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1. Introduction

The Universe is filled with dark energy and matter, which contributes about 72 and
28 per cent, respectively, to the Universe’s content. The major part of the matter is
not visible but dark, since it is not interacting with light. Only about five per cent
of the content of the Universe is made up of ordinary “baryonic” matter. In the
state the Universe is today, most of this matter is in the form of diffuse gas and fills
the space between the galaxies. Some fraction of it sits in the deep potential wells of
galaxy clusters and is hot enough to be visible in the X-rays. Only a tiny part of this
matter is condensed into stars. These stars make up the visible part of galaxies and
can be detected with modern telescopes. Additionally, some galaxies still have some
cold gas in the form of extended gas disks, while other galaxies contain some hot
diffuse gas, which fills the entire potential well associated with the dark matter halo.
There are different kinds of galaxies observed, which span a variety of morphological
types. According to the so-called Hubble tuning fork (see Fig. [ILT]) we can divide

them into three main types: elliptical, spiral and irregular galaxies.

Elliptical galaxies (for historical reasons also called “early type galaxies”) are
dispersion dominated systems (“dynamically hot”), which consist mainly of old stars.
Many of them also contain gas. Some have hot gas which is seen in the X-Ray, about
40 per cent also have cold gas (Young et all, 2014), which can build up a disk-like
structure. Elliptical galaxies are mostly found in dense environments, i.e. in the
centers of galaxy clusters or groups. The most massive galaxies in the Universe are
ellipticals. They can be subdivided by their ellipticity ¢ := 1 — b/a, where a is the
semi-major and b is the semi-minor axis. Hence, an EO galaxy has a circular shape
with b/a = 1, while an E7 has a large ellipticity with b/a = 0.3.

Spiral galaxies (also called “late type galaxies”) are rotation dominated (“dynam-
ically cold”). They consist of a gaseous as well as a stellar disk with spiral patterns,
which contain mainly young stars, and a central stellar bulge, which consists mostly
of an old stellar population. They are subdivided into normal (Sa - Sd) and barred
(SBa - SBd) spirals. Mostly they are found in the field, i.e. in less dense environ-
ments (Dressler, 1980).
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Fig. 1.1.: The Hubble tuning fork of galaxy classification at the present day. On
the left side there are ellipticals, in the middle lenticulars and on the right
side spiral galaxies. The upper branch shows normal spirals and the lower
branch spirals with bars. Copyright: NASA, ESA, M. Kornmesser.

The third main class are the irregular galaxies, which do not have a real center
and appear diffuse. Mostly, they are low mass objects which often belong to a larger
galaxy or they are systems that have been disturbed by e.g. a merger.

Furthermore, as a transition between the ellipticals and the spirals there are SO
galaxies, also called lenticulars because of their lenticular shape. They have a bulge
and a disk-like structure without spiral arms. For an introduction on galaxies and
cosmology, see [Hetzneckern (2009) and [Schneider (2008).

Naturally, the question arises, how the different types of galaxies formed and in
particular, which properties determine a galaxy to become a disk or spheroid dom-
inated system. For the formation of elliptical galaxies the following formation sce-
narios are proposed: One possibility is that they form by the major merger of two
spiral galaxies (Toomrd, 1977). Alternatively they can form by a series of minor
mergers (e.g. (Meza et all, 2003)).

It is still not fully understood, how spiral galaxies form. The formation has been
discussed in several studies for more than 30 years. The main focus is on the angu-

lar momentum. Initially the dark matter halo and the infalling gas have identical



angular momenta. During the formation of the galaxy the gas cools and condenses
in the center of the halo to form a disk. Assuming that the angular momentum of
the gas is conserved during this process, the angular momentum of the halo of a
disk galaxy can be estimated directly from the angular momentum of the disk of
the galaxy (Fall and Efstathiou, [1980; [Fall, 1983; Mo et all, [1998).

For a better understanding we will briefly sketch the hierarchical growth of the
structures in a cosmological context where we follow (Hetznecker, 2009). The first
30000 years after the Big Bang the Universe was dominated by radiation, i.e. pho-
tons. Due to the cosmic expansion the photons lost energy. Consequently, more
and more neutral atoms could form without being destroyed again by the photons;
the Universe becomes matter-dominated. Finally, 380000 years after the Big Bang
baryons and photons decouple, which today can be seen as the Cosmic Microwave
Background (CMB). However, the dark matter decouples about 300000 years ear-
lier. Since it only interacts gravitationally it has time to form potential wells.

In hierarchical scenarios of structure formation (we follow [Peebles (1993) and refer-
ences therein), structures form by the gathering of clumps due to the gravitational
force. The dark matter condenses at high redshift into small objects which grow
to ever larger objects and finally build halos. The proto-galaxies are not totally
spherically symmetric. The tidal torques of neighboring proto-galaxies give them
their angular momentum of rotation. The gas cools and collapses within the dark
matter halos to form the galaxies (White and Rees, [1978). Since the baryons and
the dark matter gain the same amount of angular momentum through the tidal
torques (Peebles, 1969; [Doroshkevich, 1970) and the specific angular momentum
of the gas should be conserved during the collapse, the disk is expected to have a
similar specific angular momentum as that of the hosting halo (Fall and Efstathiou,
1980).

Since it is very difficult to observe these early stages of galaxy formation, we have to
make use of numerical N-body simulations. Until recently, simulations suffered from
the so called “angular momentum problem”, where the objects became too small
compared to observations because the gas had lost too much angular momentum
(e.g. Navarro and Benz (1991); [Navarro and White (1994); Navarro and Steinmetz
(1997)). As simulations got better in resolution and also included feedback from

stars, supernovae (SNe) and active galactic nuclei (AGN), the gas was prevented
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from cooling too soon. Hence, early star formation was suppressed and this nu-
merical loss of angular momentum could be minimized. There are several studies
that investigated the influence of star formation and the associated SN feedback
on the formation of galactic disks (e.g. Brook et all (2004); Okamoto et al. (2005);
Governato et all (2007); [Scannapieco et all (2008); Zavala et all (2008)); they found
that strong feedback at early times leads to the formation of more realistic disk
galaxies.

Another parameter to describe the rotation of a system is the so-called spin parame-
ter A, which was introduced by [Peebles (1969, 1971) and has since been investigated
in several studies. With A one can measure the degree of rotational support of the
total halo. A completely rotationally-supported system would have A = 1. It has
the advantage that it is only weakly depending on the halo’s mass and its internal
substructures (Barnes and Efstathiou, [1987).

The impact of such parameters on galaxy formation has been investigated by many
authors.

At first, simulations with only dark matter neglecting the baryons were employed.
Bullock et al. (2001) defined a modified version of the A-parameter by defining the
energy of the halo via its circular velocity. In addition, they studied the alignment
of the angular momentum of the inner and outer halo parts. They found that most
halos were well-aligned but mentioned that about ten per cent of the halos were
considerably misaligned. The misalignment angle of the angular momentum vectors
at different radii was studied in more detail by [Bailin and Steinmetz (2005). They
showed that with increasing separation of the radii the misalignment of the vectors
increases. In another study IMaccio et al. (2008) focused on the spin parameter’s
dependence on the mass and the cosmology and did not find any dependencies on
mass or cosmology. Trowland et all (2013) studied the connection of the halo spin
with the large scale structure. They confirmed that the spin parameter is not mass-
dependent at low redshift but found an evolution, where at high redshift the overall
values tend to be smaller.

Other authors included non-radiative gas in their analysis. The misalignment of
the gas and dark matter angular momentum vectors and their spin parameters at
redshift z = 3 were investigated by lvan den Bosch et all (2002). They found the
angular momentum vectors to be misaligned by a median angle of about 30°. But

the overall distribution of the spin parameters of the gas and the dark matter were



found to be very similar. Another detailed study by [Sharma and Steinmetz (2005)
and [Sharma et al) (2012) found that the spin parameter of gas is on average higher
than that of the dark matter component and they reported a misalignment of the
angular momentum of the gas and the dark matter of about 20°.

Chen et all (2003) compared the spin parameter and the misalignment angles be-
tween the dark matter and gas angular momentum vectors obtained in simulations,
which also allow the gas to cool. This enables one to additionally split the gas into
a cold and a hot component. In their non-radiative model they confirmed that the
spin parameter of the gas component has higher spin than the dark matter while in
their simulations including cooling the two components had about the same amount
of spin. The misalignments of the global angular momentum vectors were 22.8° and
25° for the cooling models and 23.5° for the non-radiative case. [Stewart et _al) (2011,
2013) focused on the specific angular momentum and the spin parameter in rela-
tion to the cold/hot mode accretion by following the evolution for individual halos
over cosmic time and found that the spin of cold gas was the highest compared to
all other components and about 3 — 5 times higher than that of the dark matter.
Scannapieco et al) (2009) investigated the evolution of eight individual halos and
did not find a correlation between the spin parameter and the morphology of the
galaxy inside the halo. Furthermore, they found that the disks have higher specific
angular momentum than the hosting dark matter halos, while spheroids have lower
specific angular momentum and that the disks can be destroyed by major merg-
ers. In addition they saw a misalignment between stellar disks and infalling cold
gas. Also, [Sales et al. (2012) found no correlation between the spin parameter and
the galaxy type and concluded that disks are predominantly formed in halos where
the freshly accreted gas has similar angular momentum to that of earlier accretion,
whereas spheroids tend to form in halos where gas streams in along misaligned cold
flows. [Kimm et all (2011) studied the different behavior of the gas’ and dark matter
specific angular momentum by following the evolution of a Milky Way type galaxy
over cosmic time. They also found that the gas has higher specific angular momen-
tum and spin parameter than the dark matter. [Hahn et all (2010) investigated a
sample of about 100 galactic disks and their alignment with their host halo at three
different redshifts. Both the stellar and gas disks had a median misalignment angle
of about 49° with respect to the hosting dark matter halo at z = 0.

Some works focused explicitly on the effect that baryons have on the dark matter

halo by running parallel DM-only simulations. Bryan et all (2013) did not find a
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dependency of the spin parameter on mass, redshift or cosmology in their DM-only
runs. In the simulations that included baryons and had strong enough feedback
the overall spin was found to be affected only very little, while the baryons had a
noticeable influence on the inner halo. Bett et al! (2010) investigated the specific
angular momentum and the misalignment of the galaxy with its halo. They obtained
a median misalignment angle of about 25° for the DM-only runs and about 30° for

the run including baryons. The baryons were found to spin up the inner region of
the halo.

Besides the properties of galaxies and their dark matter halos, the large scale struc-
ture also has an impact on the formation and evolution of galaxies. Recently,
Welker et all (2014) studied the alignment of the spin of the galaxies with their
filaments in context with mergers. They find that halos experiencing major mergers
have low spin, while in general minor mergers can increase the amount of angular
momentum. If a halo does not undergo any mergers but only smooth accretion,
the spin of the galaxy increases with time, in contrast to that of its hosting dark
matter halo. The galaxies also realign with their filaments. [Danovich et al) (2014)
have investigated the buildup of the angular momentum in galaxies. They used a
sample of 29 re-simulated galaxies at redshifts from z =4 — 1.5. Overall the spin of
the cold gas was about three times higher than that of the dark matter halo, in line

with previous studies.

