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Zusammenfassung

Die Entstehung und Entwicklung von Galaxien ist noch immer nicht vollständig verstanden.
Insbesondere die Details der Bildung unterschiedlicher Galaxientypen stehen seit vielen
Jahrzehnten zur Diskussion. In Beobachtungen werden nur Momentaufnahmen der Galax-
ien gesehen und viele Teile eines komplexen Puzzles müssen zusammengesetzt werden.

In dieser Arbeit nutzen wir modernste hydrodynamische kosmologische Simulationen aus
dem Magneticum Path�nder Simulations-Set. In diesen bilden sich Galaxien, die viele
beobachtete Skalierungsrelationen reproduzieren. Dank der Einbeziehung relevanter physi-
kalischer Prozesse, verbesserter numerischer Methoden und hoher räumlicher Au�ösung
bilden sich sphäroidale Galaxien und Scheibengalaxien. Dies ermöglicht uns der Entwick-
lung von Galaxien zu folgen und deren sichtbare und dunkle Komponente zu erforschen.
Jedes Kapitel dieser Arbeit befasst sich mit einem anderen Aspekt des Zusammenspiels
zwischen Dunkle-Materie-Halo und der sich in ihm be�ndenden Galaxie. Hierfür werden
verschiedene Indikatoren für die verschiedenen Wege der Galaxienentstehung diskutiert,
z.B. die Kinematik der einzelnen Galaxienkomponenten, dasVerhalten der die Galaxien
umgebenden Satellitengalaxien, die Umgebung sowie die Sternenpopulationen.

Zuerst fokusieren wir uns auf den Drehimpuls der sichtbarenKomponente, d.h. des Gases
und der Sterne, und den sie umgebenden Dunkle-Materie-Halo. In Einklang mit Beobach-
tungen �nden wir, dass, wenn man stellare Masse und den spezi�schen (massegewichteten)
Drehimpuls gegeneinander aufträgt, Scheiben- und sphäroidale Galaxien verschiedene Bere-
iche dieses Diagrams ausfüllen. Simulationen mit der baryonischen Komponente weisen
eine Dichotomie in der Verteilung des Spinparameters auf, wobei Scheibengalaxien Halos
mit leicht höhrem Spin bewohnen als sphäroidale Galaxien. Betrachten wir die gleichen
Galaxien in einer Simulation, die nur Dunkle Materie enthält, aber sonst dieselben An-
fangsbedingungen hat, ist diese Dichotomie in der Verteilung des Spinparameters dennoch
vorhanden. Dies legt nahe, dass der Halo �weiÿ�, welche Art von Galaxie sich in seinem Zen-
trum be�ndet, und dass die Morphologie sowohl durch Prozesse während der Entstehung
als auch durch die Umgebung geformt wird.

Weiterhin beschäftigen wir uns mit der Frage, ob die Eigenschaften der Satellitengalaxien
den darunter liegenden Dunkle-Materie-Halo sowie dessen Zentralgalaxie gut repräsen-
tieren. Unsere Simulation reproduziert die beobachtete Beziehung, wonach sphäroidale
Galaxien von mehr Satelliten umgeben sind als Scheibengalaxien. Jedoch verschwindet
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dieses Signal, wenn nur die Zentralgalaxien betrachtet werden. Dies zeigt, dass die gröÿere
Satellitenzahl für sphäroidale Galaxien von jenen sphäroidalen Satellitengalaxien verur-
sacht wird, die groÿe Satelliten im Dunkle-Materie-Halo einer Zentralgalaxie sind, allerd-
ings is die Unterscheidung in Satelliten und Zentralgalaxien in Beobachtungen schwer tref-
fen. Daraus schlieÿen wir, dass das Zählen von Satelliten die Morphologie-Dichte-Beziehung
widerspiegelt und dass die Anzahl der Satelliten kein guterIndikator für die Masse des
Dunkle-Materie-Halos ist, sofern das Sample von Hostgalaxien nicht auf Zentralgalaxien
beschränkt ist. Zudem �nden wir, dass sich die Morphologie-Dichte-Beziehung erst ab
z � 2 aufzubauen beginnt und für sternbildende und inaktive Galaxien ähnlich ist.

Als nächstes untersuchen wir den Zusammenhang zwischen derMorphologie einer Galaxie
und der Rotation der Sternpopulationen unterschiedlichenAlters. Die kinematische Anal-
yse stützt ein Szenario, in dem sich die Scheibengalaxien relativ ruhig entwickelt haben,
so dass die Scheiben intakt bleiben konnten, während der Drehimpuls der sphäroidalen
Galaxien durch mehrere Merger gesenkt wurde. Wenn wir die sphäroidale Galaxien nach
ihrer Kinematik unterteilen, �nden wir, dass jene Galaxienmit separat rotierenden Kernen
verglichen zu den anderen sphäroidale Galaxienklassen weniger alte Sterne enthalten. Dies
deutet darauf hin, dass diese sphäroidale Galaxien über verschiedene Entwicklungswege
entstanden sind, die unterschiedliche Signaturen im Alterder stellaren Populationen und
der stellaren Kinematik hinterlassen.

Im letzten Kapitel untersuchen wir, ob die beobachteten radial abnehmenden Rotation-
skurven und niedrige zentrale Anteile Dunkler Materie bei hohen Rotverschiebungen dem
� CDM Modell widersprechen. Im Einklang mit Beobachtungen �nden wir, dass etwa die
Hälfte unserer Scheibengalaxien radial abnehmende Rotationskurven und niedrige zentrale
Dunkle Materie-Anteile aufweist. Im Gegensatz zu den Vermutungen der Beobachter,
dass diese Galaxien zu den heutigen massiven elliptischen Galaxien mit niedrigen Dunkle-
Materie-Anteilen anwachsen, entwickeln sich unsere Scheibengalaxien zu verschiedenen
Galaxientypen bei z = 0, einschlieÿlich Scheibengalaxien mit allen Merkmalen typis-
cher Scheibengalaxien der nahen Milchstraÿenumgebung. Daher tritt die Existenz der
beobachteten niedrigen Dunkle-Materie-Anteile und der abnehmenden Rotationskurven
bei hoher Rotverschiebung natürlich aus dem� CDM Modell hervor. Zudem �nden wir
sphäroidale Galaxien beiz = 2, die Gasscheiben mit abnehmenden Rotationskurven be-
sitzen. Mit derzeit verfügbaren Beobachtungstechniken ist es jedoch schwierig, diese zwei
Populationen zu unterscheiden, was auf eine weitere Komplikation in der Klassi�zierung
von Galaxien bei hoher Rotverschiebung hindeutet.

Zusammenfassend konnten wir in dieser Arbeit zeigen, dass die Morphologie einer Galaxie
eng mit den Details ihrer Entwicklungsgeschichte verkn�pft ist, insbesondere auf die Vertei-
lung des Drehimpulses und der stellaren Population. Des Weiteren haben wir den Ein�uss
der Umgebung, in der eine Galaxie entsteht, auf ihren Drehimpuls, ihre Kinematik und
ihre Morphologie dargestellt. Daraus können wir klar schlussfolgern, dass das Zusammen-
spiel von Masse und Drehimpuls ein wichtiger Indikator für die Morphologie und andere
kinematische und intrinsische Eigenschaften der Galaxie ist.



Abstract

The formation and evolution of galaxies is still not fully understood. Especially the details
of how the di�erent types of galaxies have formed has been a matter of debate for many
decades. Observations only show snap-shots of galaxies andone has to put together many
pieces of this complex puzzle.

In this work we pro�t from the advantage of state-of-the-arthydrodynamical cosmological
simulations taken from theMagneticum Path�nder simulation set, in which galaxies form
that reproduce many observational scaling relations. Due to the inclusion of the relevant
physical processes, the improved underlying numerical methods, and a high spatial res-
olution, populations of spheroidal and disk galaxies are produced self-consistently. This
allows us to follow the evolution of galaxies and to study thevisible as well as dark com-
ponent.Each chapter of this thesis addresses a di�erent aspect of the interplay of the halo
and the galaxy residing within it. For this, various estimators and indicators of galaxy
formation channels, such as the kinematics of the galaxy components, the satellites and
the environment, as well as the stellar populations, are discussed.

We �rst focus on the angular momentum of the visible components, i.e. the gas and the
stars, and the surrounding dark matter halo. In agreement with observations, we �nd that
disk and spheroidal galaxies occupy di�erent regions on theso-called stellar mass-speci�c
angular momentum of stars-plane (M � � j � -plane). Simulations including the baryonic
component show a dichotomy in the distribution of the spin parameter, with disk galaxies
populating halos with slightly larger spin compared to spheroidal galaxies. We cross-match
these galaxies to halos of the dark matter only run, with exactly the same initial conditions,
but the initial gas particles are treated as collisionless dark matter particles. Even in this
run, the distribution of the spin parameter reveals the dichotomy. This suggests that the
halo �knows� what kind of galaxy lies in its center and that the morphology is shaped by
the processes during its formation and environment simultaneously.

Then we explore if the properties of satellite galaxies represent well the underlying dark
matter halo as well as the central galaxy. Our simulation reproduces the observed relation
that spheroidal galaxies are surrounded by more satellitesthan disk galaxies. However,
this signal disappears when only considering central galaxies. This shows that the split-up
of the abundance of satellites is caused by the companion galaxies, which are large satel-
lites in the dark matter halo of a central galaxy and which aredi�cult to distinguish in
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observations. From this we conclude that counting the satellite galaxies around host galax-
ies is simply re�ecting the morphology-density-relation and that the number of satellites
is not a good tracer for the dark matter halo mass, unless the sample of host galaxies is
restricted to central galaxies. Furthermore, we �nd that the morphology-density-relation
starts to build up at z � 2 and is similar for star-forming and quiescent galaxies (centrals
and companions).

Next, we investigate the connection between the morphologyof a galaxy and the rotation
of the stellar populations of di�erent ages. The kinematical analysis supports a scenario
in which the disk galaxies have evolved relatively quietly,so the disks could stay intact
over time, while the angular momentum of the spheroidal galaxies has been lowered by
several merger events. When we subdivide the early-type galaxies (ETGs) according to
their kinematics, we �nd the galaxies with distinct cores tohave a lower amount of old
stars compared to the other classes of ETGs. This indicates that ETGs have formed via
di�erent evolutionary paths.

In the �nal chapter we study whether the observed decreasingrotation curves and low
dark matter fractions at high redshifts contradict the� CDM paradigm. About half of our
poster child disk galaxies exhibit declining rotation curves and low dark matter fractions.
Contrary to the suggestion that these galaxies grow into present day's massive ellipticals
with low dark matter fractions, our galaxies evolve to di�erent kinds of galaxies atz = 0,
including disks with observed dark matter fractions. Thus,the existence of the observed
low dark matter fractions and declining rotation curves at high redshift emerge naturally
from the � CDM paradigm. In addition, we �nd spheroidal galaxies atz = 2 that have gas
disks, showing declining rotation curves. With currently available observation techniques
it is di�cult to separate these two populations.

In summary, we have shown in this work that the morphology of agalaxy is closely related
to the details of its evolutionary history, in particular to the distribution of the angular
momentum and the stellar population. Furthermore, we have shown the in�uence of the
environment, in which a galaxy forms, on its angular momentum, its kinematics and its
morphology. From this we can conclude that the interaction of mass and angular momen-
tum is an important tracer of the morphology and other kinematic and intrinsic properties
of the galaxy.



