only one similar object is observed and assigned to group
b. Theoretically, a prolate object rotating around its semi-major axis would exhibit
such a velocity map, however, from the random projection displayed in fig. [£.7]it is
not possible to confirm this speculation.
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4.3. Classification of Kinematical Groups into Fast
and Slow Rotators

After showing the existence of all kinematical groups in the magneticum sample in
the previous section, we further investigate their nature by examining their position
in the Ag -€. plane. For this purpose we classify a subsample of galaxies from the
Magneticum sample according to the kinematical groups. Because classifying the
complete Magneticum sample is a cumbersome task, we only classify a subset of 188
objects. This subsample only includes galaxies which can confidently be assigned to
one of the five groups, randomly picked from the complete sample. Thus it is not
reasonable to compare the abundance of a certain group to observations, since we
are biased by the selection process. However, we can very well compare the position
in the g -€. diagram to observations conducted by Krajnovi¢ et al.| (2011) for the
ATLAS?P sample. Therefore, fig. displays the Ag_-€. diagram for the subsample,
separating the kinematical groups by colour, as given in the legend.

From the definitions of group a and e we expect them to be clearly separated by
the green line. Indeed, all group e galaxies in our subsample are classified as fast
rotators, whereas group a galaxies are, except for three objects, classified as slow
rotators. The three fast rotators in group a show low Ar_ values near the fast-slow
rotator threshold, lying slightly above the maximum Mg, for group a galaxies found
in the observations. We have to keep in mind that the slow rotating regime is biased
towards higher values due to statistical noise as outlined in sec. [2.5.2]

The Agr, distribution of group a and e nicely resemble the trend found in the
observations. Looking at the ellipticities in the slow rotating regime, we find the
same trend as in sec. for the slow rotators to be more elongated as in the
observations.

Members of group b and c¢ are clustered below or in the vicinity of the green
line, showing slightly larger Ag, values than the observations. For group b it is
difficult to visually identify members, since a large variety of kinematical patterns
are collected in this group. The slightly larger values for group c¢ might also be
induced by identification process: A galaxy which shows a clear KDC on the scale
of 2R, might be classified as a group e galaxy on the scale of 1R..

The low number of group d galaxies does not allow for a meaningful comparison.
We only mention that non of the three members lies far of the observations.

Taking the differences in the classification schemes into account we conclude a
similar trend as found in the observations for group e galaxies to be classified as fast
rotators, whereas members of group a,b and c cluster below or near the fast-slow
rotator threshold.

The velocity maps for the galaxies in the subsample are shown in app. [A] The
dispersion maps for group d galaxies are shown in fig.
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5. Summary and Conclusion

Recent observations revealed a shift in the existing paradigm for early-type galax-
ies away from the classical morphological separation into elliptical galaxies and S0
mostly driven by the observed ellipticities, towards a classification based on funda-
mental kinematical properties. The picture of early-type galaxies to be kinematically
unimpressive has been revolutionised by observing a richness of complex kinematical
structures, suggesting a variety of different formation histories.

In this study we investigated the kinematical properties of a sample of 1334 galax-
ies extracted from the Magneticum Pathfinder simulation, which are a set of hydro-
dynamical simulations performed with the Tree/SPH code GADGET-3. We selected
all galaxies with M, > 1-10M, and a cold gas fraction below 0.1, to ensure
maximal comparability to the galaxy selection process adopted for the ATLAS3P
observations.

One of the most important quantities to describe the different kinematical be-
haviours of galaxies is the Ag -parameter, which encodes information about the
projected angular momentum as well as the amount of random motion. It was in-
troduced by Emsellem et al.| (2007) to distinguish between early-type galaxies with-
out or only low rotation, so-called slow rotators, and early-type galaxies showing a
rotational supported kinematical structure, called fast rotators.

In a first technical part we introduced three tessellation schemes to handle the
issue of statistical noise in the calculation of Agr_, caused by the nature of SPH
simulations. Based on its stability and the possibility to determine a target-particle
number we choose the centroidal voronoi tessellation method for this study.

The comparison of the Ag_-¢, plane found for the Magneticum sample to ATLAS?P
and CALIFA observations revealed a remarkable agreement:

o We classify 83%(1103/1334) of the galaxies as fast rotators, accordingly 17%
(231/1334) of the sample is slow rotating. Thus we are in perfect agreement
with the 86%(224/260) and 14%(36/260) found in the observations for fast
and slow rotators, respectively.

e The fast rotating regime is in substantial agreement with the observations
showing only minor deviations in the extreme elongated region. In contrast to
former studies which build fast rotators through isolated mergers we reach the
extreme fast rotating regime with Ag_, > 0.65. We interpret this as a hint for
formation processes like strangulation or ram-pressure striping of disc galaxies,
only present in a fully cosmological context.
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e In the slow rotating branch we are biased by statistical noise that causes a
lower limit for Ag,2 of 0.07. When comparing the ellipticities in this regime,
the Magneticum sample shows slightly larger values than the observations.

e When comparing the mass distribution in the Ag,-€, diagram we find a similar
trend for slow rotators to be more massive than fast rotators, however, we do
not find our most massive galaxies in the extreme round, slow-rotating regime.