Observations indicate that the formation of galaxies is affected by the relation
between mass and angular momentum (see [Fall (1983)). The angular momentum
of disk galaxies was found to be about six times higher than that of the ellipti-
cals of equal mass. Romanowsky and Fall (2012) and [Fall and Romanowsky (2013)
revisited and extended this work analyzing 67 spiral and 40 early-type galaxies.
They found that lenticular (SO) galaxies lie between spiral and elliptical galaxies
in the so-called jgiar-Mgtar-plane. The disks and bulges of spiral galaxies follow
a similar relation, i.e. the bulges of spiral galaxies behave like “mini-ellipticals”.
Obreschkow and Glazebrook (2014) used data from high-precision measurements of
16 nearby spiral galaxies to calculate the specific angular momentum of the gas as
well as the stars. They concluded that the mass and angular momentum are the

two most important determining factors on the morphology of galaxies.

In this work we will analyze one simulation from the set of Magneticum Pathfinder
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Left: The luminous mass against the specific angular momentum for
observed elliptical and spiral galaxies. This picture is taken from [Fall
(1983). Right: The mass against the specific angular momentum for
entire galaxies of elliptical, SO and spiral galaxies. This picture is taken
from [Fall and Romanowsky (2013)

Simulations (Dolag et al., in prep.), which are introduced in chapter 2, and investi-

gate how the baryonic component, especially the gas, influences the morphology of

the galaxy. Therefore, in chapter 3 we classify the galaxies in the simulation using

the circularity parameter €. In chapter 4 we discuss the specific angular momentum

of the different components of ellipticals as well as disks. Furthermore, we study

the alignment of the angular momentum vectors of the baryonic and the dark mat-

ter component. Additionally, we analyze the differences in the spin parameter A

of ellipticals and disk galaxies caused by the interacting baryonic and dark matter

components.



2. The Magneticum Pathfinder

Simulations

In order to study the properties of galaxies in a statistically relevant manner we
need both a large sample size and resolution high enough to resolve the morphology
and underlying physics of galaxies. Since the newest generation of cosmological sim-
ulations can achieve both, they are a valuable tool for this study. We take the data
for our studies from the Magneticum Pathfinder simulations, which are a set of cos-
mological hydrodynamic simulations with different volumes and resolutions (Dolag
et al., in prep.), see Fig. 2] for an overview. The simulations were performed with
an extended version of the N-body/SPH code GADGET-3 which is an updated ver-
sion of GADGET-2 (Springel et all, 2001h; [Springel, 2005), which includes various
updates in the formulation of the SPH regarding the treatment of the viscosity and
the used kernels (see [Dolag et al. (2005) and Beck et al., in prep.).

They include a wide range of complex baryonic physics such as gas cooling and
star formation (Springel and Hernguist, 2003), black hole seeding, evolution and
AGN feedback (Springel et al), 2005; [Fabjan et al), |2010; Hirschmann et al., [2014)
as well as stellar evolution and metal enrichment (Tornatore et al.; 2004, 2007). It
also follows the thermal conduction at 1/20th of the classical spitzer value (Spitzer,
1962), following Dolag et all (2004). The initial conditions are based on a standard
ACDM cosmology with parameters according to the seven-year results of the Wilkin-
son Microwave Anisotropy Probe (WMAP7) (Komatsu et all, 2011). The Hubble
parameter is h = 0.704 and the density parameters for the matter is 2, = 0.272, for
the dark energy €24 = 0.728 and for the baryons €2, = 0.0451. We use a normaliza-
tion of the fluctuation amplitude at 8 Mpc of og = 0.809 and also include the effects
of Baryonic Acoustic Oscillations. The largest and the smallest cosmological boxes
simulate volumes of (896 Mpc/h)? and (12 Mpc/h)3, respectively. The lowest resolu-
tion in mass of our largest box is mpy = 1.3-10'° M, /h for dark matter particles and

Mgas =~ 2.6 - 10° M, /h for gas particles. The highest resolution in mass of our small-
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Fig. 2.1.: This is an overview of the Magneticum Pathfinder simulations with the
different box sizes and resolutions. We used Box4 uhr and Box3 hr. This
image is courtesy to K. Dolag.

est box is mpy = 1.9+ 10M /b for dark matter particles and mg,s ~ 3.9-10° Mg /I
for gas particles. There are six types of particles, of which the most important for
our investigations are the gas, star and dark matter particles. The gas particles
can each form up to four stars, so the mass of an individual gas particle changes
during the evolution of time. In our simulations we use several state-of-the-art im-
provements of SPH such as spatially adaptive higher-order viscosity schemes, time
step limiters and advanced kernel functions (for details see Beck et al., in prep).

The Magneticum Pathfinder Simulations have already been successfully used in a

wide range of numerical studies such as on the statistics of AGN (Hi ,
lZQlAI; [Ehghmaml_ei_alj, |2£)M]) or elliptical galaxies (IBQmus_eJ_alJ, M).

In this work we mainly used a medium-sized box (”Box4”) with a volume of
(48 Mpc/h)? at ultra high resolution ("uhr”), which initially contains a total of
2 - 576% each dark matter and gas particles with masses of mpy = 3.6 - 10"My /h

and Mgy = 7.3 - 10°M. The gravitational softening length for the dark matter
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as well as the gas particles is 1.4 kpc/h and for the star particles it is 0.7 kpc/h.
Additionally, we performed a dark matter-only run of Box4 uhr and also of the larger
Box3 hr (high resolution), which has a volume of (128 Mpc/h)? and dark matter
particles with masses of mpy = 6.9-108M, /h. We use a standard Friends-of-Friends
(Davis et all, [1985) and SUBFIND scheme for the detection of halos and subhalos
(Springel et _al., 2001a; [Dolag et _all, 2009). Therefore, at every simulation output
time, we not only obtain the entire thermodynamical state of the simulation volume,
but also a detailed catalog of structures and substructures and their corresponding
virial properties. In the simulation the virial radius is evaluated according to the
top-hat model obtaining the critical density above which the overdense region would
collapse to a singularity (Eke et all, [1996). The simulations are split into 144 snap
shots. We mainly use snap shots 036 (z = 1.98), 058 (z = 0.99), 096 (z = 0.47)
and 136 (z = 0.07). For the dark matter only run we additionally use snap shot 044
(z = 1.48) of Box4 uhr and Box3 hr.



3. Classification of Galaxies and

Properties of Disks

From our dataset we extract all halos in the virial mass range between 5 - 101 M,
and 2-103 M. We choose the upper limit to exclude groups and clusters of galaxies,
since the transition between the group/cluster halos and the individual galaxies is
not clear. The lower limit is chosen to obtain a sample of halos which contain a
significant amount of stellar mass and for which the resolution is sufficient to resolve
the inner stellar and gas structures. Fig. [B.1] shows six galaxies within the chosen
mass range. These galaxies were selected by eye in order to show that the galaxies
in the simulations look like observed disk and elliptical galaxies. The middle panel
is a picture of the full Box4 uhr at redshift z = 0.47.

After the extraction from our snap shot files, we transform the positions and veloc-
ities of all gas, stellar and dark matter particles into the center of mass frames of
their corresponding host halos. Subsequently, we calculate the angular momentum
J of the gas within the innermost ten per cent of the virial radius. Furthermore, we
ignore all particles within the innermost one per cent of the virial radius, because of
their potentially unknown contributions caused by bulge components or numerical
resolution effects. We rotate the positions and velocities of all particles such that

their z-components are aligned with the angular momentum vector J.

3.1. Classification

Since we want to investigate the different behavior of the properties of the differ-
ent morphological types of galaxies, we split the galaxies into ellipticals and disk
galaxies. In the following section we therefore describe how we classify the galaxies
according to their physical properties via the e-parameter. We then show exam-
ples of the spatial distribution of elliptical and disk galaxies and take a look at the

rotation curves of selected disk galaxies.
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Fig. 3.1.: The panel in the center shows the complete Box4 uhr at z = 0.47. The
galaxies in the upper panels look like observed spirals and those on the
lower panels look like ellipticals. We color-code the stellar particles by
their cosmological formation epoch and the gas particles by their tem-
perature, where red is cold gas and blue is hot gas.
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3.1.1. The Circularity Parameter

We use the circularity parameter € to distinguish between different types of galaxies
and to separate ellipticals from disks. The e-parameter was first introduced by
Abadi et all (2003) as e; = J./Jerc(E). For our study we use the definition of
Scannapieco et al. (2008) which is given by
Jz Jz
€= = , 3.1
jcirc T‘/circ ( )

where 7, is the z-component of the specific angular momentum (see section [4.1] for
the definition) of an individual particle and jg. is the expected specific angular
momentum of a particle assuming a circular orbit with radius r around the halo
center of mass with an orbital velocity of Viy.(r) = \/GM(r)/r.

We compute the circularity e for every individual particle between one and ten
per cent of the virial radius. We perform this calculation for the stellar as well
as the gas component. For our investigations we base our classification of galaxies
on the specific angular momentum of both components, which allows us to capture
rotationally supported gaseous disk structures or dispersion dominated spheroidal
structures. Thus, our selection criterion is well able to distinguish between elliptical

and disk galaxies.

3.1.2. Selection Criteria

For each selected halo we start to determine the galaxy type by computing the
fraction f of particles that have an e-value between -3 and 3 with a spacing of 0.1.
Afterwards, we distinguish between elliptical and disk galaxies with the following

selection criteria:

o We classify a galaxy as an elliptical galaxy if the majority of particles is in a
close interval around the origin (i.e. f(—0.3 <e <0.3) > 0.4). In a dispersion

dominated system there is usually a broad peak at £ ~ 0 (see upper left panel

of Fig. B.2).

o We classify a galaxy as a disk galaxy if the majority of particles are off-centered
from the origin (i.e. f(0.7 < e < 1.3) > 0.4). In a rotation supported system
there is usually a broad peak at € ~ 1 (see upper right panel of Fig. B.2)).
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e All remaining galaxies, which fulfill neither of the two criteria, are classified

as ”others”.
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Fig. 3.2.: Exemplary distribution of the circularity parameter ¢ for an elliptical
(upper left panel), a disk galaxy (upper right panel) and for a galaxy
classified as disk in the gas and due to its dominant stellar bulge as
elliptical in the star component (lower middle panel).