Chapter 1

Introduction

�The Arabs mentioned two lines of stars surrounding an imageresembling
a large �sh below the throat of the Camel. Some of these stars belong
to this constellation (Andromeda) and others belong to the constellation
Pisces which Ptolemy mentioned as the twelfth constellation of the Zodiac.
These two lines of stars begin from theal-Lat.kh	a al-Sah. 	abiya (nebulous
smear) located close to the fourteenth star which is found atthe right side
of the three (stars) which are above the girdle.�

�Abd al-Rah.m	an al-“	uf� in his Book of the Fixed Stars, translation from Arabic
to English by Hafez (2010)

These are the �rst known recordings of our neighbor galaxy Andromeda. At that time,
around 964, the author, the Persian astronomer �Abd al-Rah.m	an al-“	uf�, also known as
Azophi, did not know that this nebula he was describing was far outside of our own galaxy.
It took some time - to be more precise a millenium - until astronomers realized that some
of the observed nebulae were not part of our own galaxy but large systems of stars and
gas of their own. However, there were early speculations in the 18th century about the
possibility that there might be other systems outside of ourown (Kant , 1755; Swedenborg,
1734; Wright , 1750). In the 1920s there was the �great debate" about these nebulae; Harlow
Shapley insisted they were part of our own galaxy, while Heber Curtis claimed they were
outside of it. The debate was �nally ended byHubble (1925, 1926a), who proved that
these nebulae were too far away to be inside the Milky Way (e.g., Schneider, 2008).

1.1 Galaxies Come in Di�erent Shapes

There are di�erent kinds of galaxies, which are most commonly classi�ed into the main
types ellipticals, lenticulars, spirals and irregular galaxies. As this classi�cation was pro-
posed byHubble (1926b, 1936), it is referred to as the�Hubble sequence�. It is based on
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Figure 1.1.1: Hubble classes at present day (left slice), 4 billion (middle slice) and 11 billion
years ago (right slice). On each slice the ellipticals are tothe left, the S0 lie on the parting of the
ways and the spirals are on the di�erent branches, where those with bars are found at the bottom.
When going further back in time, the galaxies become smallerand less evolved. Copyright: NASA,
ESA, M. Kornmesser

the appearance of the galaxies on the optical photometric image, and was later extended
by de Vaucouleurs(1959) and Sandage(1961). Fig. 1.1.1 illustrates the di�erent galaxy
types, where each slice shows galaxies at di�erent times. When going from the left to the
right slice we see further back in time.

On the left side of each slice we �nd theelliptical galaxies, also historically called �early-
type� galaxies (ETGs). Usually they are additionally labeled En, with n being their ellip-
ticity � = (1 � b=a) without the decimal point, wherea is the major andb the minor axis
of the isophotes. The left most ellipticals due to their round appearance are classi�ed as
E0. From left to right the ellipticals become more elliptical, so the right most ellipticals
are labeled as E7. In general, elliptical galaxies are dominated by the stellar bulge, do not
have any obvious structure, and are red in the optical, indicating that they consist mainly
of old stars.

On the right side of the scheme are thespiral galaxies, also called �late-type� galaxies
(LTGs). In general, they consist of a disk with a spiral structure and a central bulge,
which is often a pseudo-bulge (Kormendy and Kennicutt, 2004). On the Hubble sequence
they divide into two branches, where the spirals on the lowerbranch have bars, therefore
SB, while those on the upper branch do not show this feature, and are denoted by S.
Additionally, from left to right they are ordered from a, ab,b, bc, c, cd to d, by the opening
angle of their spiral arms, the resolution of the spiral armsinto stars, and decreasing bulge-
to-disk ratio (see e.g.Longair, 2008). Along this sequence, the spirals become bluer and
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the amount of gas compared to the total mass increases (see e.g. Schneider, 2008).

In between the ellipticals and the spiral galaxies we �nd thelenticular galaxies, also
called S0s. They appear as an intermediate morphological type, as they have a central
bulge as well as a disk-like component but without a spiral structure. They can further be
subdivided into normal and barred lenticulars, as many of them host a bulge with a bar-like
appearance (e.g.Longair, 2008). Our Galaxy resembles an Sbc spiral (e.g.Gerhard, 2002)
with a central bar (e.g. Churchwell et al., 2009).

Irregular galaxies have only very little (Irr I) or no (Irr II) obvious structure . Commonly,
the Hubble sequence of the spirals is extended to Sdm, Sm, andIm, where m denotes
�Magellanic� as they have a similar appearance to the Magellanic clouds.

In the local Universe, the galaxy population is made up of 8% elliptical, 70% spiral and 22%
lenticular galaxies (e.g.Cappellari et al., 2011a). When going back in time the fractions of
the various types, their shapes and their properties change; (van den Bergh et al., 2000, but
also seevan den Bergh et al.(1996)) report for 241 galaxies in the Hubble Deep Field up to
a redshift of z = 1:2 that, in general, peculiar and merging galaxies become morefrequent
with increasing redshift (see also e.g.,Abraham et al., 1996). Beyond z = 0:3 grand design
spiral galaxies become rare, and forz > 0:5 also spirals with bars become very uncommon.
Beyond z = 0:6, the spiral arms of Sa and Sb galaxies are less well-de�ned and those of Sc
spirals are more chaotic. About 20% of the galaxies atz > 0:8 resemble local ellipticals,
S0 or Sa galaxies. In general, galaxies become smaller with increassing redshift (see e.g.,
Elmegreen et al., 2007). When going further back in time it becomes increasingly di�cult
to detect the galaxies, as they become fainter. In addition,there are selection e�ects
depending on the detection method which was used. However,Förster Schreiber et al.
(2011) found the star-forming galaxies in their sample atz � 2 to be signi�cantly clumpy.
In a sample of so-called Lyman break galaxies, which are essentially actively star-forming
galaxies (e.g.Schneider, 2008), at z � 4, Lotz et al. (2006) �nd a fraction of major mergers
of 10-25%, 50% galaxies with smooth bulges and disks (which are likely star-forming disks,
minor mergers or post merging systems) and about 30% spheroidal systems. At z � 7,
Oesch et al.(2010) �nd the galaxies in their sample to be extremly compact.

Alternatively to the Hubble classi�cation, which is based solely on the morphological ap-
pearance of the galaxies, other methods are in use to classify galaxies. Amongst others, it
is common to separate disk-dominated and bulge-dominated systems by looking at their
light distributions. This is done by evaluating theSérsic index n (Sersic, 1968) by �tting
the Sérsic pro�le, which can be seen as a generalization of the de Vaucouleurs' law for
bulges and elliptical galaxies (de Vaucouleurs, 1948, often referred to as ther 1=4 law). Disk
galaxies usually haven � 1, which corresponds to an exponential distribution of the light.
Elliptical galaxies and bulges of disk galaxies have a valueof n � 4 (e.g. Longair, 2008).
The transition between these two types is found atn � 2 (e.g, Driver et al., 2006).

Another method is to decompose the disk and bulge component,i.e. to use thebulge-to-
total ratio (B/T) (e.g., Lilly et al. , 1998; Scott et al., 2017). Galaxies with B=T > 0:5
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can be seen as ETGs, and galaxies withB=T < 0:5 as LTGs (e.g.Romanowsky and Fall,
2012).

Galaxies can also be divided according to their color (see e.g. Strateva et al., 2001). As most
disk galaxies are actively star-forming, they host massiveand bright young stars, which
are at the blue end of the main sequence for stars. Galaxies without star-forming activity
mainly consist of old stellar populations, so they appear red (see e.g.,Rowan-Robinson,
2004). On the color-magnitude diagram ETGs and LTGs populate di�erent regions (e.g.
Baldry et al., 2004; Tully et al. , 1982). Galaxies lying on the �red sequence� are mostly
ETGs, while galaxies on the �blue cloud� are, in general, LTGs.

However, all of these classi�cations have their respectiveweaknesses; the Hubble classi-
�cation, for example, is somewhat subjective, i.e. depending on the observer's eye, and
fault-prone due to the inclination of galaxies. Especiallyfor ETGs the global morphology
alone is not a good tracer (Emsellem et al., 2011). For the calculation of the Sérsic pro-
�le, one has to know the e�ective radius. However, it is not always straight forward to
determine the e�ective radius, for example due to the sky-background (e.g.,Trujillo et al. ,
2001). The distinction of a galaxy according to its color does notalways correspond to
the morphological type, as the two populations overlap, where the spirals show a relatively
large scatter (e.g.Strateva et al., 2001); in the local Universe there are red spirals (e.g.
Masters et al., 2010; Wolf et al., 2009) as well as blue ETGs (e.g.Kannappan et al., 2009;
Schawinski et al., 2009).

As the observational instruments became more and more advanced, especially the classical
picture of the ETGs changed over the past decades.Kormendy and Bender(1996) proposed
a revised classi�cation scheme for the ETGs, which takes their physical properties into
account. Therefore, the ETGs should be ordered by the shapesof their isophotes, i.e. from
slowly rotating boxy ETGs to rapidly rotating disky ETGs.

Another physically motivated approach is to evaluate theirratio of rotational velocity
to velocity dispersion, V=� (e.g. Lang et al., 2017). Galaxies with V=� > 1 are usually
considered as disk-like galaxies; they are dynamically cold, as their rotational velocity
dominates the overall kinematics. Those galaxies withV=� < 1 are dominated by random
motion and thus considered as dynamically hot systems.

However, Emsellem et al.(2007) introduced the � R parameter, which is a proxy for the
speci�c angular momentum. Galaxies with� R < 0:1 were considered as slow rotators,
while ETGs with � R > 0:1 were labeled as fast rotators. (Emsellem et al., 2007, 2011,
see Fig. 1.1.2) demonstrated that slow and fast rotators could be separated better when
� R was used instead ofV=� . Subsequently, this classi�cation was re�ned by includingthe
ellipticity � .

Moreover, modern instruments reveal that the idea of all ETGs being �red and dead� is
obsolete: ETGs are found to also have populations of young stars (e.g.Kaviraj et al. , 2007;
Trager et al., 2000). In addition, they can also have gas disks (e.g.Young, 2002).
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Figure 1.1.2: The � R parameter, which is a proxy for the speci�c stellar angular momentum
versus the ellipticity � . Elliptical galaxies split up into galaxies with no apparent rotation (red
circles), non-regular rotators (green ellipses) and regular rotators (purple symbols). Galaxies with
bars are respresented by �lled symbols. This �gure is taken from Emsellem et al.(2011).

Before we discuss the possible formation scenarios of the galaxies, we brie�y sketch the
cosmology in which the picture is embedded.

1.2 Structure Formation in the � CDM Cosmology

In this section we describe how the Universe evolved from thebeginning to today's state
with all the structures we see. To start, we show the basic equations that describe the
expanding universe.

1.2.1 Some Equations

The evolution of our Universe can be described by Einstein's�eld equations of general
relativity. Commonly used are the solutions proposed byFriedmann (1922), also known as
the Friedmann equations:

H 2 =
8�G

3
� �

kc2

a2
+

�
3

; (1.1)
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and
•a
a

= �
4�G

3

�
� +

3P
c2

�
+

�
3

; (1.2)

where H := _a=a is the Hubble expansion rate,k is the curvature, a the scale factor,�
is the density, � the cosmological constant, and P the pressure (see e.g.,Schneider, 2008,
for a brief derivation). This solution assumes a completelyhomogenous and isotropic
Universe. In fact, on large scales, the distribution of matter and radiation is homogenous
and isotropic, as can be seen in the cosmic microwave background (CMB), in which this
information is imprinted before structures could form (seee.g.,Perkins, 2003, and references
therein).