From the results summarised above we conclude a proper treatment of the physical
processes within the Magneticum simulation which are responsible for the kinemat-
ical bimodality of fast and slow rotors observed in the ATLAS?P sample. Thus, we
investigated the connection between a galaxy classification based on the position of
the galaxy in the M,-J, plane parametrised by the b-value, with the kinematical bi-
modality of fast and slow rotators. We found a smooth transition of b-values towards
larger values with increasing Ag,. From the fact that the extremely fast rotating
regime is populated by galaxies with disc-like b-values we constrain a coevolution
of M, and J, during the formation process of these objects. This again suggests
non-violent processes like strangulation or ram-pressure stripping of a disc galaxy,
as mentioned before.

Furthermore, we confirm that the Sérsic index alone is not sufficient to disentangle
fast and slow rotators, showing only a weak trend to decrease with decreasing Ag,.
The weak correlation between Sérsic index and b-value substantiates the inconsis-
tency of kinematical and morphological classifications.

We calculated the misalignment angles between kinematics and morphology for
the complete Magneticum sample, defined as the angles between the total angular
momentum and the principle axis of inertia. It revealed a remarkable alignment, im-
plying that the majority of the galaxies in our sample are oblate and axial symmetric
with minor axis rotation. By separating fast and slow rotators, we confirmed that
fast rotators are significantly aligned, while slow rotators only show a weak trend of
alignment corresponding to a broad range of misalignment angles. This behaviour
is in very good agreement with the observational results for the ATLAS3P sample.
Furthermore we explore the relationship between the misalignment angle and the
b-value, showing a distinct trend for ETGs with larger b-value to be significantly
better aligned compared to low b-value objects. Combining this results with the
poor correlation between the Sérsic index and b we conclude that even ETGs with
large Sérsic index can be well aligned, again showing the inconsistency of the Sérsic
index with kinematics.

In order to further verify the oblate and axial symmetric shape of aligned galax-
ies, we introduce the “oblatness” parameter n,},, which is based on the quotients of
the principle moments of inertia. It beautifully confirms that objects with a mis-
alignment angle lower than 15° exhibit a oblate shape. The distribution for ETGs
with an angle larger than 15° features a scatter in the prolate and oblate region,
most probable due to external interaction and triaxiality. Moreover, the correlation
between the b-value and ngy, is investigated in this study. According to the notion
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that larger b-values correspond to disc-like objects it reveals an oblate shape in this
range, followed by a smooth transition to a more prolate shapes for low b-values.

Observation suggest a further separation of fast and slow rotators into five kine-
matical groups based on the presence of certain kinematical features in the velocity
and dispersion maps. We find evidence for the existence of all groups within the
Magneticum sample. Although there are examples for the group of 20 galaxies, the
appearance of the dispersion peaks is not in perfect agreement with the observations.
In addition, only three out of 1334 galaxies are assigned to this group which is sig-
nificantly less than what would be expected from the observations. The distribution
of the five groups in the Ag_-€¢, diagram is in general consistent with observations. It
nicely resembles the separation ob non- and regular rotators by the fast-slow rotator
threshold. Only the group of kinematically distinct cores shows slightly higher Ag,
values than it is observed in the ATLAS3P sample.

The results of this study serve as the basis to study the formation of fast and
slow rotators, and even their kinematical subgroups, in a fully cosmological context.
Especially potential environmental effects and the role of formation processes apart
from merger can be explored in great detail. However, further investigation has
to be conducted to clarify minor disagreements, like the large ellipticities of slow
rotators, or the lack of 20 galaxies. An improvement of resolution in the future
will allow for a more meaningful comparison of the extreme slow rotating regime,
and a larger box size with the same resolution to enhance the number of massive
spheroidals in the simulation will enable a more detailed study of the most massive
spheroidal galaxies in the universe.






A. Appendix: Kinematical Maps of
Galaxies Classified in sec. 4.

-27.0/17.0

Figure A.1l.: Velocity maps of the galaxies of the kinematic group a. Maps are voronoi
binned. The side length of each panel is 4R.. Orientation is such that
the morphological major axis is horizontal and that the receding side is on
the left. The numbers in lower right corners show the range of the plotted
velocities in km/s.
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-20.0/12.0

—68.0/96.0

Figure A.3.: Same as fig. but for galaxies of kinematical group c. The third panel
has a side length of only 1.2R, to improve the visibility of the KDC.

Figure A.4.: Same as fig. but for galaxies of kinematical group d.



67

Figure A.5.: Same as fig. but for galaxies of kinematical group e.
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~47.0/61.0

-81.0/97.0

Figure A.6.: Same as fig. but for galaxies of kinematical group e.
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