The total number of galaxies within the mass range between 5 - 101'M, and
2 - 1013 My, selected from ”Box4 uhr” at redshift z = 0.07 is 608 (for other redshifts
see Table[BT]). In the gas as well as the star component 33 are classified as disks and
54 as ellipticals, while 521 could not be classified in such a way. These unclassified
galaxies are merging objects, bulge dominated spirals, ellipticals with gas disks or
irregular objects. An example is shown in the lower middle panel of Fig. 3.2l This
galaxy has a dominant stellar bulge with an extended gaseous disk which builds up
a disk of young stars. This is the galaxy shown in the upper middle panel of Fig.

Bl In order to resolve the unclassified objects the classification could be refined
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Tab. 3.1.: Total number of halos N in the selected mass range, the number of
ellipticals (Neyipticar) and disks (Ngisx) classified by the circularity of the
gas and stellar components at different redshifts.

Redshift N Naipticat  Naisk
1.98 395 10 119
0.99 602 36 128
0.47 619 42 68
0.07 608 54 33

in such a way that we additionally divide into ellipticals which have a gaseous disk
with new forming stars or galaxies which have a large stellar disk with only little
gas (SO-galaxies). At high redshifts the fraction of disk and elliptical galaxies has
the same tendency as the observations from (Cappellari et al! (2011), who analyzed
a sample of 871 nearby galaxies. They classified 8 per cent as ellipticals, 22 per cent
as S0 and 70 per cent as disk galaxies. At lower redshifts our classification becomes
more difficult since there are a lot of galaxies which have a very dominant stellar
bulge but on the other hand also possess an extended gaseous disk containing many
young stars (see again the galaxy in the middle upper panels of Fig. B]). Often,
these objects are classified as ellipticals in the stellar component and as disk galaxies
in the gas component, e.g. at z = 0.07 there are 146 objects classified that way.
Furthermore, at this redshift 167 galaxies have a gas disk but could not be classified
in the stellar component. Furthermore, the luminosity of the stars could be taken
into account, since old stars which make up the bulge and the halo stars are not as
luminous as young stars which build up the disk. Hence, in observations a galaxy
with an old massive stellar bulge and a disk of young stars and an extended gas disk

is very likely to be classified as a spiral galaxy.

3.1.3. Morphology

Fig. B3l (two left panels) shows an example of an elliptical galaxy, which fulfills
the classification criteria in the gas and star component. The top row shows the
projection onto the z-y-plane, the middle row onto the x-z-plane and the bottom
row onto the y-z-plane. On the left hand side we plot the position of star particles
color-coded by their stellar formation epoch (in the following simply called ”age”),
which is defined as a = 1/(1+ z), where z is the redshift, e.g. a star that has formed

at redshift z = 1 has the age a = 0.5 and corresponds in this color-code to turquoise-
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blue. Thus the youngest stars are blue and the oldest stars are red. The spatial
distribution of stars is spheroidal and consists almost only of old and middle-aged
stars. On the right hand side we plot the position of gas particles color-coded by

their temperature. In the galaxy’s center there is almost no gas left.
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Fig. 3.3.: Exemplary spatial distribution of an elliptical (two left panels) and a
disk galaxy (two right panels) at z = 0.47. The left panels show the
stars color-coded by their age, where red are old and blue are young
stars. The right panels show the distribution of the gas color-coded by
the temperature, where blue is cold and red is hot gas.

Fig. (two right panels) shows an example of a disk galaxy, which fulfills the
classification criteria in the gas and star component. We find an old and middle-

aged stellar population in a bulge at the center and additionally, a galactic disk
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consisting of young and recently formed stars. The arrangement of the young stars
corresponds to a spiral structure and thus is an indication of their formation within
a disk and spiral structure. This is also supported by the spiral structure in the cold

gas component, which is the raw material for star formation.

3.2. Rotation Curves

A good feature for comparing simulated galaxies with observations are their rotation
curves. It is worth mentioning that rotation curves gave the first hint of the existence
of dark matter, since the flat rotation curves of spiral galaxies could not only be
explained with the mass of the visible matter (see e.g. ISchneider (2008)).

Fig. B.4] shows rotation curves of observed and simulated galaxies. In the top
panel we plot rotation curves of a sample of 12 representative spiral galaxies of
our local Universe. We took the data for the rotation curves (except for M83)
from [Yegorova et al. (2011), with original sources as follows. They used the Ha-
data for UGC944, UGC1094, UGC3279 and UGC8220 from Vogt et al. (2004), for
UGC1076, UGC10692 and AGC241056 from |Catinella et all (2006), for NGC5985
from [Blais-Ouellette et all (2004), for ESO601-G9 from [Persic et all (1996). They
used the Hl-data for ESO240-G11 from [Kregel and van der Kruitl (2004) and for
M31 from |Corbelli et al! (2010). The data for M83 was kindly provided by Peter
Kamphuis and Baerbel Koribalski. In the bottom panel we plot rotation curves of
a selected sample of 12 galaxies, which are classified as disks in both the gas and
stellar component at a redshift of z = 0.47. The galaxies additionally were selected
by eye. Thus, only galaxies which were undisturbed were selected.

We calculate the rotation curves directly from the velocities of the individual gas
particles by projecting the velocity onto the tangential vector of a circle, which is
symmetric around the origin, as done in the Bachelor thesis by Felix Schulze, 2012.
The in this way obtained rotational velocity is then linearly binned along the radius
with a bin size of Ar = (0.2 - Ry;;)/100. The spatial constraints are as follows. We
only take into account particles within 20 per cent of the virial radius and we also
employ a limit of £5 kpc in z-direction. Thus, we ensure that our computed rotation
curves only contain contributions of particles, which clearly belong to the galactic
disk. We show the curves beginning from 4 kpc away from the center of the galaxies
for two reasons: firstly, the innermost few kpc, i.e. 2 times the softening length of

the gas, namely 2.8 kpc/h, are spatially not resolved. Secondly, the feedback of the
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AGN can blow out the gas in the center and thus the inner values of the rotational
velocity only depend on few gas particles, which makes the values unusable. It is
yet unclear, if these “holes” are realistic or if they are just an artifact due to too
much feedback in the simulations. The rotation curves in the simulation are flat and
begin to scatter in the region where the disk ends. Compared to the observations

the selected rotation curves have smaller values.
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Fig. 3.4.: Observed and simulated galactic rotation curves. The upper panel shows
observed rotation curves from a sample of nearby galaxies (see text).
The lower panel shows rotation curves of 12 selected disks from the Mag-
neticum simulation at redshift z = 0.47.



4. The Angular Momentum

We continue our investigations with a detailed study of the angular momentum of
our selected sample of galaxies. The angular momentum plays a key role in the
morphological differences between ellipticals and spirals. In a closed system without
external forces, the angular momentum is a conserved quantity. However, in the
context of galaxy formation and the interaction between collapsing objects and the
large-scale structure, the assumption of the conservation is not necessarily fulfilled

for a single galaxy. The total angular momentum of a galactic halo is given by

J= g (Z M Tii X V]m) s (41)

1€ Ny

where k are the different components of matter (gas, stars and dark matter) and
N, is their corresponding particle number with the loop index i. We remark that
in this chapter we plot either all four redshifts (z = 1.98, z = 0.99, z = 0.47 and
z = 0.07) or present the highest and lowest redshifts and show the two redshifts in

between in the appendix.

4.1. The Specific Angular Momentum

In our simulations, each particle carries its own mass. The initial mass is different
for gas, star and dark matter particles. Later on, the mass of individual gas par-
ticles varies due to mass losses during star formation. Thus, we remove the mass

dependence and use the specific angular momentum

§, = ZZ M iTki X Vi
b Ez mk,i

where k are the species of matter, as above. Firstly, we calculate the angular momen-

(4.2)

tum of each particle of a species. Afterwards, we sum over all individual particles

and divide by the total mass of the corresponding species to obtain the absolute
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value. For the calculation of the most inner region of the halo we only take particles
within the inner ten per cent of the virial radius into account, which corresponds
roughly to the size of the galaxies. We choose this radius as an approximate medium
value, since smaller disks have a size of about five per cent while extended gaseous

disks can reach out up to 20 per cent of the virial radius.

4.1.1. The Specific Angular Momentum of Gas and Stars
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Fig. 4.1.: The specific angular momentum of the gas against the specific angular
momentum of stars within ten per cent of the virial radius for galaxies
which are classified as disks in the gas and star component (blue dia-
monds) at four redshifts as indicated in the plots. Additionally, we show
the relation also for the young stars only (turquoise diamonds). We over-
plot observational data points calculated by |(Obreschkow and Glazebrook
(2014) (purple pentagons). The values agree well with the observations
and we note an overall spin up with cosmic time.

In Fig. A1l we cross-check our computed values and compare the relation between

the specific angular momenta of gas and stars within the innermost ten per cent at



4.1 The Specific Angular Momentum 21

four redshifts with observations. We take the observational data from the THINGS
(The HI Nearby Galaxy Survey, [Walter et al., 2008) sample, which consists of 16
spiral galaxies in the local Universe, for which surface densities of stars and cold gas
are available (Leroy et all, 2008). We obtained the values for the observed specific
angular momenta from |Obreschkow and Glazebrook (2014).

We took galaxies into account, which show an e-distribution that peaks around 1
in both the gas and star component. Our simulations (blue symbols) agree well
with the observations (purple symbols). The dotted line corresponds to equality of
both values. We find that the specific angular momentum of the stars is slightly
smaller than that of the gas (blue diamonds). Most probably, the specific angular
momentum of the gas has partial contributions from freshly accreted gas, which has
not lost its angular momentum yet. This becomes more evident by looking at the
young stars (turquoise diamonds). For the young stars we consider those whose age
is between 0.95-1/(1+ z) and 1-1/(1+ z) of that at the corresponding redshift. If
we only take the young stars into account, we find almost an equality with the same
specific angular momentum of the gas. At a lower redshift (lower right panel) the
values of the specific angular momentum of the gas are slightly larger than at higher
redshift (upper left panel). We assume this behavior to be caused by a spin-up of
the cold gas with time. Hence, also the young stars have higher specific angular
momentum. This appears in a slight trend for a separation of the young stars and

the total star component, which have lower specific angular momentum than the gas.

So far we have only considered the halos hosting disk galaxies. In order to see
if the ellipticals behave different we take a look at Fig. 1.2l which shows the specific
angular momentum of the gas against that of the stars for disks (blue diamonds)
as well as ellipticals (red circles). Compared to the disk galaxies the ellipticals have
a lower specific angular momentum of the gas. Furthermore, most of the ellipticals
have a much lower specific angular momentum of the stars compared to that of their
gas. We suggest that, particularly at high z, most gas in ellipticals originates from

the infalling substructures and hence its angular momentum is higher.

We can clearly see that the ellipticals and the disk galaxies show a different be-
havior in the relation between the angular momentum of the gas and stars. We
also have seen that the gas gains angular momentum over time, especially in disk
galaxies. The young stars of disk galaxies have approximately the same amount of

angular momentum as the gas, from which they form.