The densities of matter and radiation are time-dependent; for pressureless matter we �nd
� m / 1=a3 and for radiation � r / 1=a4. For the vacuum energy it is constant,� � =
� =8�G = const: It is useful to de�ne the dimensionless density parameters for matter,
radiation and vacuum: 
 m = � m;0=� crit , 
 r = � r;0=� crit , and 
 � = � � =� crit = � =3H 2

0 , where
� crit = 3H 2

0=8�G and the subscript 0 indicates the present-time values (see e.g., Schneider,
2008, for a brief summary).

Another important parameter is the redshift. It is a measureof distance and time. As
the Universe expands, the wavelength of a photon is redshifted. The redshift of a photon
from a distant source emitted attem and which is observed today is de�ned as (see e.g.,
Mukhanov, 2005)

z =
� obs � � em

� em
: (1.3)

With � obs=� em = a(tobs)=a(tem) this becomes

1 + z =
a(tobs)
a(tem)

: (1.4)

1.2.2 How the Universe Evolved

The visible matter like the stars and gas of galaxies contributes just a small part (� 5%) of
the Universe's present-day content (see right pie chart of Fig. 1.2.1). The rest is made up
of (cold) dark matter (� 24%) and the major part is dark energy (� 71%). However, the
composition was di�erent in the past, as one can see from the scalings of the densities� ,
described above.

About the very beginning of the Universe only speculations can be made. (If not noted
otherwise, in this paragraph we followMukhanov (2005).) During the Planck epoch,
which lasts until the Universe was10� 43s old (which is comparable to a temperatureT �
1019GeV), quantum gravity e�ects dominated. It is assumed that the fundamental forces
were uni�ed to one single force during this time. The gravitational force �rst separated from
the uni�ed force of the Standard Model (Rowan-Robinson, 2004). Then, when the Universe
was10� 35s old (Rowan-Robinson, 2004), at a temperature of1016GeV, the electroweak and
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Figure 1.2.1: Content of the Universe at CMB (left) and today (right). At the time of the
CMB, the Universe was matter dominated, while today it is dominated by the dark energy. Credit:
NASA / WMAP Science Team

strong forces separated. At approximately the same time, in�ation began and ended at
10� 32s (Schneider, 2008). When the temperature dropped below 100GeV, the gauge bosons
of the weak interaction, Z and W � , became massive. Then, at temperatures ofT �
200MeV, free quarks and gluons formed hadrons, i.e. baryons (i.a., protons and neutrons)
and mesons. After that, when the Universe was about 0.2s old (or T � 1 � 2MeV), the
primordial neutrinos decoupled, as the cross sections for the weak interaction had further
decreased. In addition, the ratio of protons and neutrons �froze out�. This is important,
as the number of neutrons determines the amount of primordial elements. When the
temperature dropped below the rest mass of electrons and positrons, the pair production
(
 + 
 ! e+ + e� ) became ine�cient. Thus, only the reverse reaction, i.e. the annihilation
of the pairs, continued (Schneider, 2008), where only the electrons are left over. From
around 200s to 300s on, the so-called primordial nucleosynthesis took place, where protons
and neutrons started to form atomic nuclei, especially helium (4

2He), but also other light
elements as deuterium (21H ), helium-3 (32He) and lithium-7 ( 7

3Li ). At around 1012s to
1013s, which corresponds toz � 1000,the free electrons and protons recombined to neutral
hydrogen. Thus, the Universe became transparent for radiation and thus, the photons and
matter decoupled. The distribution of the matter at that time is therefore encoded in the
CMB, in form of the measurable �uctuations. The left pie chart of Fig. 1.2.1 shows the
composition of the Universe at that time. Since recombination, matter in the Universe is
neutral (Schneider, 2008). As the following era is di�cult to study observationally, it is
called the �dark ages� (Longair, 2008).

(In the following part we follow Schneider(2008), where not noted otherwise.) The density
�uctuations grow due to self gravitation, as overdense regions increase the density contrast
� , while in underdense regions the density contrast decreases. For the discription of the
growth of the density �uctuations (on large scales) one can use linear perturbation theory.
For this we consider a �uid, which can be described by these equations of motion. The
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Figure 1.2.2: The density �uctuations as a function of time. The symbols/pictures indicate
how they can be measured. The� CDM model is well in agreement with the measured values.
Image credit: Max Tegmark, http://space.mit.edu/home/te gmark/sdss.html

continuity equation
@�
@t

+ r � (� v ) = 0 (1.5)

describes that matter is conserved; if particles in the �uidmove apart, the density decreases
and if the �eld is convergent, the density increases. The Euler equation

@v
@t

+ ( v � r )v = �
r P
�

� r � (1.6)

characterizes the behavior under the in�uence of external forces and the conservation of
momentum. As we only consider dust, we can set P=0. The current, on which the observer
sits, is in�uenced by the gravitational �eld � . This �eld obeys the Poisson equation

@2� = 4 �G�: (1.7)

However, this approximation breaks down for a density contrast � � 1 (which corresponds
to the scale of superclusters,� 10Mpc) and higher.

The formation and evolution of the structures that we see today is non-linear, which is, in
general, only numerically solvable. Qualitatively it can be described by the �spherical� or
�gravitational collapse�. Regions with higher density than the average will expand slower
due to gravity and thus, the density contrast increases further. When the density of the
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Figure 1.2.3: The map of the Universe as seen by the Sloan Digital Sky Survey(SDSS). The
galaxies form the cosmic web. Credit: M. Blanton and SDSS

structures has become twice as high as the average density, they stop expanding (Primack,
2015). As a result, the structures that collapse earlier, are denser than those collapsing
later. Therefore, dark matter halos of galaxies are denser than those of clusters (Primack,
2015).

At time of recombination, the dark matter has a higher density contrast, as it has decou-
pled earlier, and has formed potential wells. The baryons, i.e. the gas, can fall in these
potential wells, so after some time the distribution of baryons becomes similar to that of
the dark matter. When the baryons are dense enough, they start to form stars (Primack,
2015). These �rst stars are called Population III stars, and are assumed to have had high
temperatures. The �rst generation of these Population III stars has formed atz � 30
in small dark matter halos. Later, at z � 15, in more massive halos the star formation
becomes more e�cient and the �rst proto-galaxies form. These re-ionize the surrounding
intergalactic medium, and �nally, at a redshift of z > 6, the Universe becomes fully ionized.

The small structures then subsequently undergo merging events (White, 1978). Because
of this hierarchical growth the small halos form larger halos and this �nally leads to the
large bound structures that we see today: groups, clusters,and superclusters.
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Groups of galaxies consist of up to 50 gravitationally bound members within a sphere of
diameter 1:5Mpc/ h and have a typical mass of3 � 1013M � (e.g. Schneider, 2008). Special
types of groups are compact and fossil groups. Acompact groupis a �small, relatively
isolated system of typically four or �ve galaxies in close proximity to one another� (Hickson,
1997). The most famous example is Stephan's Quintet.Fossil groupsare brighter in the
X-Ray compared to non-fossil groups (e.g.D'Onghia et al., 2005). Most of the member
galaxies have merged to form a giant elliptical galaxy, which contributes about 70% to the
optical light of the group. The second brightest galaxy is about 10 times fainter than the
dominant elliptical (e.g. Jones et al., 2000).

The next larger structures areclusters of galaxies. They contain more than 50 members
within a sphere of more than1:5Mpc/ h in diameter and have masses higher than3�1014M �

(e.g. Schneider, 2008). Clusters are an important probe for the distribution and nature of
dark matter and the formation of structure on large scales (e.g. Longair, 2008). In addition,
they are good laboratories for studying the e�ects of the environment on the evolution of
galaxies.

Superclusters are �clusters of clusters of galaxies� (Abell, 1958), which can contain a
mass of up to1017M � . The diameter is in the order of 50Mpc (e.g.Abell, 1961).

In order to study how these structures grow, one needs to pushthe observations to higher
redshifts. Another possibility is to use cosmological simulations, in which we can follow
the non-linear evolution and growth of the structures in theuniverse like e.g. galaxies. In
the following section we describe the simulations that wereused for this work.

1.3 The Magneticum Path�nderSimulations

The major part of this chapter has been published inTeklu et al. (2015, 2017, 2018)

In order to study the properties of galaxies in a statistically relevant manner, we need
both a large sample size and high enough resolution to resolve the morphology and un-
derlying physics of galaxies. Since the newest generation of cosmological simulations can
achieve both, they are a valuable tool for this study. We takethe galaxies for our studies
from the Magneticum Path�nder simulations, which are a set of state-of-the-art, cosmo-
logical hydrodynamical simulations with di�erent volumes and resolutions (K. Dolag et
al., in preparation). The simulations were performed with an extended version of theN -
body/SPH code GADGET-3, which is an updated version of GADGET-2 (Springel, 2005;
Springel et al., 2001b). It includes various updates in the formulation of SPH regarding
the treatment of arti�cial viscosity and the used kernels (seeBeck et al., 2016; Dolag et al.,
2005; Donnert et al., 2013).

It also includes a treatment of radiative cooling, heating from a uniform time-dependent
ultraviolet (UV) background, and star formation with the associated feedback processes.
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The latter is based on a subresolution model for the multiphase structure of the interstellar
medium (Springel and Hernquist, 2003). Radiative cooling rates are computed following
the same procedure presented byWiersma et al. (2009). We account for the presence of
the cosmic microwave background (CMB) and of UV/X-ray background radiation from
quasars and galaxies, as computed byHaardt and Madau (2001). The contributions to
cooling from each one of 11 elements (H, He, C, N, O, Ne, Mg, Si,S, Ca, Fe) have been
precomputed using the publicly available photoionizationcode CLOUDY (Ferland et al.,
1998) for an optically thin gas in (photo)ionization equilibrium.

In the multiphase model for star formation (Springel and Hernquist, 2003), the ISM is
treated as a two-phase medium where clouds of cold gas form from cooling of hot gas and
are embedded in the hot gas phase assuming pressure equilibrium whenever gas particles
are above a given threshold density. The hot gas within the multiphase model is heated by
supernovae (SNe) and can evaporate the cold clouds. A certain fraction of massive stars
(10%) is assumed to explode as SNe II. The released energy by SNe II (1051 erg) is modeled
to trigger galactic winds with a mass loading rate being proportional to the star formation
rate (SFR) to obtain a resulting wind velocity of vwind = 350km/s. Our simulations
also include a detailed model of chemical evolution according to Tornatore et al. (2007).
Metals are produced by SNe II, by SNe Ia, and by intermediate-and low-mass stars in the
asymptotic giant branch (AGB). Metals and energy are released by stars of di�erent mass
by properly accounting for mass-dependent lifetimes (witha lifetime function according to
Padovani and Matteucci(1993)), the metallicity-dependent stellar yields byWoosley and
Weaver (1995) for SNe II, the yields by van den Hoek and Groenewegen(1997) for AGB
stars, and the yields byThielemann et al. (2003) for SNe Ia. Stars of di�erent mass are
initially distributed according to a Chabrier initial mass function (Chabrier, 2003).

Most importantly, our simulations also include a prescription for black hole (BH) growth
and for feedback from active galactic nuclei (AGNs). based on the model presented in
Springel et al. (2005) and Di Matteo et al. (2005), including the same modi�cations as in
the study of Fabjan et al. (2010) and some new, minor changes.

As for star formation, the accretion onto BHs and the associated feedback adopt a subreso-
lution model. BHs are represented by collisionless �sink particles� that can grow in mass by
accreting gas from their environments, or by merging with other BHs. The gas accretion
rate _M � is estimated using the Bondi-Hoyle-Lyttleton approximation (Bondi, 1952; Bondi
and Hoyle, 1944; Hoyle and Lyttleton, 1939):

_M � =
4�G 2M 2

� f boost�
(c2

s + v2)3=2
; (1.8)

where� and cs are the density and the sound speed of the surrounding (ISM) gas, respec-
tively, f boost is a boost factor for the density, which typically is set to100 and v is the
velocity of the BH relative to the surrounding gas. The BH accretion is always limited
to the Eddington rate (maximum possible accretion for balance between inward-directed
gravitational force and outward-directed radiation pressure): _M � = min( _M � ; _Medd). Note



12 1. Introduction

that the detailed accretion �ows onto the BHs are unresolved, and thus we can only capture
BH growth due to the larger-scale gas distribution, which isresolved. Once the accretion
rate is computed for each BH particle, the mass continuouslygrows. To model the loss of
this gas from the gas particles, a stochastic criterion is used to select the surrounding gas
particles to be removed. Unlike inSpringel et al. (2005), in which a selected gas particle
contributes with all its mass, we included the possibility for a gas particle to lose only
a slice of its mass, which corresponds to 1/4 of its original mass. In this way, each gas
particle can contribute with up to four `generations' of BH accretion events, thus providing
a more continuous description of the accretion process.

The radiated luminosity L r is related to the BH accretion rate byL r = � r
_M � c2, where � r

is the radiative e�ciency, for which we adopt a �xed value of 0.1 (standardly assumed for
a radiatively e�cient accretion disk onto a nonrapidly spinning BH according toShakura
and Sunyaev, 1973, see alsoDi Matteo et al., 2005; Springel, 2005). We assume that
a fraction � f of the radiated energy is thermally coupled to the surrounding gas so that
_E f = � r � f

_M � c2 is the rate of the energy feedback;� f is a free parameter and typically set to
0:1 (see discussion inSteinborn et al. (2015)). The energy is distributed kernel weighted
to the surrounding gas particles in an SPH-like manner. Additionally, we incorporated the
feedback prescription according toFabjan et al. (2010): we account for a transition from
a quasar- to a radio-mode feedback (see alsoSijacki et al., 2007) whenever the accretion
rate falls below an Eddington ratio off edd := _M r= _Medd < 10� 2. During the radio-mode
feedback we assume a 4 times larger feedback e�ciency than inthe quasar mode. This
way, we want to account for massive BHs, which are radiatively ine�cient (having low
accretion rates), but which are e�cient in heating the ICM by in�ating hot bubbles in
correspondence to the termination of AGN jets. Note that we also, in contrast to Springel
et al. (2005), modify the mass growth of the BH by taking into account the feedback, e.g.,
� M � = (1 � � r ) _M � � t. Additionally, we introduced some technical modi�cationsof the
original implementation, for which readers can �nd detailsin Hirschmann et al. (2014),
where we also demonstrate that the bulk properties of the AGNpopulation within the
simulation are similar to observed AGN properties.

The simulation additionally follows thermal conduction, similar to Dolag et al. (2004),
but with a choice of 1/20 of the classical Spitzer value (Spitzer, 1962). The choice of a
suppression value signi�cantly below 1/3 can be justi�ed bycomparison with full MHD
simulations including an anisotropic treatment of thermalconduction (see discussion in
Arth et al. (2014)).

The initial conditions are using a standard� CDM cosmology with parameters according to
the seven-year results of theWilkinson Microwave Anisotropy Probe(WMAP7 ; Komatsu
et al., 2011). The Hubble parameter ish = 0:704, and the density parameters for matter,
dark energy, and baryons are
 M = 0:272, 
 � = 0:728, and 
 b = 0:0451, respectively. We
use a normalization of the �uctuation amplitude at 8 Mpc of� 8 = 0:809and also include
the e�ects of baryonic acoustic oscillations.

The Magneticum Path�nder simulations have already been successfully used in a wide range
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Figure 1.3.1: An overview of the Magneticum Path�nder boxes of di�erent sizes and resolutions.
Courtesy of Klaus Dolag, www.magneticum.org

of numerical studies, showing good agreement with observational results for the pressure
pro�les of the intracluster medium (McDonald et al., 2014; Planck Collaboration et al.,
2013), the predicted Sunyaev Zeldovich signal (Dolag et al., 2016), for the properties of the
AGN population (Hirschmann et al., 2014; Steinborn et al., 2015, 2016), and for the dy-
namical properties of massive spheroidal galaxies (Remus et al., 2013, 2015). Furthermore,
Steinborn et al. (2015) showed that the stellar mass functions are in good agreement with
the observed ones at di�erent redshifts and that the quiescent and star-forming populations
have become more realistic. Also,Remus et al.(2015) presented mass-size relations of disc
and elliptical galaxies that match the observed ones. In addition, internal properties were
found to be in broad agreement with observational studies;Remus et al.(2017b) studied
the radial density slopes and the DM fractions of ETGs. Especially, detailed properties of
galaxies of di�erent morphologies can be recovered and studied, for example the mass-size
relations and their evolution (see e.g.Remus and Dolag, 2016; Remus et al., 2017b), global
properties like the fundamental plane (Remus and Dolag, 2016), the baryon conversion
e�ciency (see e.g.Steinborn et al., 2015; Teklu et al., 2017), as well as the dynamical prop-
erties of early type galaxies (Schulze et al., 2018). Finally, Dolag et al.(2017) demonstrated
that the simulations very well reproduce the observed relations for the metal abundances
within the di�erent parts of galaxies.
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Table 1.1: Sizes, resolutions, particle numbersNpart , particles massesmDM and mgas, for DM
and gas, and the softening length� DM =gas and � star for DM/gas and stars, respectively, of the
Magneticum Path�nder boxes

Box Size Resolution Npart mDM mgas � DM =gas � star

[Mpc/ h] [M � =h] [M � =h] [kpc/ h] [kpc/ h]
Box0 2688 mr 2 � 45363 1:3 � 1010 2:6 � 109 10 5
Box1 896 mr 2 � 15263 1:3 � 1010 2:6 � 109 10 5
Box2b 640 hr 2 � 28803 6:9 � 108 1:4 � 108 3.75 2
Box2 352 mr 2 � 5943 1:3 � 1010 2:6 � 109 10 5

hr 2 � 15843 6:9 � 108 1:4 � 108 3.75 2
Box3 128 mr 2 � 2163 1:3 � 1010 2:6 � 109 10 5

hr 2 � 5763 6:9 � 108 1:4 � 108 3.75 2
uhr 2 � 15363 3:6 � 107 7:3 � 106 1.4 0.7

Box4 48 mr 2 � 813 1:3 � 1010 2:6 � 109 10 5
hr 2 � 2163 6:9 � 108 1:4 � 108 3.75 2
uhr 2 � 5763 3:6 � 107 7:3 � 106 1.4 0.7

Box5 18 hr 2 � 813 6:9 � 108 1:4 � 108 3.75 2
uhr 2 � 2163 3:6 � 107 7:3 � 106 1.4 0.7
xhr 2 � 5763 1:9 � 106 3:9 � 105 0.45 0.25

The simulation set covers a huge dynamical range with a detailed treatment of key physical
processes that are known to control galaxy evolution, thereby allowing to reproduce the
properties of the large-scale, intra-galactic, and intra-cluster medium (see e.g.Dolag et al.,
2016; Gupta et al., 2017; Remus et al., 2017a). It contains boxes of di�erent sizes and
resolutions (see Table1.1). The largest and smallest boxes have a volume of (2688 Mpc/h)3

and (18 Mpc/h)3, respectively. The resolutions in mass cover a range of1:3 � 1010 >
mDM > 1:9� 106M � =h for the dark matter and 2:6� 109 > m gas > 3:9� 105M � =h for the gas
particles. Each gas particle can form up to four star particles. For that reason the mass of
an individual gas particle can decrease over time.

In this work we mainly used a medium-sized (48 Mpc/h)3 cosmological boxBox4 at the
uhr resolution level, initially sampled with 2� 5763 particles (dark matter and gas), leading
to a mass resolution ofmDM = 3:6�107M � =h for the dark matter, mgas = 7:3�106M � for the
gas andmstars = 1:8 � 106M � for stellar particles, with a plummer equivalent gravitational
softening corresponding to 0.23 kpc/h at z = 2 and 0.7 kpc/h at z = 0 for the star particles
and twice this value for the dark matter and gas particles. This box is chosen to guarantee
a meaningfully statistical number of galaxies as well as a su�cient resolution for studying
galaxies and, in particular, their kinematics.

Additionally, we performed a DM-only reference run, where we kept exactly the same initial
conditions, e.g., the original gas particles were treated as collisionless DM particles. This
box is used in Chapter3. For the studies in Chapter4, we use the new cosmological box
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Box3 with a larger volume of (128 Mpc/h)3 at the same resolution level, evolved with a
slightly updated black hole treatment, as described bySteinborn et al. (2015), reaching a
redshift of z = 2.

To identify subhalos we used a version of SUBFIND (Springel et al., 2001a), adapted to
treat the baryonic component (Dolag et al., 2009). SUBFIND detects halos based on a
standard Friends-of-Friends algorithm (Davis et al., 1985) and self-bound subhalos around
local density peaks within the main halos. The virial radiusof halos is evaluated according
to the density contrast based on the top-hat model (Eke et al., 1996). For comparison with
some observations, we also use an overdensity with respect to 200 times the critical density
for calculating global properties when needed.

In further post-processing steps we then extract the particle data for all halos and compute
additional properties for the di�erent components and within di�erent radii, using the full
(thermo) dynamical state of the di�erent particle species.
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Chapter 2

State of the Art Galaxy Formation

Parts of this section have been published inTeklu et al. (2015)

The question of how the di�erent types of galaxies formed, and, in particular, which prop-
erties determine a galaxy to become a disk or spheroidal, hasbeen a matter of debate since
the discovery that the Universe is full of stellar islands ofdi�erent morphology. Are there
di�erences in the very beginning, during the assembling of the underlying dark matter
halo, before the galaxy even forms? Or do the di�erences arise during the epoch of the
formation of the galaxy itself?

The basic formation process of a galaxy can be sketched as follows (see e.g.,Schneider,
2008): The gas that assembles in the halo is expected to settle in adisk, as it has a �nite
angular momentum and can dissipate heat. In this disk the gasthen becomes dense, so it
can cool and �nally form stars. This would naturally lead to agalaxy with a star-forming
disk.

Does that mean that all galaxies were born as disk galaxies? If so, then what kind of
processes can shape the galaxies and lead to the variety of morphologies of galaxies seen
today?