22 4. The Angular Momentum

5 — T T T - U

—
disks <
ellipticals O .-

10910 Jstar,0.1 [kPC km/s]

10910 Jstar,0.1 [kPC km/s]

1 2 3 4 2 3 4 s
Ioglo jgas,o,l [kpc km/s] |0g10 jgas,o.l [kpc km/s]

Fig. 4.2.: Specific angular momentum of the gas against the specific angular mo-
mentum of stars within ten per cent of the virial radius for galaxies that
are classified in both components as disks (blue diamonds) or as elliptical
galaxy (red circles).

4.1.2. The Angular Momentum — Mass Relation

The mass and the angular momentum of galaxies are proposed to be the most im-
portant ingredients in their formation history and the resulting morphology (Fall,
1983; [Romanowsky and Fall, 2012; (Obreschkow and Glazebrook, 2014). In this sec-
tion, we compare the relation between the angular momentum and the mass of
the stellar component of galaxies with observations, which is illustrated in Fig.
4.3 We take into account the mass as well as the angular momentum of the
star particles within ten percent of the virial radius. The upper panels show our
simulations at z = 1.98 while the lower panels show z = 0.07. The observa-
tional data is taken from Romanowsky and Fall (2012) (denoted as "R&F2012”) and
Obreschkow and Glazebrook (2014) (denoted as ” O&G2014”). IRomanowsky and Fall
(2012) used a sample of 67 spiral and 40 elliptical galaxies. At low redshift the data

from our simulations fit well with the observations, especially those of the disk galax-
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4.3.: Stellar mass within the innermost ten per cent of the virial radius against
the specific angular momentum of the stars within the central region at
z = 1.98 (upper panels) and z = 0.07 (lower panels). The left panels show
the simulated galaxies classified as ellipticals (red circles) compared to
data from observed elliptical galaxies by Romanowsky and Fall (2012)
(orange circles, denoted by "R&F 2012”). The right panels show disks in
our simulation (blue diamonds) compared to observational data of spi-
ral galaxies by Romanowsky and Fall (2012) (purple diamonds, denoted
by "R&F 2012”) and |Obreschkow and Glazebrook (2014) (magenta pen-
tagons, denoted by ”O&G 2014").
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ies (blue diamonds, lower right panel) which lie perfectly on the observational data
points (purple symbols). In contrast to the disk galaxies, the ellipticals (red circles,
lower left panel) show a large scatter which is also found in the observational data
(orange symbols). When comparing the different redshifts we can see that at higher
redshift the values for the ellipticals (red circles, upper left panel) as well as for
the disk galaxies (blue diamonds, upper right panel) in our simulations are lower
than that in observations (orange and purple symbols, respectively). This can be
explained by the fact that the observational data represent nearby galaxies, which
corresponds to low redshift. We want to remark that there are no galaxies in our
simulations with stellar masses smaller than ~ 10'°M and larger than ~ 1050,
since we extracted only halos with virial masses between 5- 101 M, and 2- 103 M,
as described earlier.

All in all, the results from the simulations fit well with the observational data. In
particular, we are in agreement with (Fall, [1983), who find that the specific angular
momentum of the galaxies increases with the disk-to-bulge ratio for a given mass. In
forthcoming studies we will develop a more diverse classification that accounts for
fast-rotating ellipticals and SO galaxies which should lie in the gap between ellipticals

and disk galaxies.

4.1.3. The Specific Angular Momentum of Gas and Dark Matter

We proceed with a detailed study of the angular momenta of dark matter and gas. In
particular, we are interested in the scaling relations of the corresponding individual
specific angular momenta of baryonic and non-baryonic matter. Previous studies
(Fall, [1983; Mo et al., [1998) suggest an equality between the angular momentum of

the dark matter halo and that of the gas components of their galaxies.

Firstly, we regard the specific angular momentum of the gas against dark mat-
ter within the entire virial radius. This is shown in Fig. [£.4] for the four redshifts as
indicated in the plots. As noted in the introduction, previous numerical simulations
suffered from a systematically too low angular momentum in the gas component
compared to dark matter. However, in our simulations this problem does not occur
any more. In fact, the specific angular momentum of the gas is even slightly higher
than that of dark matter. The relation shows no difference between the two quanti-
ties for different galaxy types at higher redshifts. At the lowest redshift the specific

angular momentum of the gas tends to be higher than that of the dark matter for el-
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Fig. 4.4.: Specific angular momentum of the gas against specific angular momen-
tum of dark matter within the entire virial radius at four different red-
shifts as indicated on the plots. The specific angular momentum is
slightly higher for the gas but there is no difference between ellipticals
(red) and disks (blue). In general, the values increase with decreasing

redshift.

lipticals. Another trend which was seen in Fig. [4.1], where we compared the specific
angular momenta of the gas and the stars, is the spin up of the angular momentum

with time for both galaxy types.

Now we want to study the relation between the specific angular momentum of the
gas of the galaxy, which resides within the innermost ten per cent of the virial ra-
dius, against that of total dark matter halo. Fig. shows this relation for different
redshifts as indicated in the plots. In general, we find the specific angular momen-
tum of the dark matter to exceed the specific angular momentum of the gas. Most
interesting, we identify a split-up between different types of galaxies: At redshift
z = 0.07 the specific angular momentum of the gas in our sample of disks lies almost

on the 1:1 relation with the specific angular momentum of the dark matter within
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the entire virial radius. Still, there is a trend towards higher values of the specific
angular momentum of dark matter compared to the gas. Averaged over all disks,
the specific angular momentum of the gas in the central region is about 25 per cent
lower than that of the dark matter. However, the specific angular momentum of the
gas in our sample of ellipticals is about one order of magnitude smaller which is on
average about 55 per cent less at z = 0.07. In the following sections, we refer to
this split-up as the “angular momentum dichotomy in galactic halos”. The split-up

is also seen at the higher redshifts.
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Fig. 4.5.: Specific angular momentum of the gas within ten per cent of the virial
radius against specific angular momentum of dark matter within the
entire virial radius. The specific angular momentum of the gas of the
ellipticals is lower than that of the disks.

A possible explanation comes from the cold gas component, which dominates the
gaseous disk in spiral galaxies. The cold gas has a higher specific angular momentum
than the diffuse hot gas, which is more spherically distributed in a similar fashion
to the dark matter. We will return to this assumption later on. The previously
identified trend (see also Fig. [A1]), that with decreasing redshift the upper limit for
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the specific angular momentum increases, supports the idea of a gas spin-up with

time.
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Fig. 4.6.: The fraction of the halos according to the fraction of the specific angular
momentum of the gas the gas within ten per cent of the virial radius
compared to the specific angular momentum of dark matter within the
entire virial radius. While for ellipticals (red histogram) jgas .1 is much
smaller than jqn,, for disk galaxies (blue histogram) the distribution is
broader.

In order to illustrate the scatters from the equality of the specific angular mo-
mentum of the dark matter halo and that of the gas within the galaxy, in Fig.
we show the fraction of the specific angular momentum of the gas in the inner re-
gion Jeas 0.1 With respect to the specific angular momentum of the dark matter halo
Jam for the four redshifts. The value 1 on the x-axis refers to the equality of the
two quantities. Overall the distribution for all halos (green histograms) seems to
broaden and move to higher z-values with decreasing redshift which supports the
idea of the spin up of the gas component. This trend of broadening is also seen for
the ellipticals (red histograms). At high redshift the specific angular momentum of
the gas is always smaller than that of the dark matter. With decreasing redshift



28 4. The Angular Momentum

the gas is spun up and there appear ellipticals whose angular momentum of the gas
is higher than that of the surrounding dark matter halo. The distribution of the
disk galaxies (blue histograms) is similar to that for all halos. There are always disk
galaxies that have equal or even larger jgas 0.1 than jpy. At redshift z = 0.47 it looks

like almost half of the disks have higher jgas0.1 than jpum.

We now want to do some additional checks. Firstly, exemplary for redshift z = 1.98,
we examine the specific angular momentum of the gas in the outer region, i.e. from
ten to hundred per cent of the virial radius jgs 0.9 compared to the dark matter
halo’s angular momentum, see Fig. [4.7 It looks almost the same as Fig. 4.4l This
shows that for the overall specific angular momentum of the gas and the dark matter

the outer parts are dominating.
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Fig. 4.7.: Specific angular momentum of the gas in the outer region, namely be-
tween ten per cent of the virial radius and the virial radius, against
specific angular momentum of dark matter within the entire virial radius
at redshift z = 1.98. There is no difference between ellipticals (red) and
disks (blue).

We now return to the assumption that the cold gas has higher angular momentum

than the hot gas. Therefore, the left panel of Fig. .8 shows the specific angular
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momentum of the cold gas within the inner ten per cent of the virial radius and the
right panel that of the hot gas within the inner region against that of the dark matter
halo, exemplary for redshift z = 1.98. The cut between cold and hot gas was made
at 10° K, i.e. cold gas is below that limit and hot gas has temperatures above this
limit. The left panel almost looks the same as the plot for the corresponding redshift
of Fig. (upper left panel), where we have seen the specific angular momentum
of the both gas components within the galaxy against that of the total dark matter
halo, while the right panel does not show the splitting of the two galaxy types. This

clearly shows that in the central region the cold gas is the dominant gas component.
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Fig. 4.8.: Specific angular momentum of the cold gas (left) and the hot gas (right)
in the inner ten percent, each against specific angular momentum of
dark matter within the entire virial radius at redshift z = 1.98. There
is a splitting of disks (blue) and ellipticals (red) in the cold gas but no
difference for the hot gas.

In this section we have learned that the main difference between elliptical and disk
galaxies is the relation between the specific angular momentum of the gas and that
of the dark matter. Whereas in disk galaxies the angular momentum of the gas is
almost as high as that of the dark matter, especially at low redshift, it is much lower
in elliptical galaxies. This shows that the cold gas in the disk galaxies transports
high angular momentum material into the center, in contrast to the ellipticals, where
we find mostly low angular momentum gas in the inner part. For observations at
high redshifts this implies that one cannot directly estimate the angular momentum

of the dark matter halo from the 1:1 relation but has to include a correction factor.
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4.1.4. Angular Momentum Profiles

In order to illustrate and fathom the behavior of the specific angular momentum of
the different components we turn to the radial profiles of the angular momentum.
Fig. shows the mean of our sample of elliptical (left panel) and disk galaxies
(right panel) at redshifts z = 1.98 (two left panels) and z = 0.07 (two right panels),
respectively. In the upper panels we plot the differential specific angular momenta
of the different components against radius and in the lower panels we plot the
individual mass fractions of the corresponding components against radius. The x-
axis is linearly binned with a bin size of ten per cent of the virial radius of a halo. At
redshift z = 1.98 the virial radius ranges approximately from 100 kpc to 300 kpc and
at a redshift of z = 0.07 from 230 kpc to 750 kpc. The specific angular momentum
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Fig. 4.9.: The specific angular momentum (top panels) and the mass fractions (bot-
tom panels) against distance from the center for the cold gas (blue), hot
gas (red), stars (yellow) and dark matter (black) of our sample of galax-
ies at z = 1.98 (two left panels) and z = 0.07 (two right panels). On
each left hand side we show the analysis for the elliptical galaxies and on
each right hand side that for the disk galaxies. At z = 1.98, in ellipticals
the specific angular momentum of the cold gas drops below that of the
hot gas in the center of the halos while for disks it remains higher. At
z = 0.07, in ellipticals the specific angular momentum of the cold gas
is only slightly higher than that of the hot gas in the center, while for
disks it remains clearly higher. In the center of the ellipticals there is
only little cold gas left.
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of the two galaxy types increases from the center of the halo up to the virial radius.
The specific angular momentum of the hot gas follows the dark matter, while the

specific angular momentum of the stars follows that of the cold gas.

The main difference between the two galaxy types becomes clear in the central
region: At redshift z = 1.98 the specific angular momentum of the cold gas of the
ellipticals is lower than that of the hot gas, while for the disk galaxies it is higher than
all other components. This confirms our previous interpretation of Fig. [4.5 where
we find a split-up of the specific angular momentum of elliptical and disk galaxies
in the gas component in the innermost region of the virial radius. Also taking into
account the mass fraction makes it clear that the specific angular momentum of the
gas in the innermost region is dominated by the cold gas because of the absence of
hot gas in the center. On the other hand, the outer region is dominated by the hot
gas, which behaves similar for ellipticals and disks, which also confirms our findings
of Fig. 4.4l where there is no difference between the two galaxy types regarding
the relation of the specific angular momenta of the gas and the dark matter, both
within the entire virial radius. At redshift z = 0.07 the ellipticals have only little
cold gas left in the center. As seen before in the lower right panel of Fig. this

gas spins up with decreasing redshift.

The radial profiles clearly show that in disk galaxies the cold gas transports high
angular momentum material into the center, whereas in elliptical galaxies the gas
in the central region has low angular momentum. Thus, we suspect that the star
formation history is different for different galaxy types. In elliptical galaxies the
specific angular momentum of the stars remains low, which indicates that there
are almost no new stars formed and if so, they are formed out of the low angular
momentum material. Hence, the specific angular momentum of the stars contains
informations about the specific angular momentum of the gas from which they have

formed.

4.2. Orientation of the Angular Momentum Vectors

In this section we want to study how the vectors of the baryonic components are
oriented with respect to the dark matter and if it makes a difference for elliptical

and disk galaxies. Therefore we calculate the (mis-)alignment angle 6.
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The angle between two vectors of the species i and j is calculated by

J;-J;

) = ————.
s =153,

(4.3)

We then bin the angles from 0 to 180 degrees in 18 bins of a size of 10° and count
the number of halos within each bin. For the plots the number of each galaxy type
is normalized to unity. The values for redshift z = 1.98 are listed in Table and
for redshift z = 0.07 in Table [C.2

4.2.1. The Angle between the Gas and the Star Component

Firstly, we want to investigate whether the angular momenta of the gas and the
stars are aligned with each other. Fig. [4.I0] shows the angle between the angular
momentum vector of the gas against that of the stars. The left panels show both
components within the entire virial radius while the right ones show both compo-
nents in the inner ten per cent of the virial radius. The upper panels show redshift
z = 1.98 and the lower ones z = 0.07. The gray dotted line is expected for a random
distribution of the angles. When comparing the angles of the angular momentum
vectors within the entire virial radius there is no difference between elliptical (red
dashed histograms) and disk galaxies (blue dash-dotted histograms). In the central
region it looks different: The disk galaxies have very well aligned gas and star an-
gular momentum vectors with median values of 6.7° and 5.5° at redshift z = 1.98
and z = 0.07, respectively. This is in good agreement with [Hahn et al. (2010) who
found median angles of about 7° for their disks at z = 0. The ellipticals have a
random distribution with median values of 82.6° and 85°, i.e. the gas and stellar
components in elliptical galaxies are completely misaligned. On the other hand, this
illustrates that the stellar and gaseous disk in disk galaxies are very well aligned,
which is what we expect, since the stars form out of the gas and thus maintain the
same orientation. In general, the gas and star components become less aligned with

decreasing z. In contrast, the alignment for disks gets even slightly better.

4.2.2. The Angle between the Gas and the Dark Matter

Component

Next, we want to study the alignments between the angular momentum of gas

and dark matter. The upper left panel of Fig. [ 11] shows the misalignment angle
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Fig. 4.10.: Left: The angle between the total angular momentum vectors of gas
and stars within R,;. Right: The angle between the total angular
momentum vector of gas and stars, both within the innermost ten per
cent of the virial radius. The upper panels show redshift z = 1.98 and
the lower panels z = 0.07.

between the angular momentum of the dark matter and the gas within the virial
radius at redshift z = 1.98 and the lower left panel represents redshift z = 0.07. The
gray dashed line is the expected distribution if the angles were spread randomly.
The distribution of the angles does not show any significant difference between the
galaxy types and are relatively well aligned. When considering all halos, at redshift
z = 1.98 we find median and mean values of 12.8° and 19.6°, respectively and at

redshift z = 0.07 we find median and mean values of 25.1° and 33°, respectively.

At higher redshifts this is in good agreement with |[Sharma and Steinmetz (2005)

and [Sharma et all (2012), who find a mean misalignment angle of about 20°, and
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Fig. 4.11.: Left: The angle between the total angular momentum vectors of DM
and gas within R,;,. Right: The angle between the total angular mo-
mentum vector of DM in R,; and the gas within the innermost ten
percent of R,;,. The upper panel shows z = 1.98 and the lower panels
z = 0.07.

also with IQb_Qule.I (IZDD&), who obtained mean values of 22.8° — 25°, depending
on the used gas coolini ihysics. At lower redshift it better fits with the results of

van den Bosch et alJ

the median and about 36° for the mean misalignment angle.

), who found slightly higher values, namely about 27° for

On the upper right panel of Fig. .11 the angle between the dark matter within
the virial radius and that of the gas component in the central region is shown
for redshift z = 1.98, and redshift z = 0.07 is shown on the lower right panel. At
redshift z = 1.98, the median misalignment for all halos (green) is 53.4°, for the disks
(blue) 47.2° and for the ellipticals (red) 65.7° while at redshift z = 0.07 the median
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misalignment angles are slightly lower, namely for all halos it is 48.8°, for the disks
38.5° and for the ellipticals 55.6°. [Sharma et all (2012) found lower values for the gas
within the innermost ten per cent of the virial radius compared to the total angular
momentum vector of all halos, namely a median misalignment angle of about 30°.
Hahn et all (2010) compared the angular momentum of the gas component of the
disk to the total angular momentum and obtained about 49° at z = 0. Interestingly
we find a bimodality not only in the distribution of the different galaxy types but
also in the distribution of the ellipticals. While the disks are comparatively aligned,
the ellipticals also have an isotropically spread part.

We note that in all galaxies the angular momentum of the gas and the dark matter

halo are better aligned with cosmic time.

4.2.3. The Angle between the Dark Matter and the Star
Component

We now want to see if the angles between the angular momentum vectors of the
dark matter and that of the stars reflect the orientation of the angular momentum
vectors of the gas and the dark matter, since we have seen in Fig. .10 that the
angular momentum vectors of the gas and that of the stars are very well aligned
for disk galaxies and poorly aligned for ellipticals. The angle between the angular
momentum vectors of the dark matter and that of the stars within the virial radius
is shown on the left panels of Fig. As median value for all halos we find 22.6°
and as mean value 31.5° for the higher redshift (left upper panel). At the lower
redshift (left lower panel) we find 23.9° as median and 31.2° as mean value. For
comparison, (Croft et al) (2009) calculated a median angle of 43.5° at redshift z = 1.

The upper right panel of Fig. shows the angle between the angular mo-
mentum vector of the stars within the inner region and the dark matter within the
entire virial radius at redshift z = 1.98. Since at this high redshift we have only a
small sample of ellipticals (red) there is no obvious dichotomy between the galaxy
types. In the lower right panel of Fig. [4.12] which shows a redshift of z = 0.07, we
clearly see the dichotomy of the galaxy types. The disks (blue), which have a me-
dian misalignment angle of 42.5°, are better aligned than the ellipticals (red), whose
misalignment angle has a median of 88.3°. Their distribution is nearly isotropic. A
misalignment of the baryonic component of spheroid-dominated systems at different
radii of the halo was also seen by [Sales et al. (2012). [Hahn et all (2010) calculated



36 4. The Angular Momentum

04 T T T T : T T T
L all halos 1 H ]
L ellipticals -------- 1 P i
0.35 I disks ====n 1 . |
o3 | sin(6) 1 P i

025 |11

0.2

f(6)

0.15 |}
0.1

0.05

0 30 60 9 120 150 30
0 [degree] 0 [degree]
04 o T o hoalne T T T T T
r all halos 1 ]
- ellipticals =-=-==--- 1 |
=1 disks -mimmr T ]
03 sin(6) 1 ]
025 F1 ...
g 02|
0.15
0.1
0.05
0 - — . — TR F N
0 30 60 90 120 150 30 60 90 120 150 180
0 [degree] 0 [degree]

Fig. 4.12.: Left: The angle between the total angular momentum vectors of the
dark matter and stars within R,;,. Right: The angle between the total
angular momentum vector of the dark matter in R, and the stars
within the innermost ten per cent of the virial radius. The upper panels
show redshift z = 1.98 and the lower ones z = 0.07.

a median angle of the stellar disk component and the total halo content of about
49° at z = 0.

The distribution of the alignment angles of the star component against that of the
dark matter looks similar to that of the gas (Fig. EIT]) for the disk galaxies but the
median values are slightly higher (see Table and [C.2). We assume that this is
attributed to the bulge component of the disk galaxy, which may not be completely
aligned. For the ellipticals the alignment of the two baryonic components with the
dark matter is also similar at high redshift but differs at low redshift, where the

angular momentum of the gas is better aligned with that of the dark matter halo
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than the stars’ angular momentum vector with that of the dark matter. This agrees
with the finding of Fig. [Tl that the angular momenta of gas and stars in the

galaxy get worse aligned with decreasing redshift.

4.2.4. The Angle between the Dark Matter at Different Radii
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Fig. 4.13.: The angle between the total angular momentum vector of the dark
matter in R, and that of the dark matter within the innermost ten per
cent of the virial radius. The left hand side shows redshift z = 1.98 and
the right one z = 0.07.