There are several processes that can be involved in the further evolution of a galaxy. Among
these processes are, e.g. stellar feedback, SNe feedback, AGN feedback, (internal) secular
evolution, gas accretion from the hot halo or cosmic �laments (cold streams), and processes
that are associated with the environment. Among these environmental processes are minor
and major mergers, and e�ects particularly related to a cluster or group environment, such
as ram-pressure stripping, tidal stripping, harassment, or strangulation.

In the following we brie�y describe some of the processes at work and their e�ects on the
galaxies:

� The feedback processes of (massive) stars and SNe work similarly by heating the
surrounding gas and preventing it from cooling. In this way there will be only a
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moderate star formation (see e.g.Schneider, 2008).

� The AGN feeback also suppresses star formation. This kind offeedback is particularly
important for massive galaxies (see e.g.Steinborn et al., 2015).

� Secular evolution acts on long time scales. Due to interactions that involve bars, the
spiral structure, or triaxial dark matter halos, the energyand mass in the galaxy
are slowly redistributed. These processes can lead to the formation of pseudobulges
and seem to be most important for intermediate LTGs (i.e. Sbcs) (for a review see
Kormendy and Kennicutt, 2004).

� Cold gas streams feed the galaxies at high redshift (2 < z < 3). Smooth streams
build up an unstable, dense, gas-rich disk, while very clumpy streams can lead to the
formation of a passive spheroid-dominated galaxy (Dekel et al., 2009).

� In the classical picture, major mergers (mass ratio >1:3, see Fig.2.0.1for an example)
of two (spiral) galaxies result in an elliptical galaxy; during the merging process the
gas is violently shocked, so there is a short event of rapid star formation, i.e. a
starburst (see e.g.Binney and Tremaine, 2008). In addition, the gas is heated to
the virial temperature of the halo, so the future star formation is suppressed (see
e.g. Schneider, 2008). The galaxy is left with a dominant spheroidal component.
However, if we also take di�erent paramters like for examplethe orbital con�gurations
or the gas fractions into account, this picture becomes morecomplex. Springel and
Hernquist (2005), for example, showed that it is possible to form a spiral during a
gas-rich major merger.

� In a minor merger, the larger galaxy accretes the gas from thesmaller galaxy and
can form new stars. While the satellite orbits around the large galaxy it is slowly
disrupted by tidal forces. The Magellanic Clouds or the Sagittarius dwarf galaxy are
in the process of merging with our Milky Way (see e.g.Schneider, 2008).

� Ram pressure stripping (Abadi et al., 1999; Gunn and Gott, 1972) acts on shorter
time scales: as the galaxy falls towards the center of a cluster, the gas is removed from
the galaxy by the hot gaseous medium and the star formation israpidly shut down
(e.g. Boselli et al., 2008). For an example of an ongoing stripping in observations,
seeJa�é et al. (2015).

� Tidal stripping (e.g. Merritt , 1984) occurs when galaxies have a close inelastic en-
counter, which then causes them to lose mass, but also occurson a �rst passage of a
merger.

� One speaks of harassment (Moore et al., 1996) when the galaxy undergoes (repeat-
edly) high speed encounters. This only happens in a cluster environment, where
galaxies have relatively high speed due to the deep potential of the cluster. As shown
by Moore et al. (1998), small disk galaxies get distorted, and after a phase of star
bursts they evolve to spheroidal systems.
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Figure 2.0.1: Arp87: two (former) spirals NGC 3808A and NGC 3808B which areinvolved in
an ongoing merging. One can clearly see a bridge of gas between these two. Credit: NASA, ESA,
Hubble Space Telescope, D. Gardener

� Strangulation (Balogh et al., 2000; Larson et al., 1980; Peng et al., 2015) is a process
that acts on longer time scales: the galaxies are cut o� from their cold gas supply,
but they can continue to form stars with the remaining gas. Thus, they increase their
stellar mass and become enriched in metals, but eventually run out of gas and �die�.

The relative importance of the various mechanisms is still not clear and a matter of debate,
especially regarding the question if the environmental e�ects or the intrinsic properties of
the galaxies are more important for their evolution. This issue is also known as �nature
versus nurture� (Cooper et al., 2007).

There might not be an easy and de�nite answer to this matter. However, simulations can
help to shed light on the life of galaxies. One of the advantages of simulations is that the
impact of di�erent processes on the evolution of galaxies can be probed in detail.

Oser et al. (2010) analyzed cosmological zoom simulations and proposed a detailed two-
phase formation scenario: At redshiftsz > 2, stars form �in-situ� from infalling cold gas.
Then via small satellite galaxies, they accrete �ex-situ� stars, which have formed before
z > 3 outside the galaxy. Thereby, the galaxies grow in mass and size. This also explains
the �downsizing� (Cowie et al., 1996), where more massive galaxies are older, which is at
�rst sight a contradiction to a hierarchical scenario. With this two-phase scenario one can
explain why the stars in massive galaxies are old. But this does not mean that the galaxies
themselves are old, as they can have assembled late.
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For elliptical galaxies the following formation scenariosare discussed: from observations
of ongoing mergers between galaxies of similar masses we know that spheroids can form
in a major merger event between (spiral) galaxies. This has been supported by many
simulations (e.g.Barnes and Hernquist, 1996; Naab et al., 2006; Toomre, 1977; White, 1978,
1979). However, this scenario is not su�cient to explain certainobservational properties,
especially for the most massive galaxies. Thus, an alternative formation scenario through a
series of multiple minor merger events was proposed byMeza et al.(2003) and established
by, e.g.,Naab et al.(2009), González-García et al.(2009), Oser et al.(2010), and Johansson
et al. (2012).

For the formation scenarios of (today's) spiral galaxies, the details of their formation pro-
cesses are less well known, but all the di�erent channels discussed in the literature over
the past decades are connected to the detailed buildup of theangular momentum and how
the gaseous component transports intrinsic angular momentum into the central part of the
halo, where the galaxy assembles. Initially, the dark matter (DM) halo and the infalling
gas have identical angular momenta, but 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 mo-
mentum 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, 1983; Fall and Efstathiou, 1980; Mo et al., 1998).

In the following subsections we focus on various in�uences that play a role in the evolution
of galaxies. We will give a short overview of the work that hasbeen done so far by other
authors in the according �eld.

2.1 Galaxy Formation and the Role of Angular Momen-
tum

... or the In�uence of Your Parental Home...

The content of this section has been published inTeklu et al. (2015)

In hierarchical scenarios of structure formation, structures form through the gathering
of clumps owing to the gravitational force (Peebles, 1993, and references therein). The
DM collapses at high redshifts into small objects, which grow into larger objects through
merging and �nally build halos. Those halos are not completely spherically symmetric
owing to tidal torques induced by neighboring halos. The baryons condense in the centers
of these DM halos and form the �rst protogalaxies (White and Rees, 1978). Since the
baryons and the DM originally gained the same amount of angular momentum through
these tidal torques (Doroshkevich, 1970; Peebles, 1969) and the angular momentum of the
gas should be conserved during the collapse, the disk is expected to have a similar speci�c
angular momentum to that of its hosting halo (Fall and Efstathiou, 1980).
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In contrast to observations, numericalN -body simulations have the advantage that struc-
tures can be followed through time, enabling the detailed understanding of the early stages
of galaxy formation. Until recently, simulations using traditional smoothed particle hy-
drodynamics (SPH) codes su�ered from the so-called angularmomentum 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 Steinmetz, 1997; Navarro
and White, 1994). Sijacki et al. (2012) showed that SPH simulations overestimate the
number of elliptical galaxies owing to the lower amount of mixing, and therefore causing
this spurious �angular momentum crisis� of the baryons. On the opposite side, adaptive
mesh re�nement (AMR) or moving mesh simulations tend to overpredict the amount of
disk-like galaxies in the absence of any feedback (Scannapieco et al., 2012). As simulations
become better in resolution and also include feedback from stars, supernovae (SNe), and
active galactic nuclei (AGNs), the gas is prevented from cooling too soon. Hence, early star
formation is suppressed and the associated loss of angular momentum can be minimized.
There are several studies that investigate the in�uence of star formation and the associated
SN feedback on the formation of galactic disks (e.g.Brook et al., 2004; Governato et al.,
2007; Okamoto et al., 2005; Scannapieco et al., 2008; Zavala et al., 2008). They �nd that
strong feedback at early times leads to the formation of morerealistic disk galaxies. A
more recent study on the e�ect of stellar feedback on the angular momentum is presented
in Übler et al. (2014), where they found that strong feedback favors disk formation. A
recent, detailed summary of disk galaxy simulations can be found in Murante et al. (2015).

One parameter to describe the rotation of a system is the so-called spin parameter� ,
which was introduced byPeebles(1969, 1971) and has since been investigated in several
studies. With � it is possible to measure the degree of rotational support ofthe total
halo. It has the advantage that it is only weakly depending onthe halo's mass and its
internal substructures (Barnes and Efstathiou, 1987). The connection of this parameter
with galaxy formation has been studied by many authors.

At �rst, DM-only simulations were employed. Bullock et al. (2001) introduced a modi�ed
version of the� -parameter by de�ning the energy of the halo via its circularvelocity. 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 that about 10% of the halos
showed a misalignment.Aubert et al. (2004) investigated the alignment between the inner
spin of halos and the angular momentum of the outer halo and also the alignment between
the inner spin and the angular momentum of the in�owing material. The misalignment
angle of the angular momentum vectors at di�erent radii was studied in more detail by
Bailin and Steinmetz (2005), who showed that with increasing separation of the radii the
misalignment of the vectors increases. In another study,Macciò et al.(2008) focused on the
spin parameter's dependency on the mass and the cosmology and found no correlations.
Trowland et al. (2013) studied the connection of the halo spin with the large-scale structure.
They con�rmed that the spin parameter is not mass dependent at low redshift but found
a tendency to smaller spins at higher redshifts.
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Other authors included nonradiative gas in their analysis.The misalignment of the gas
and DM angular momentum vectors and their spin parameters atredshift z = 3 were
investigated byvan den Bosch et al.(2002). They found the angular momentum vectors to
be misaligned by a median angle of about30� . However, the overall distributions of the spin
parameters of the gas and the DM 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 the gas component is on average higher than that of the DM, and they reported a
misalignment of the angular momentum of the gas and the DM of about 20� .

Chen et al. (2003) compared the spin parameter and the misalignment angles between the
DM and gas angular momentum vectors obtained in simulations, which include radiative
cooling. This enables a splitting of the gas into a cold and a hot component. In their
nonradiative model they con�rmed that the spin parameter ofthe gas component has
higher spin than the DM, while in their simulations with cooling the two components had
approximately the same spin. The misalignments of the global angular momentum vectors
were 22:8� and 25� for the two di�erent cooling models and 23:5� for the nonradiative
case. Stewart et al. (2011, 2013) focused on the speci�c angular momentum and the
spin parameter in relation to the cold/hot mode accretion byfollowing the evolution of
individual halos over cosmic time. They found that the spin of cold gas was the highest
compared to all other components and about3 � 5 times higher than that of the DM
component. Scannapieco et al.(2009) investigated the evolution of eight individual halos
from zoom simulations and did not �nd a correlation between the spin parameter and the
morphology of the galaxy. However, they found a correlationbetween the morphology and
the speci�c angular momentum: for disks, the speci�c angular momentum can be higher
than that of the host halo, while spheroids tend to have lowerspeci�c angular momentum.
In addition, they saw a misalignment between stellar disks and infalling cold gas. Also,
Sales et al.(2012) reported no correlation between the spin parameter and thegalaxy 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 �ows. The angular momentum
properties of the in�owing gas were studied byPichon et al. (2011). They found that the
angular momentum of the cold dense gas is well aligned with the angular momentum of the
DM halo, in contrast to the hot di�use gas. Additionally, an increase of the advected speci�c
angular momentum of the gas component with cosmic time was noticed. They proposed
a scenario in which the angular momentum of the galaxies is fed by the collimated cold
�ows that are ampli�ed with time and make the disks larger. Kimm et al. (2011) studied
the di�erent behavior of the gas and DM speci�c angular momentum by following the
evolution of a Milky-Way-type galaxy over cosmic time. Theyalso found that the gas has
higher speci�c angular momentum and spin parameter than theDM. Hahn et al. (2010)
investigated a sample of about 100 galactic disks and their alignment with their host halo
at three di�erent redshifts. Both the stellar and gas disks had a median misalignment
angle of about49� with respect to the hosting DM halo atz = 0.