At last, we want to study whether the angular momentum of the total dark matter
halo is aligned with that of the dark matter of its galaxy. Fig. shows the angle
between the vector of the total angular momentum over the virial radius against
that of the inner part of the halo only for the dark matter for redshift z = 1.98
(left) and for z = 0.07 (right). For the baryon run at redshift z = 1.98 the median
and mean values for all halos are 56.5° and 62.7°, respectively and we find a median
angle of about 50° for the disk galaxies. At lower redshifts we calculate median
and mean values for all halos of 46° and 54.5°, respectively and a median angle
of about 40.6° for the disk galaxies. At high redshift our value is higher than the
~ 34° found by Hahn et al. (2010) for the inner dark matter component with the
total angular momentum of the halo at a redshift of z = 1. At z = 0 our results
are agree well with their obtained median angle of 45°. In the DM-only run the

values are higher with 66.4° for the median and 70.8° for the mean misalignment
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angle at redshift z = 1.98 and slightly higher at redshift z = 0.07 with 51.2° for
the median and 56.5° for the mean misalignment. This tendency was also seen by
Bett et al. (2010) who found that in their run with baryons the vectors were slightly
more aligned than in the DM-only case. The misalignment angle in our analysis is
higher than their median angles of 15° — 30° for their run with baryons. This could
be due to the fact that we only consider the inner ten per cent instead of 25 per cent.
This seems plausible, since Bailin and Steinmetz (2005) found that the alignment
becomes worse when the radii are further separated. [Sales et al. (2012) found that
the angular momentum of the baryonic component at different radii were misaligned
for spheroidal systems, while they were well aligned for disk galaxies. [Bullock et al.
(2001) also concluded that a misaligned halo is less likely to host a spiral galaxy.
We note that in general the angles become less misaligned with decreasing red-
shift. Interestingly, the distribution looks very similar to that of the angles between

the angular momenta of stars in the galaxy and the dark matter halo (see Fig. E12]).

An interpretation of the above findings could be, that disk galaxies preferentially
form in halos, where the core is aligned with the outer parts of the halo. When the
gas streams in, it does not transfer the angular momentum to the other components
but keeps it and carries it to the central region. If gas flows into a halo with a mis-
aligned core it loses angular momentum by transferring it to the components in the
outer regions. Thus the gas does not form a disk and we get ellipticals. On the other
hand, [Sharma et al. (2012) showed that major mergers having misaligned angular
momentum vectors can be responsible for misalignments. Welker et al. (2014) in
addition proposed that anisotropic cold streams realign the galaxy with its hosting
filament. However, [Sales et al. (2012) suggested that disks form out of gas having
similar angular momentum directions, which would favor the spherical hot accretion
mode, while the accretion along cold flows that are mainly misaligned tend to build
a spheroid.

In a further investigation we could trace back disk galaxies and see if the primordial
alignment causes the inflowing matter to become a spiral or if it is the other way
around, i.e. if the galaxy-type over cosmic time induces the alignment. We suspect
that the environment has a significant impact on the formation of disk galaxies.
In less dense environments, where the halos can evolve relatively undisturbed, the
angular momentum of the galaxy remains aligned with that of its host halo and thus

a disk can form.
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4.3. The )\-Parameter

In the following section we want to study the dimensionless \-parameter. For our
investigations we use two different definitions for the calculation of the spin param-
eter \. We will first discuss the general A-parameter which is used for the total
halo and then turn to the modified N-parameter for the evaluation of the different

components and compare the baryon run with the dark matter only control run.

4.3.1. The )\ — Distribution for Halos

The general A-parameter, as defined by [Peebles (1969, 1971) and adopted by e.g.

Mo et al. (1998), is given by

B J|E|1/2
G M>B/2?
where E = —GM?/2 R, is the total energy of the halo. The distribution of the

A-parameter can be fitted by a lognormal distribution of the following form:

PO = — exp(—M>, (4.5)

- M 21mo 202

A

(4.4)

with the two fit-parameters Ay which is about the median value and the deviation

g.
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Fig. 4.14.: The M-distribution for redshift z = 1.98 for all halos. On the left panel
the halos were rotated whereas on the right plot the halos were not ro-
tated. This makes no difference for the distribution of the A-parameter.
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Before we present the A-distribution for several redshifts we want to check if it
makes a difference if the halos have been rotated or not. The left plot of Fig. [4.14]
shows the distribution of the A-parameter for all halos at redshift z = 1.98 that were
rotated. On the right panel the A-distribution for the same redshift is shown but
this time the halos were not rotated. The histograms are the calculated values and
the curves are fits using formula (4.5). The two plots show exactly the same values
and thus for the calculation of the A\-parameter it does not make a difference if the
halos are rotated or not. This is an important finding with regard to the comparison
of the dark matter only run and the run with baryons, since the halos in the dark

matter only run are not rotated.

For Fig. we calculated the A-parameter of the halos in linear bins with a
bin size of 0.0075 for different redshifts as indicated on the plots. The histograms
and fit-curves are each normalized to the number of the considered halos. Green
shows the distribution of A for all 395 halos at z = 1.98 (upper left), 602 halos at
z = 0.99 (upper right), 619 halos at z = 0.47 (lower left) and 607 halos at z = 0.07
(lower right). We note that there are 608 halos at the latter redshift but one seems
to have an even higher value than the plotting range. This halo might be an in-
teresting object for further studies. We find that for z = 1.98 there are two peaks,
one located at A =~ 0.025 and the other at ~ 0.045 and also in the distribution at
redshift z = 0.07 there is a double peak, a smaller one at A ~ 0.025 and a broader
one at &~ 0.04. In order to check the reason for the two peaks we split the halos
into elliptical (red) and disk (blue) galaxies. For this we take into account the e-
distribution of the gas as well as the star component as done above for the specific
angular momentum of the gas versus that of the dark matter. The left peak can
be identified with the ellipticals which have only little rotation. The right peak is
associated with the disk galaxies. This splitting of the two galaxy types is seen
at all four redshifts. The ellipticals have always lower median values than the disk
galaxies, see also Table[D.Il This is in contrast to the results from Sales et al. (2012)
and [Scannapieco et _al. (2009), who did not find a correlation between galaxy type

and the spin parameter.

From Table[D.Ilin the appendix we can also see that the fit values agree very well

with the calculated median value of the A-distributions.

The A-distribution for all halos seems to be relatively constant with time, i.e.

independent of redshift, which is in agreement with [Peirani et al. (2004). However,
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Fig. 4.15.: The A-distribution calculated with formula (44]) for the different red-
shifts as indicated in the plots. Green takes into account all halos.
Ellipticals are red and disks are blue. The curves are the fits given by
equation (40). We chose a bin size of 0.0075.

for the different galaxy types Apeq fluctuates between 0.048 and 0.058 for the disks
and between 0.028 and 0.038 for ellipticals.

We now want to see how the curves change when taking different bin sizes. Fig.
shows the same as Fig. but on the left panels of Fig. [1.16] we chose a bin size of
0.01 and on the right panels a bin size of 0.005. The fit curves are almost identical.
There is a tendency that with smaller bin sizes the double peak in the distribution
for all halos at redshifts 1.98 and 0.07 is better resolved. We note that even at
z = 0.99 there is a small hint for a second peak at lower A\-values. A disadvantage
of this high resolution is that the histograms make this plot confusing. Thus, for
the following plots we will always use a bin size of 0.075 since the splitting of the
galaxy types is resolved sufficiently and it does not make a huge difference for the

fit values.
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Fig. 4.16.: The A-distribution for four redshifts as indicated in the plots. Left: The
bin size is 0.01. Right: A bin size of 0.005 was used.

For statistical reasons it is interesting to check if the two curves for the disk
and elliptical galaxies are following the same distribution. Hence we make use
of the Kolmogorov-Smirnov (K-S) test. This test is applied to the two unbinned
distributions for the disks and the ellipticals. An advantage of this test is that it is
invariant under parametrization of the independent variable, in our case A, in other
words it is unimportant if we perform the K-S test with A or log(\). We follow
the routines from |P_re5_s_e£_al_| (IL%)d) The significance level that two distributions

originate from the same distribution is given by

probability = Qks(x) = 2 Z(—l)i_le_2i2$2, (4.6)
i=1

where x = [/N, +0.12+0.11/4/N,| - D and D is the maximum distance of the two
distributions and N, is the effective number of data points, i.e. N, = N1 Ny/(N1+Ns)
with N; being the number of the data points of the first and N, that of the second
distribution.

Table [4.1] shows the calculated values for the maximum distance D and the prob-
ability. At redshift z = 1.98 the probability that the distributions come from the
same distribution is relatively high with nine per cent. This might be due to the
small sample size of the ellipticals. However, at the other redshifts the probability

is below five per cent which is a strong indication that these two distributions are
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different ones.

Tab. 4.1.: The maximum distance D and the significance level (probability) result-
ing from the K-S test that the A-distributions for disks and ellipticals at
different redshifts for our sample of galaxies are from the same distribu-

tion
redshift D probability
1.98 0.3899 0.0900
0.99 0.2639 0.0324
0.47 0.2633 0.0446
0.07 0.3367 0.0142
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Fig. 4.17.: The A-parameter plotted against the normalized cumulative number of
halos. Green takes into account all halos, red the ellipticals and blue
the disk galaxies.

Fig. 417 shows the A-values against the normalized cumulative number of halos,
where we used linear bins of bin size 0.0075. This illustrates the distances between
the two distributions. At redshift 1.98 and 0.07 the two distributions are always
separated and while the disks stay right, i.e. at higher values with respect to the
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distribution of all halos, the ellipticals are at lower values. At the other two redshifts
there is an overlap between the distributions. At redshift z = 0.47 the distribution
for the ellipticals even ends at higher values than that of the disks, i.e. there are
also ellipticals that have high A-values. The distribution for all halos has the same
shape at all four redshifts.

We now want to compare the A-distribution of the dark matter only runs with
that of previous works. Fig. shows the A-distribution for the dark matter only
runs, linearly binned: The black histogram shows Box4 uhr, the blue histogram
Box3 hr, both at z = 1.48, while the other lines are according to the fit values of
several authors, as indicated in the legend (see also Table [D.2)). The fit curves of
the two different resolutions lie very close to each other. Thus, the properties do not
severely depend on the resolution and the size of the simulated box. In comparison to
previous studies (i.e. [Bullock et all (2001), Bryan et al) (2013) and [Trowland et al.
(2013)) the distribution in our simulation is slightly broader. It comes closest to the

results of Bryan et al) (2013).
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Fig. 4.18.:

The A-parameter in the DM-only simulations:

the black histogram

shows the distribution for Box4 uhr with a sample of 521 halos and
the blue one in the Box3 hr with a sample of 9881 halos at z = 1.48.

In this section we have seen that there is a statistical correlation between the
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morphological type and the overall distribution of the spin parameter A. At all four
considered redshifts the distributions for the ellipticals have lower median values
than that of the disks. According to the K-S test there is a strong indication that
they do not originate from the same distribution. On the other hand, we have also

found that there are ellipticals with even higher A-values than disk galaxies.

4.3.2. The )\ — Distribution for Single Components of the Halos

In order to illustrate the influence of the baryons on the dark matter component
we evaluate the A-parameter for the different components. Therefore we use the

modified spin parameter X', which is defined by Bullock et al! (2001) as follows:

_ J(r)
V2M (1) Ve (r)r

N(r) : , (4.7)

where J(r) is the angular momentum, M (r) the mass and Vi,e = /GM(7)/r the

circular velocity within a radius r. The advantage of X' (r) is that it can be used

for the calculation at different radii. When calculated over the entire virial radius

it reduces to the general \. For the evaluation of the different components it can be
written in the following form, as done by van den Bosch et al. (2002):

Tk

Ay = ————, 4.8

‘ \/§Rvir‘/circ ( )

where k stands for the different components. In the following we only use this

definition, so we drop the prime.

The left panels of Fig. L.19 show A for stars (yellow), dark matter (black) and
gas (turquoise) for redshift z = 1.98 (upper panels) and z = 0.07 (lower panels).
The star component has low values which is not surprising, since in elliptical galax-
ies stars do not show ordered rotation and in disk galaxies most stars within the
innermost ten per cent of the virial radius are found in the bulge. As seen for the
total A in Fig. we again find an indicated double peak in the distribution of
the dark matter, which is the dominating component. This reinforces the assump-
tion that the baryons influence the dark matter’s rotation. The stellar component
has the lowest A-values and the highest standard deviation which is in agreement
with [Danovich et _al. (2014). The A-distribution for the gas has the highest median
value. [Sharma and Steinmetz (2005), Kimm et al. (2011), [Sharma et al. (2012) and
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Fig. 4.19.: Left panel: the A-parameter for the different components within R.;,:
The dark matter (black) is the dominant component, the stars (yellow)
peak at the lower values, whereas the gas is distributed around the
higher values. Right panel: the gas component split into hot (red) and
cold (blue) gas. The upper panels show redshift z = 1.98 and the lower
ones z = 0.07.

Danovich et al) (2014) also found that the gas component has a higher spin parame-
ter than the dark matter, in contrast to ivan den Bosch et all (2002) and |Chen et al.
(2003), who got nearly the same value for the two components. We find a differ-
ent behavior of the two gas components on the right panels of Fig. [£.19. The hot
gas (red) has lower values than the cold gas (blue) which has a long tail to high
A-values. This is not in agreement with [Chen et al) (2003), who found that the spin
parameter for the hot gas is higher than that of the cold gas. On the other hand,
our results agree well with [Danovich et all (2014). This trend for the cold gas to
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high values was also seen by [Stewart et all (2011), who calculated A-values for the
cold gas around 0.1 — 0.2. This in addition to the findings of the lower panels of
Fig. 4.9 that in disk galaxies there is more cold gas in the center than in ellipticals,

gives us the reason for the double peak in the A-distribution.

Tab. 4.2.: The )\ fit value for the different components at different redshifts for
our sample of galaxies
redshift  Agars  ADM  Agas  Ahot  Acold
1.98 0.023 0.043 0.061 0.053 0.074
0.99 0.026 0.046 0.078 0.070 0.098
0.47 0.021 0.042 0.085 0.079 0.108
0.07 0.020 0.042 0.091 0.084 0.124

For a better overview we have listed the fit values of the A-distribution for the
different components in Table We immediately note that the values for the gas
components are rising steadily with decreasing redshift, whereas the values for the
stars and dark matter remain relatively constant. This illustrates the spin up of gas

with time which we have already seen in e.g. Fig. [4.4]

We now want to check the A-distribution for the dark matter component in the
run with baryons, splitting the galaxies into ellipticals and disks, and then compare
it to the distribution of the dark matter only run.

Fig. shows Apy for the baryon run for the four redshifts as indicated in the
plots. The green histogram shows Apy for all halos (as in the left panels of Fig.
and Fig. [D.]), the red one stands for the ellipticals and the blue one for disk
galaxies. Here again, especially at redshifts z = 0.99 and 0.47, there is a splitting
of the two different galaxy types, the distribution of the ellipticals peaks at lower
values and that of the disks at higher values. We also perform a K-S test on the
two distribution (see Table [4.3]). The values are similar to that of the general -
distribution (Table[4.T]). This is not surprising since the dark matter is the dominant
component.

We now want to compare the run with the baryons and that with the dark matter
only. Fig. [421] shows the A-distribution for the dark matter component at three
different redshifts as indicated on the panels. We remark that at redshift z = 0.99
there was no corresponding snap shot available for the dark matter only run. Green
are the values for all halos in the run with the baryons and black is the control run

with dark matter only. The distributions are similar but the fit values \y for the
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Fig. 4.20.: The A-parameter for the dark matter component within R;: Also in the
dark matter component of all halos (green) there is a broad distribution,
which is split into ellipticals (red) at lower values, while disks (blue)
peak at higher values.

Tab. 4.3.: The maximum distance D and the significance level (probability) result-
ing from the K-S test that the A\py-distributions for disks and ellipticals
at different redshifts are drawn from the same distribution

redshift D probability
1.98 0.3815 0.1027
0.99 0.2595 0.0370
0.47 0.2507 0.0636
0.07 0.3401 0.0129

dark matter only run are slightly lower than for the run with baryons.

In order to see how the A-parameter behaves for individual halos in the two
different runs, we identified the same halos in the baryonic and the dark matter
only run. We searched for the halos in a range of 200 kpc and they were allowed
only to differ by 30 per cent in their virial masses. At redshift z = 1.98 we found for
363 halos in the baryon run a match in the DM-only run and at redshift z = 0.07
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Fig. 4.21.: The A-parameter for the dark matter component within for the baryon
run (green) and for the DM-only run (black) at three redshifts.

we could assign 560 halos. Since baryons have an effect on the dark matter, in
one run halos merge and in the other one at other times or not at all. The left
panels of Fig. show the A-parameter of the dark matter component against
the A\-parameter of the DM-only run in logarithmic scaling for ellipticals at redshifts
z = 1.98 (upper panels) and z = 0.07 (lower panels). The values of the A-parameter
of the corresponding halos in both runs are similar. The stellar mass within ten per
cent of the virial radius of the baryon run is color-coded. On the right panels we
find Apy-values for the disks. At a redshift z = 1.98 (upper panel) we note a slight

tendency for the Apyr to decrease with increasing stellar mass. The less massive disks

tend to have higher A-values. This is in agreement with dZDﬂé), who

computed the dark matter spin parameter of ~ 52000 disk galaxies from the Sloan
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Fig. 4.22.: The A-parameter plotted logarithmically for the dark matter compo-
nent, on the x-axis the A for the baryon-run and on the y-axis for the
DM-only run, the color codes the stellar mass within the inner ten per
cent of the virial radius. Left are the ellipticals and on the right panels
the disks. The upper panels show redshift z = 1.98 and the lower ones
z =0.07.

Digital Sky Survey (SDSS) (for details of the sample see references in [Berta et al.
(2008)). They found a clear anti-correlation between the dark matter spin and the
stellar mass, i.e. that galaxies with a low mass in general have higher dark matter
spins. For the elliptical galaxies we do not see this trend. On the other hand, this
figure also demonstrates that a high A does not automatically lead to a disk galaxy
and a small A is no guarantee for an elliptical galaxy. The scatter is equal for both
galaxy types. The fact that A\py; in the whole virial radius is similar in the DM-only

and the baryon run, is in good agreement with Bryan et al. (2013).
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We want to check if we find an anti-correlation when directly plotting Apy; against
the stellar mass, as done in Fig. [£.23] The left panels show the ellipticals and the
right panels the disk galaxies. The upper panels show a redshift of z = 1.98 and
the lower ones z = 0.07. Indeed, we see a small trend for the disk galaxies at
z = 1.98. At lower redshifts this trend gets weaker, which is probably due to the
smaller sample size. The two redshifts in between, for which plots are shown in
the appendix (Fig. [D.3), also show a tendency for the disk galaxies. For elliptical

galaxies there is no apparent trend of the spin parameter with stellar mass.

At last we want to see the relation of the A-parameter of the different components
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Fig. 4.23.: The A-parameter plotted logarithmically for the dark matter component
within for the baryon-run and on the y-axis the stellar mass within the
inner ten per cent of the virial radius. Left are the ellipticals and on
the right panels the disks. The upper panels show redshift z = 1.98 and
the lower ones z = 0.07.
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of individual halos. The left panels of Fig. show the relation of the A-parameter
of the baryonic component, which includes gas as well as stars, against that of the
dark matter for redshift z = 1.98 and z = 0.07, respectively. Each point represents
a halo where red stands for ellipticals and blue for disk galaxies. At the higher
redshift (upper panel), overall, the values seem to have the same order of magnitude
but the scatter at the lower values is very high. The scatter becomes worse for the
lower redshift (lower panel) and it almost seems like the ellipticals have higher spin
parameter for the baryons than for the dark matter.

The right panels of Fig. [£.24] show the A-parameter of the stars against that of the
dark matter. In general Apy; is higher than Ag... We note that the halos with the
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Fig. 4.24.:

Left panels: the A-parameter for the baryons (gas and stars) against
that of the dark matter. Right panels: the A-parameter for the stars
against that of the dark matter. The upper panels show redshift 1.98

and the lower ones z = 0.07.
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lowest Agar values belong to halos hosting elliptical galaxies. We also see that if halos
have low A4, they tend to have comparatively higher Apy and on the other hand if
they have high A\, their spin parameter for the dark matter is comparatively lower.

The left panels of Fig. [£.25]show the relation of the A-parameter of the dark matter
component against that of the gas component for redshift z = 1.98 and z = 0.07,
respectively. We can see that Ay, is higher than Apy, which is in agreement with
Chen et all (2003). They noted that this trend is strongest for the adiabatic case
and becomes weaker with increased cooling. In our simulation, this trend becomes
stronger with decreasing redshift, see also the two redshifts in between shown in

Fig. of the appendix. This tendency was also found by [Sharma. and Steinmetz
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Fig. 4.25.: Left panels: the A-parameter for the dark matter against that of the
gas. Right panels: the A\-parameter for the stars against that of the
gas. The upper panels show redshift z = 1.98 and the lower panels
show z = 0.07.
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(2005). We assume that this is due to the spin up of the gas with time. Hence, the
baryonic component spins up with decreasing redshift, as seen in the left panels of
Fig. 24

The right panels of Fig. show the A-parameter of the stars against that of
the gas. The spin parameter of the gas is higher than that of the stars. Most of
the halos where the spin parameter of the stars is higher than that of the gas are

classified as disk galaxies.

In this section we have found that the A-distribution for the stars have the low-
est values and that of the gas has the highest values. In addition, we have seen
the spin up of the gas components with decreasing redshift. The cold gas has the
highest spin values, which is explained by the fact that cold gas is mostly found in
rotating disks. The hot gas has lower values than the cold gas, since in the halo
it is more spherically distributed. The distribution of the A-parameter for the dark
matter reflects the overall A-distribution, which is not surprising since it is the dom-
inant component. The influence of the baryonic component, especially the gas, is
displayed by a broader A-distribution of the baryon run compared to the dark mat-
ter only control run. We also find an anti-correlation between Apy; and the stellar

mass for disks but not for ellipticals.