Some works focused explicitly on the e�ect that baryons haveon the DM halo by run-
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ning parallel DM-only simulations. Bryan et al. (2013), who extracted halos from OWLS
(Schaye et al., 2010), did not �nd a dependency of the spin parameter on mass, redshift,
or cosmology in their DM-only runs. In the simulations that included baryons and strong
feedback, the overall spin was found to be a�ected only very little, while the baryons had
a noticeable in�uence on the inner halo, independent of the feedback strength.Bett et al.
(2010) investigated the speci�c 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 about30� for the run including baryons. The baryons were found to spinup the
inner region of the halo.

Recently, Welker et al. (2014) studied the alignment of the galaxy spins with their sur-
rounding �laments, using the Horizon-AGN simulation (Dubois et al., 2014). They �nd
that halos experiencing major mergers often lower the 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 DM halo. Since the gas streams and clumps in general move along the �la-
ments, the galaxies realign with their �laments. Danovich et al. (2015) have investigated
the buildup of the angular momentum in galaxies, using a sample of 29 resimulated galax-
ies at redshifts fromz = 4 to 1:5. Overall the spin of the cold gas was about three times
higher than that of the DM halo, in line with previous studies. Genel et al.(2015) explored
the importance of stellar and AGN feedback for the evolutionof the angular momentum of
the galaxies in the Illustris simulations, �nding the angular momentum of their simulated
galaxies to be in good agreement with observations for a chosen feedback similar to the
one used in this work.

Observations indicate that the morphology of galaxies is strongly in�uenced by the re-
lation between mass and angular momentum (seeFall, 1983, Fig. 2.1.1). The angular
momentum of disk galaxies was found to be about six times higher than that of the el-
lipticals of equal mass. Romanowsky and Fall(2012) and Fall and Romanowsky(2013)
revisited and extended this work, analyzing 67 spiral and 40early-type galaxies. They
found that lenticular (S0) galaxies lie between spiral and elliptical galaxies in the so-
called M star � j star -plane. The bulges of spiral galaxies follow a similar relation because
they behave like �mini-ellipticals.� Obreschkow and Glazebrook(2014) used data from
high-precision measurements of 16 nearby spiral galaxies to calculate the speci�c angular
momentum of the gas and the stars. They con�rmed observationally that the mass and
angular momentum are strongly correlated with the morphology of galaxies. Hernandez
and Cervantes-Sodi(2006) calculated the� -parameter for two galaxy samples with a total
of 337 observed spirals and found that with decreasing bulge-to-disk ratio the spirals have
increasing� -values. In a further study Hernandez et al.(2007) investigated a sample of
11,597 spiral and elliptical galaxies from the Sloan Digital Sky Survey (SDSS) and found
that ellipticals on average have lower� -values than spiral galaxies.

In Chapter 3 we investigate the connection between the dark matter halosand the baryonic
component, i.e. the galaxies, in their centers, focussing on the angular momentum and the
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Figure 2.1.1: The stellar mass-angular momentum (M � � j � ) plane. Spiral galaxies and elliptical
galaxies populate separate regions. This �gure is taken from Fall (1983).

in�uence on the morphology of the galaxy.

2.2 Satellites as an Estimate of the Morphology-Density-
Relation

... or the In�uence of Your Neighborhood...

The content of this section has been published inTeklu et al. (2017)

Observationally, dark halo masses for galaxies are di�cultto measure. Indirect measure-
ment methods are needed to infer the halo mass from observable quantities, for example
from hot X-ray halo gas (e.g.Gonzalez et al., 2013; Kravtsov et al., 2018), weak galaxy-
galaxy lensing (e.g.Leauthaud et al., 2012; Mandelbaum et al., 2006), satellite velocities
(e.g.Conroy et al., 2007) or the number of satellites (e.g.Wang and White, 2012), although
discrepancies exist between the results of the di�erent methods (Dutton et al. , 2010).

Several observational studies �nd that the number of satellite galaxies depends on the
morphology of the host galaxy, namely that ETGs have more satellite galaxies than LTGs
of the same stellar mass (e.g.Nierenberg et al., 2012; Ruiz et al., 2015; Wang and White,
2012), leading to the conclusion that ETGs live in more massive dark matter haloes than
LTGs. Furthermore, López-Sanjuan et al.(2012) �nd that the ETGs have three times
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Figure 2.2.1: The morphology-density relation. ETGs galaxies live in dense regions, whereas
LTGs mainly populate low density regions. Theleft �gure is taken from Dressler(1980) and the
right from Goto et al. (2003).

more minor mergers than LTGs, with a basically constant ratesincez = 1, which supports
the idea that ETGs have more satellites than LTGs. However,Liu et al. (2011) do not
�nd a di�erent satellite fraction for red and blue Milky Way m ass galaxies from the Sloan
Digital Sky Survey (SDSS).

The number of satellite galaxies is also correlated with thestellar mass of the central galaxy
(e.g. Bundy et al., 2009; Nierenberg et al., 2012, 2016; Wang and White, 2012), in that
more massive galaxies have more satellites. This implies that the dark halo mass and the
stellar mass of a host galaxy are also correlated, which has been shown by observations
(e.g. Conroy et al., 2007; Gonzalez et al., 2013; Kravtsov et al., 2018; Mandelbaum et al.,
2006, 2016; More et al., 2011; Velander et al., 2014; Wang et al., 2016), with indications
for di�erent relations for the di�erent morphological types (e.g.Mandelbaum et al., 2006,
2016; More et al., 2011; Velander et al., 2014). The former is also supported by theoretical
work using semi-analytic modelling (Guo et al., 2013; Mitchell et al., 2016), abundance
matching (Behroozi et al., 2013; Moster et al., 2013), and simulations (e.g.Tonnesen and
Cen, 2015). From their simulations, Tonnesen and Cen(2015) also �nd that the stellar-to-
halo-mass ratio is higher in over-dense environments than in under-dense regions. However,
observations do not �nd a dependence of either the stellar-to-halo-mass relation (van Uitert
et al., 2016) nor the average halo mass of central galaxiesBrouwer et al. (2016) on the
environment.

For the environment, Dressler (1980) already found a relation between galaxy number
density and morphological type. He showed that the ETGs are the dominant morphological
type in galaxy cluster environments, while the �eld environment is dominated by LTGs (see
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Fig. 2.2.1). Thus, there must be a mechanism depending on the environment that leads to
a change in morphology. Over the years there have been several attempts at explaining this
phenomenon: in dense environments, the likelihood for galaxy-galaxy merger is enhanced,
especially in the group environment (Mamon, 1992), and it is well known that (dry) merger
events can lead to morphological transformations (e.g.Hernquist, 1989; Springel, 2000;
White, 1978, among other). However, in galaxy cluster environments therelative velocities
of galaxies are so large that the likelihood for a merger between two arbitrary galaxies is
decreasing again for all galaxies but the central galaxy. While the merger likelihood in
the densest environments decreases again, there are other e�ects inside these clusters that
could lead to morphological transformations, for example ram-pressure stripping (Abadi
et al., 1999; Gunn and Gott, 1972) and strangulation (Larson et al., 1980), by removing
the gas from the galaxies and preventing them from accretingnew gas. These processes are
generally summed up as environmental quenching. While there is increasing observational
evidence for ongoing stripping processes in cluster environments (Abramson et al., 2011;
Boissier et al., 2012; Vollmer et al., 2012), there is also evidence that these mechanisms are
only dominant for low mass galaxies and at low redshifts (Darvish et al., 2016; Erfanianfar
et al., 2016; Hirschmann et al., 2016; Huertas-Company et al., 2016; Peng et al., 2010). At
higher redshifts (z � 1) and for more massive galaxies, they �nd that internal quenching
mechanisms like mass quenching or feedback quenching from AGN and stellar winds seem
to play a more important role in quenching the star formationinside galaxies and thus
transform them into quiescent galaxies in addition to the known channels of morphological
transformations through merger events.

In Chapter 4 we study the origin of the observed di�erences in the satellite abundance
around LTGs and ETGs of a given mass and study the connection of this di�erence with
the environment.

2.3 Stellar Populations as Tracers of the Formation His-
tory?

... or the In�uence of Your Contemporaries...

In the past years, observational instruments and methods have further and further im-
proved. The integral �eld units (IFU) like e.g. SAURON (Bacon et al., 2001; de Zeeuw
et al., 2002), ATLAS 3D (Cappellari et al., 2011a), CALIFA ( Sánchez et al., 2012), SAMI
(Bryant et al., 2015; Croom et al., 2012), and MaNGA (Bundy et al., 2015) provided data,
which could better resolve the kinematical structures of galaxies. This lead to the aware-
ness that especially ETGs are not all the same but show a largevariety of kinematical
properties (e.g.Emsellem et al., 2007). By studying these di�erences one hopes to gain
better insight on the di�erent formation scenarios of galaxies, as the stellar kinematics are
signatures of the accretion history (e.g.,Cox et al., 2006; Schulze et al., 2018).
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The formation processes not only leave footprints on the kinematics of a galaxy but also on
the distribution of the stellar populations of di�erent age. So the age can also be used as
tracer of formation and assembly history (e.g.Guérou et al., 2015). Several observational
studies have studied the age gradients along the radii of their galaxies: González Delgado
et al. (2015), using CALIFA, report negative gradients, i.e. the centeris populated by
older stars and the outer parts by younger stars, in their galaxy sample, especially in their
sample of LTGs. They favor the �inside-out� growth scenario, in which the star formation
progresses from the center outwards, where they have continued forming in situ stars in
disks. They �nd the pro�les to �atten beyond 2 half light radi i and conclude that the stars
were formed in a more uniformly distributed manner or that stars migrated from the center
outwards. Boardman et al.(2017) con�rm these �ndings for intermediate mass ETGs, and
Goddard et al. (2017), studying the MaNGA sample, also see negative age gradients for
LTGs. For ETGs, however,Goddard et al. (2017) �nd positive age gradients, i.e. towards
the center the stars become younger, which indicates an �outside-in� formation scenario.
These �ndings are supported byGuérou et al. (2015), who detect positive age gradients
in half of their low mass ETGs (see also e.g.Chilingarian, 2009; Paudel et al., 2011). In
massive ETGs of the ALHAMBRA surveySan Roman et al.(2018) �nd, on average, �at
age gradients. Their results support a scenario in which ETGs formed through major
mergers, where the radients re�ect the ages of accreted systems.