Summary

We extracted about 400 — 620 halos at four different redshifts in a total halo mass
range from 5 - 1014 My — 2 - 10 M, from a hydrodynamic cosmological state-of-
the-art simulation, which includes detailed treatment of star formation, chemical
enrichment and evolution of super massive black holes. We first rotated the halos
to align them according to the angular momentum of their central part, where the
galaxies are forming. Then we classified the morphological types of the formed
galaxies via the distribution of the circularity parameter . Here, we focused on the
subset of galaxies, which were clearly identified as pure elliptical or disk galaxies,
where we always required this classification to hold in both, the stellar and the gas
component. For these two classes of galaxies that have formed in our simulations
we calculated the specific angular momentum of the different components as well
as their alignments and studied the spin parameter \. We additionally performed
dark matter control simulations to evaluate the role of the baryons on the angular

momentum within the simulations. We summarize our findings as follows:

e The rotation curves of the extended gas disks in our simulations compare well

with the HI/Ha observations of local galaxies.

e Our simulations reproduce well the observed relations between the stellar mass
and the specific angular momentum of the stars for both, the elliptical as well as

the disk galaxies.

e In general, the spin parameter of the gas is noticeably larger than the spin pa-
rameter of the dark matter, mainly driven due to the cold gas component. This
leads to a continuous growth of the spin parameter of the gas component during

the evolution of the halo.

e In the inner region of disk galaxies the specific angular momentum of the gas
is slightly higher than that of stars, which is in good agreement with recent
observations (Obreschkow and Glazebrook, 2014). This is due to the fact that



56 4. The Angular Momentum

the gas component has contributions from freshly accreted gas with higher jgas
which will be turned into stars later. This is also reflected in our finding that the
specific angular momentum of the young stars shows larger values than that of

the total jsiar-

e In general, jpy of the total halo is higher than js.s of the galaxy. jgas of the
elliptical galaxies is smaller than that of the disk galaxies. This arises from the
fact that the cold gas can maintain its angular momentum while being accreted

onto the forming disk in the halo center.

e The general alignment of the dark matter angular momentum vector of the halo
with that of the angular momentum of its central part is weak for the DM-only
and the baryon run. Disc galaxies preferentially form in halos with better aligned
dark matter angular momentum vectors, whereas ellipticals form in halos with

less alignment.

e The angular momentum vectors of the gas and star component within the whole
virial radius have a median misalignment angle of ~ 13° and 23°, respectively,
with that of the whole dark matter halo, for all halos at z = 1.98.

e The splitting of the overall distribution of A reveals a dichotomy: The halos
hosting disk galaxies have slightly larger spin than the ellipticals. When looking
at the inner parts of the halo we find that the angular momenta of the gas and
star component of disk galaxies are better aligned with the dark matter halo
than that of elliptical galaxies. This is in broad agreement with earlier findings
of van den Bosch et al. (2002), who reported a weak tendency that halos with
better aligned gas and dark matter angular momentum vectors have higher spin

parameters.

Our results are based on the poster child galaxies of the simulation which fulfill
the selection criteria in both components. But many galaxies which by eye would be
classified as disk galaxies due to their extended gaseous disk and their stellar disk of
bright young stars do not pass the selection criteria since they also have a dominant
bulge of old stars, especially at low redshift. Therefore the selection criteria have to
be refined, so a galaxy with a bright disk of young stars and a bulge consisting of
old faint stars is classified as a disk galaxy. Even hybrid forms of galaxy types could
be classified and one can check if they behave more like one than the other galaxy

type or even totally different.
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In any case, the forthcoming years will be very exciting and will bring us nearer

to the whole story of galaxy formation.
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A. Appendix: Angular
Momentum-Mass Relation at
2 =10.99 and z = 0.47

For the sake of completeness we also show the plots for the two redshifts that were
partially left out, namely z = 0.99 and z = 0.47. These are just to illustrate the

time evolution of different properties discussed above.
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Fig. A.1.: The stellar mass within the innermost ten per cent of the virial radius
against the specific angular momentum of the stars within the central
region at redshift z = 0.99 (upper panels) and z = 0.47 (lower pan-
els). Left for galaxies in our simulation, which are classified as ellipti-
cals (red circles) compared to data from observed elliptical galaxies by
Romanowsky and Fall (2012) (orange circles, denoted by ”"R&F 2012”).
Right: Discs in our simulation (blue diamonds) compared to observa-
tional data of spiral galaxies by [Romanowsky and Fall (2012) (purple
diamonds, denoted by "R&F 2012”) and |Obreschkow and Glazebrook
(2014) (magenta pentagons, denoted by ”O&G 2014”).



B. Appendix: Angular Momentum
Profiles at z = 0.99 and z = 0.47
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C. Appendix: Alignment Angles

C.1. Tables for 2 = 1.98 and 0.07

Tab. C.1.: The median and mean misalignment angles between the different com-
ponents classified only by the circularity of both the gas and star com-
ponent at redshift z = 1.98. DMO are the angles for the dark matter

only run.

Median all halos discs ellipticals
Ogas—stars 248 248 19.7
Ogas,0.1—stars,0.1 14.3 6.7 82.6
Ogas—DM 128 148 20.6
Ogas,0.1-DM 53.4 47.2 65.7
Ostars—DM 22.6 227 35.1
Ostars,0.1—DM 61.4 52.9 59.1
OpM,0.1—DM 56.5 50.3 95
9DM,0.17DM (DMO) 66.4 - _
Mean all halos discs ellipticals
Ogas—stars 341 311 40.4
Ogas,0.1—stars,0.1 26.5 7.9 77.5
Ogas—DM 196 212 28.2
Ogas,0.1-DM 60.7 53.3 69
Ostars—DM 31.5 26.9 53
Ostars,0.1-DM 66.1  55.1 77.2
OpM,0.1—DM 62.7 52.2 91
9DM,0.17DM (DMO) 70.8 - -




C.1 Tables for z = 1.98 and 0.07
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Tab. C.2.: The median and mean misalignment angles between the different com-
ponents classified only by the circularity of both the gas and star com-
ponent at redshift z = 0.07. DMO are the angles for the dark matter

only run.

Median all halos discs ellipticals
egasfstars 301 261 371
Ogas,0.1—stars,0.1 36.9 5.5 85
Ogas—DM 25.1 19.4 33.5
Ogas,0.1-DM 48.8 38.5 55.6
Ostars—DM 23.9 22.9 27.7
Ostars,0.1-DM 53.7 42.5 8.3
OpM,0.1—DM 46 40.6 74.9
Opn0.1-pm (DMO) 51.2 - B,
Mean all halos discs ellipticals
Ogas—stars 40.1 38.3 42.8
Ogas,0.1—stars,0.1 49.3 5.8 85.8
Ogas—DM 33 20 37.9
Ogas,0.1—-DM 55.2 47.2 63.6
Ostars—DM 31.2 24.4 37.1
Ostars,0.1-DM 614  47.8 85.4
ODM.0.1-DM 54.5 46 72.9
Opro1-pm (DMO)  56.5 - -
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C. Appendix: Alignment Angles

C.2. Gas and Stars at z = 0.99 and z = 0.47
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Left: The angle between the total angular momentum vectors of gas
and stars within the virial radius. Right: The angle between the total
angular momentum vector of gas and stars, both within the innermost

and the lower panels show z = 0.47.

ten per cent of the virial radius. The upper panels show redshift z = 0.99
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C.3. Dark Matter and Gas at z = 0.99 and z = 0.47
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Fig. C.2.: Left: The angle between the total angular momentum vectors of DM and

gas within the virial radius. Right: The angle between the total angular
momentum vector of DM in R,;, and the gas within the innermost ten
percent of the virial radius. The upper panels show redshift z = 0.99
and the lower panels show z = 0.47.
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C.4. Dark Matter and Stars at z = 0.99 and z = 0.47
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Fig. C.3.:

Left: The angle between the total angular momentum vectors of DM and
stars within the virial radius. Right: The angle between the total angular
momentum vector of DM in R,;, and the stars within the innermost 10
per cent of the virial radius. The upper panels show redshift z = 0.99
and the lower panels show z = 0.47.
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Fig. C.4.: The angle between the total angular momentum vector of DM in R.;,
and that of the DM within the innermost 10 per cent of the virial radius.
Left for z = 0.99 and right z = 0.47.
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D.1. Table for the Overall \-Distribution

Tab. D.1.: The calculated median values \,.q and the fit values \g and o of the
A-distributions at different redshifts for our sample of galaxies
redshift all halos
1.98 Amed = 0.043, \g = 0.043, 0 = 0.661
0.99 Amed = 0.046, \g = 0.047, 0 = 0.636
0.47 Amed = 0.042, \g = 0.042, 0 = 0.641
0.07 Amed = 0.042, \g = 0.042, 0 = 0.623
redshift  disks
1.98 Amed = 0.048, \g = 0.049, 0 = 0.651
0.99 Amed = 0.051, \g = 0.051, o = 0.562
0.47 Amed = 0.045, \g = 0.045, 0 = 0.517
0.07 Amed = 0.058, \g = 0.053, 0 = 0.568
redshift ellipticals
1.98 Amed = 0.028, \g = 0.028, 0 = 0.569
0.99 Amed = 0.038, A\g = 0.038, 0 = 0.684
0.47 Amed = 0.036, \g = 0.034, 0 = 0.849
0.07 Amed = 0.034, \g = 0.033, 0 = 0.539
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D.2. )\ for the Dark Matter Only

Tab. D.2.: A\-parameters from different authors using dark matter only simu-
lations: Bullock et all (2001) (B01), Bryan et all (2013) (Bryanl3),

Trowland et al. (2013) (Trowland13)

author Ao o redshift sample size remarks
BO01 0.03540.005  0.50.03 0 500

Bryan13 0.036 0.62+£001 0 7094

Bryanl3 0.038 0.60 2 5334

Trowland13  0.0290 399508 0.60419-9%2 0 Millenium
Trowland13  0.02940155000° 0.576 & 0.002 3 Millenium
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D.3. ) for Different Components at z = 0.99 and

z =047
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Fig. D.1.: Left panel: the A-parameter for the different components within the
virial radius: The DM (black) is the dominant component, the stars
(yellow) peak at the lower values, whereas the gas is distributed around
the higher values. Right panel: the gas component split into hot (red)
and cold (blue) gas. The upper panels show redshift z = 0.99 and the
lower ones z = 0.47.
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Fig. D.3.: The A\-parameter plotted logarithmically for the dark matter component
within the virial radius for the baryon-run and on the y-axis the stellar
mass within the inner 10 per cent of the virial radius. Left are the

ellipticals and on the right panel the discs. The upper panels show
redshift z = 0.99 and the lower ones z = 0.47.
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