Another important relation, which captures the evolution of galaxies, is the relation be-
tween the stellar mass of the galaxy and its age. Mean ages arefound to increase with
increasing galaxy mass (e.g.,Gallazzi et al., 2005; McDermid et al., 2015). This is referred
to as �downsizing� and implies that more massive galaxies have formed earlier than younger
ones (Cowie et al., 1996). González Delgado et al.(2015) show that the age-mass relation
scales with Hubble type, where the ETGs are found to be more compact and older than
LTGs, at �xed stellar mass. They conclude that quenching is related to the morphology
of the galaxies rather than to the stellar mass.

Up to now, only few studies investigating the kinematics have divided the stars into di�erent
populations according to their age. Exploring the kinematics of di�erent stellar populations
in the early type disk galaxy NGC 3115,Guérou et al. (2016) identify a fast rotating
spheroid that consists of old stars and a thin fast rotating stellar disk that consists of
younger stars.

In Chapter 5 we investigate the in�uence of the age of the stellar component on the kine-
matics of the galaxies, and study the connection with the morphology of the galaxies.

2.4 Tracing Dark Matter Over Cosmic Time

... or the In�uence of Your Dark Side...

The content of this section has been published inTeklu et al. (2018)
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Figure 2.4.1: Left: Observed rotation curves atz = 0 . The curves remain �at due to the dark
matter. This �gure is taken from Rubin et al. (1978). Right: Observed rotation curves atz = 2 .
Here, the rotation curves decline. This �gure is taken fromGenzel et al.(2017).

Since the postulation of dark matter (DM) by Zwicky (1933), many observational studies
analyzing rotation curves of galaxies (e.g.Rubin et al., 1978) have supported this picture:
While rotational velocities (V rot ) deduced from the visible matter should decrease propor-
tional to r � 1=2 in the outer parts of galaxies, they were found to remain �at (see left panel
of Fig. 2.4.1). The knowledge of this discrepancy in the mass content and thus the need for
an explanation for this missing mass lead to the acceptance of dark matter as the dominant
mass component of galaxies (seeNaab and Ostriker (2017) for a detailed review).

Recently, Genzel et al. (2017, see right panel of Fig.2.4.1) (see alsoLang et al., 2017)
presented measurements of rotation curves at redshiftz � 2 that do not stay �at but
decrease with increasing radius, opening a debate about theimportance and even presence
of DM in the outer disks and inner halos of these massive systems (and generally at higher
redshift).

In Chapter 6 we study whether the existence of decreasing rotation curves at high redshifts
contradicts or actually is a natural outcome of the� CDM paradigm.



Chapter 3

Connecting Angular Momentum and
Galactic Dynamics: The Complex
Interplay between Spin, Mass, and
Morphology

This chapter has been published inTeklu et al. (2015)

Abstract
The evolution and distribution of the angular momentum of dark matter
(DM) halos have been discussed in several studies over the past decades.
In particular, the idea arose that angular momentum conservation should
allow to infer the total angular momentum of the entire DM halo from
measuring the angular momentum of the baryonic component, which is
populating the center of the halo, especially for disk galaxies. To test this
idea and to understand the connection between the angular momentum
of the DM halo and its galaxy, we use a state-of-the-art, hydrodynami-
cal cosmological simulation taken from the set of Magneticum Path�nder
simulations. Thanks to the inclusion of the relevant physical processes,
the improved underlying numerical methods, and high spatial resolution,
we successfully produce populations of spheroidal and diskgalaxies self-
consistently. Thus, we are able to study the dependence of galactic proper-
ties on their morphology. We �nd that (1) the speci�c angularmomentum
of stars in disk and spheroidal galaxies as a function of their stellar mass
compares well with observational results; (2) the speci�c angular momen-
tum of the stars in disk galaxies is slightly smaller compared to the speci�c
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angular momentum of the cold gas, in good agreement with observations;
(3) simulations including the baryonic component show a dichotomy in the
speci�c stellar angular momentum distribution when splitting the galaxies
according to their morphological type (this dichotomy can also be seen in
the spin parameter, where disk galaxies populate halos withslightly larger
spin compared to spheroidal galaxies); (4) disk galaxies preferentially pop-
ulate halos in which the angular momentum vector of the DM component
in the central part shows a better alignment to the angular momentum
vector of the entire halo; and (5) the speci�c angular momentum of the
cold gas in disk galaxies is approximately 40% smaller than the speci�c
angular momentum of the total DM halo and shows a signi�cant scatter.

3.1 Properties of Halos

From our data set we extract all halos with a virial mass above5 � 1011M � . At a redshift
of z = 2 there are 396 halos, atz = 1 there are 606 halos, atz = 0:5 we �nd 629 halos,
and at z = 0:1 there are 622 halos. The lower limit is chosen to obtain a sample of halos
that contain a signi�cant amount of stellar mass and for which the resolution is su�cient
to resolve the inner stellar, and gas structures. We transform the positions and velocities
of all gas, stellar and DM particles into the frame of the halo, where the position given
by SUBFIND is the position of the minimum of the potential andthe velocity of the host
halo is the mass-weighted mean velocity of all particles belonging to the halo.

Exemplary, Fig. 3.1.1shows six galaxies within the chosen mass range demonstrating that
the galaxies in the simulations look like observed disk and spheroidal galaxies. The middle
panel is a picture of the full cosmological box at redshiftz = 0:5.

3.1.1 The Angular Momentum

The mass and the angular momentum of galaxies are observed tobe closely correlated
with their morphology (e.g. Fall, 1983; Obreschkow and Glazebrook, 2014; Romanowsky
and Fall, 2012). 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 ful�lled for a single galaxy. The total angular momentum of a galactic
halo is given by

J =
X

k

 
X

i 2 N k

mk;i r k;i � v k;i

!

; (3.1)

wherek are the di�erent particle types of our simulation (gas, stars, and DM) and Nk is
their corresponding particle number with the loop indexi .
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Figure 3.1.1: Main panel: complete cosmological box at redshiftz = 0 :5. The upper panels
show exemplary spiral galaxies, and the lower panels show spheroidal galaxies. We show two
random projection directions for each of the galaxies. In all panels we color-code the stellar
particles by their cosmological formation epoch, where theupper color bars represent the age of
the stars from old to young and the lower color bars representthe gas temperature from cold to
hot. We also marked the position of the halos within the cosmological box.
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In our simulations, each particle carries its own mass. The initial mass is di�erent for gas,
star, and DM particles. Later on, the mass of individual gas particles varies owing to mass
losses during star formation. Thus, we remove the mass dependence and use the speci�c
angular momentum

j k =
P

i mk;i r k;i � vk;iP
i mk;i

; (3.2)

where k are the species of matter, as above. Therefore, we �rstly calculate the angular
momentum of each particle of a species. Afterward, we sum over all individual particles
and divide by the total mass of the corresponding species to obtain the absolute value.

3.1.2 The Spin Parameter �

In the following section we want to study the dimensionless� -parameter. As de�ned by
Peebles(1969, 1971) and adopted by, e.g.,Mo et al. (1998), the general� -parameter, which
is used for the total halo, is given by

� =
J jE j1=2

GM 5=2
; (3.3)

where E = � GM 2=2 Rvir is the total energy of the halo. This total spin parameter can
only be used considering all matter inside the halo. To evaluate the di�erent components
(gas, stars, and DM), this parameter needs to be modi�ed. We follow Bullock et al. (2001),
who de�ned a component-wise spin parameter as follows:

� 0(r ) :=
J (r )

p
2M (r )Vcirc (r )r

; (3.4)

whereJ (r ) is the angular momentum,M (r ) the mass, andVcirc =
p

GM (r )=r the circular
velocity within a radius r . Another advantage of � 0(r ) is that it can be used for the
calculation at di�erent radii. When calculated over the entire virial 1 radius, � 0(r ) � � . For
simplicity we will drop the prime for the remaining part of our study. For the evaluation of
the di�erent components � can be expressed in terms of the speci�c angular momentum,
as done byvan den Bosch et al.(2002):

� k =
j kp

2Rvir Vcirc
; (3.5)

wherek stands for the di�erent components.

Independent of the de�nition, the distribution of the � -parameter can be �tted by a log-
normal distribution of the following form:

P(� ) =
1

�
p

2��
exp

�
�

ln2(�=� 0)
2� 2

�
; (3.6)

1Formally, if the t rue energyE is used, this is equal for a truncated, isothermal sphere. However, for
a NFW halo the correction term is of order unity, seeBullock et al. (2001) and references therein
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with the �t parameter � 0, which is about the median value, and the standard deviation� .

The left panels of Fig.3.1.2 show the histograms of the� k-distribution in linear bins of
all halos in the selected mass range for stars (yellow), DM (black), and gas (turquoise)
from redshift z = 2 (upper panels) to z = 0:1 (lower panels). The histograms and �t
curves (smooth lines) are each normalized to the number of halos. The distribution of
spin parameters of the stellar component has signi�cantly lower values compared to the
distribution of the spin parameter for DM, in agreement with the results presented by
Danovich et al. (2015). This is due to the fact that within the halo the stars are more
concentrated toward the center, whereas the spin of the DM component is dominated by the
outer part of the halo, where most of the angular momentum of the DM component resides,
as also shown in the right panel of Fig.3.5.4 in Section 3.5. In addition, major mergers
result in a reduction of the speci�c angular momentum, as shown in Welker et al. (2014). On
the contrary, the gas component always has a spin parameter distribution shifted toward
larger values, in agreement with more recent studies bySharma and Steinmetz(2005),
Kimm et al. (2011), Sharma et al.(2012), and Danovich et al. (2015), but in contrast to
previous studies byvan den Bosch et al.(2002) and Chen et al. (2003), who found nearly
the same spin distributions for gas and DM. The larger spin values for the gas re�ect the
continuous transport of the larger angular momentum from the outer parts into the center
due to gas cooling. While this leads even to a spinning up of the gas component with time,
the distributions for the stars and DM remain relatively constant. This spin-up of the gas
component might be caused by the continuously accreted coldgas, which brings in large
angular momentum from farther away along the �laments (Pichon et al., 2011). When
dividing the gas into hot and cold phases, we note that the hotgas (red) has lower values
than the cold gas (blue), which has a long tail to high� -values. This is in contrast toChen
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 more recent studies byDanovich
et al. (2015). This trend for the cold gas to high values was also seen byStewart et al.
(2011), who have calculated� -values for the cold gas and found values around0:1 � 0:2.
For a better overview we have listed the �t value of the� -distribution for the di�erent
components in Table3.1.

Table 3.1: The � 0 Fit Value for the Di�erent Components at Di�erent Redshifts

Redshift � stars � DM � gas � hot � cold

2 0.023 0.043 0.061 0.053 0.074
1 0.026 0.046 0.078 0.069 0.097
0.5 0.021 0.042 0.085 0.078 0.107
0.1 0.020 0.042 0.090 0.083 0.123
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Figure 3.1.2: Left panels: histograms for the� -parameter for the di�erent components within
Rvir ; the DM (black) is the dominant component, the stars (yellow) peak at lower values, whereas
the gas (turquoise) is distributed around higher values. While � 0 stays relatively constant for the
DM and stellar component, it increases for the gas with decreasing redshift. Right panels: the gas
component splits into hot (red) and cold (blue) gas. Both components spin up with cosmic time,
whereas for the cold gas this happens faster. Overplotted are the best-�t lognormal distributions
(smooth lines), for which the parameters are reported in Table 3.1.



3.2 Kinematical Split-Up 35

3.1.3 Alignments

In this subsection we want to study the orientation of the angular momentum vectors of
the di�erent components in comparison to each other within the innermost region of the
halo. For the calculation of the innermost region of the halowe only take particles within
the inner 10% of the virial radius (Rvir ) into account, which corresponds roughly to the
size of the galaxies. We chose this radius as an approximate medium value, since smaller
disks have a size of about 5% while extended gaseous disks canreach out up to 20% of the
virial radius.

The angle between two vectors of the speciesi and j is calculated by

cos (� ) =
J i � J j

jJ i j � j J j j
: (3.7)

We then bin the angles from 0 to 180 degrees in 18 bins of a size of 10� each and count the
number of halos within each bin. For the plots the number is normalized to unity.

As shown in Fig. 3.1.3, the distribution of the angles between the angular momentum
vectors of gas and stars (green dotted) generally shows a good alignment at higher redshifts
and becomes less aligned with decreasing redshift. This is in contrast to the alignment
between the DM and stellar components (yellow dashed), which shows a better alignment
with decreasing redshift. The angles between the DM and the gas component (turquoise
solid) are an intermediate case, and their distribution does not change with redshift. For
comparison, a random distribution of alignment angles is shown as a gray dot-dashed line
in Fig. 3.1.3, demonstrating that none of the angle distributions found in the simulations
are of random nature. The di�erence between the behavior andespecially the evolution
of the alignment of the gas and the stellar component can be explained by the fact that
the angular momentum of the gas re�ects the freshly accretedmaterial (similar to the
stars at high redshift), while the stars at low redshift re�ect the overall formation history,
similar to the DM content. These trends are in qualitative agreement with results obtained
from simulations at very high redshift (z > 9) by Bi� and Maio (2013), who also found
the angular momentum of the gas component in the center to re�ect the recent accretion
history.

3.2 Kinematical Split-Up

In this section we investigate properties of our galaxies asa function of their stellar mass and
angular momentum. We therefore calculate the angular momentum J of the stars within
the innermost 10% of the virial radius. Furthermore, we ignore all particles within the
innermost 1% of the virial radius because of their potentially unknown contributions caused
by bulge components or numerical resolution e�ects. We rotate the positions and velocities
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Figure 3.1.3: Angle between the total angular momentum vectors of the di�erent components
within the innermost 10% of Rvir as indicated in the plots for di�erent redshifts. The gray dot-
dashed line is expected for a random distribution of the angles. At higher redshift the gas and
stellar components (green dotted) are well aligned, and their alignment gets worse with decreasing
redshift. In contrast, the alignment of the DM and the stars (yellow dashed) gets better with
decreasing redshift.

of all particles such that theirz-components are aligned with the angular momentum vector
J of the stellar component. In the same manner we produce another data set that is
rotated such that the z-components are aligned with the angular momentum vectorJ of
the gas component. These data are used for the"gas-distribution because the gas circularity
calculated with the data rotated according to the angular momentum of the stars can fail
to detect a gas disk that is misaligned with the stellar disk and vice versa.

3.2.1 The Circularity Parameter "

Since in the Magneticum simulations disk and spheroidal galaxies are formed, we need to
categorize them for our analysis according to their morphology. In order to distinguish



3.2 Kinematical Split-Up 37

1

2

3

4

 9  10  11  12

lo
g 1

0 
j s

ta
r1

0 
[k

pc
 k

m
/s

]

log10 Mstar10 [Msol]

pure disks
S0 

pure bulges
simulation

 0

 0.2

 0.4

 0.6

 0.8

 1

<
e s

ta
r>

Figure 3.2.1: Stellar mass in the inner 10% of the virial radius vs. the speci�c angular mo-
mentum of the stars for all halos at redshift z = 0 :1. The mean circularity "star of the halos is
color-coded. We adopted the scaling relations ofRomanowsky and Fall (2012) (their Figure 2),
where the blue line stands for pure disks, the turquoise one for S0, and the yellow one for pure
bulges.

between di�erent types of galaxies, we use the circularity parameter " . The "-parameter
was �rst introduced by Abadi et al. (2003) as " J = Jz=Jcirc (E). For our study we use the
de�nition of Scannapieco et al.(2008), which is given by

" =
j z

j circ
=

j z

rVcirc
; (3.8)

where j z is the z-component of the speci�c angular momentum of an individualparticle
and j circ is the expected speci�c angular momentum of this particle assuming a circular
orbit with radius r around the halo center of mass, with an orbital velocity ofVcirc(r ) =p

GM (r )=r.

We compute the circularity " for every individual particle between 1% and 10% of the virial
radius. This is done for the stellar and the gas component, where we use the data that were
rotated according to the angular momentum of the stars or thegas, respectively. To obtain
the circularity distribution for our selected halos, we compute the fractionsf (" ) of particles
within equal-distant bins, using a bin size of� " = 0:1. In a dispersion-dominated system
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there is usually a broad peak in the distribution at" ' 0, while in a rotation-supported
system there is usually a broad peak at" ' 1.

To test the hypothesis that the mass and the angular momentumof galaxies are the most
important ingredients in their formation history and the resulting morphology (e.g.Fall,
1983; Obreschkow and Glazebrook, 2014; Romanowsky and Fall, 2012), we plot our galaxies
at z = 0:1 in the stellar mass vs. stellar angular momentum plane in Fig. 3.2.1. Thereto
we take all star particles within the innermost 10% into account. We color-code the
simulated galaxies according to the absolute2 value of the mean of their stellar circularity
parameter. Adopting the classi�cation diagram of galaxiesby Romanowsky and Fall(2012)
(their Figure 2), we overplot lines where the speci�c angular momentum follows the relation
j / M � with � � 2=3. We plot di�erent lines with distance � b = 0:25. As can clearly
be seen in Fig.3.2.1, the mean circularity parameter is following this relation. Inspired by
this result, we classify our galaxies according to what we will in the following refer to as
the �b-value�:

b= log10

�
j star

kpc km=s

�
�

2
3

log10

�
M star

M �

�
; (3.9)

which is the y-intercept of the linear relation f (x) = ax + b in the log-log of the stellar-
mass�speci�c-angular-momentum plane.

According to Romanowsky and Fall(2012), galaxies withb-values close to� 4 (blue line) are
expected to be disks, whileb � � 5 indicates pure spheroidals (yellow). In our simulations
we even �nd galaxies withb-values down tob = � 6:25 for the galaxies with the smallest
speci�c stellar angular momentum.

Fig. 3.2.2 shows the averaged"-distribution of the stellar component at four redshifts,
colored according to the di�erentb-value bins shown in Fig.3.2.1. Each " bin is averaged
over the halos that reside in the chosenb-value bin. There is a clear transition between
the galaxies with di�erent dynamics, from rotational-supported (h" i = 1) to dispersion-
supported (h" i = 0) systems, re�ected by their b-value from the M star -j star -plane: While
galaxies with b � � 4 clearly have most stars around" = 1, and thus are dominated by
rotation, galaxies with b � � 6 peak around" = 0, indicating that there is no signi�cant
rotation. This is true for all redshifts. However, we see a slight trend with redshift at
intermediate b-values: for example, the distribution of the halos in ab-value bin of � 4:75
(green squares) atz = 2 has the higher of the two peaks around" = 1, whereas atz = 0:1
it only peaks around" = 0. It is also interesting that the galaxies in theb-value bin of
� 4:5 (turquoise stars) at redshift z = 2 have a dominant rotationally ordered component,
which becomes more dispersion dominated with decreasing redshift. We also note that
the distributions around " = 0 become slightly more distinct at lower redshifts. This
indicates that there is an evolution of the di�erent galaxy types with cosmic time along
the M star -j star -plane.

2We take the absolute value, since there is a tiny fraction of halos with small b-values for which " can
have a slightly negative value owing to the di�erent weightings in the de�nitions of the speci�c angular
momentum (eq. (3.2)) and the circularity (eq. ( 3.8)).
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Figure 3.2.2: Averaged "-distributions of the stellar component for four redshifts. Thereby,
each " bin is averaged over all halos that lie in the correspondingb-value bin. We see a clear
transition of the galaxy types from rotational-supported systems to dispersion-dominated systems
at all redshifts.

This additional evolutionary trend gets more evident in Fig. 3.2.3, which shows" star (top),
"gas (middle), and the mass fraction of the cold gas with respect to the stellar mass (bottom)
versus theb-value, with spheroidal systems at the left and disk-like systems on the right.
Thereby, each of these properties is averaged over the halosin the correspondingb-value
bin. We can clearly see that the average" star increases with increasingb-value at all four
redshifts. Additionally, the average stellar circularityis generally larger at higher redshifts
for all types of galaxies, albeit this trend is stronger for galaxies with largerb-values. This
clearly shows that disk galaxies at higher redshifts had less prominent central bulges that
would shift the value towardh" i = 0. For h"gasi we do not �nd any clear trend. The bottom
panel of Fig. 3.2.3 shows a similar trend for the mean cold gas fraction. The spheroidal
systems at present day with smallb-values have only low amounts of gas, compared to the
stellar mass, usually below 10%, whereas disks have gas fractions of 20% or more. For
higher redshifts this fraction increases successively, and the strongest evolution is visible
between redshiftsz = 2 (pink solid line) and z = 1. Below z = 1 there is only a mild but
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Figure 3.2.3: Top: mean circularity " of the star component averaged over all halos in the
correspondingb-value bin. There is a clear trend for decreasing mean" when moving from the
pure disks (high b-value) down to the pure bulges (smallerb-value) for all four redshifts. Middle:
same as the top panel, but for the" of the gas component. Bottom: The mass fraction of cold gas
with respect to the stars, both within the inner 10% of the virial radius, averaged over all halos
in the corresponding bin. At high redshift (pink solid line) there is much more cold gas, even in
halos with a smallerb-value.
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Figure 3.2.4: Distribution of the total � -parameter for the halos according to theirb-values at
z = 0 :1. There is a transition from the disks (upper left) to the bulges (lower right), i.e., from
rotation-dominated systems (higher � -values) to dispersion-dominated systems (lower� -values).
Interestingly, the halos with the highest b-values show a dichotomy in their distribution.

continuous3 evolution, but at z = 2 even spheroidals have gas fractions of 20% or more,
while disk galaxies can contain more than 40% gas compared totheir stellar content. For
the largest b-values the galaxies can even be dominated by gas, i.e., the gas fraction is
larger than 50%. Thus, we conclude also that galaxies that are spheroidal systems have a
nonnegligible cold gas fraction at high redshifts.

3.2.2 The � -parameter

We want to understand whether this classi�cation of the galaxies according to their posi-
tion on the M star -j star -plane has an e�ect on the spin parameter� . In Fig. 3.2.4we show
the distribution of the total � -parameter of the whole halo content (see Equation3.3),
exemplary for redshift z = 0:1. We divide the halos according to theirb-value. The �rst
interesting thing to note is that there is a double peak in the� -distribution for galaxies
with disk-like kinematics (upper left panel). This could indicate that there are di�er-
ent formation channels for disk-like systems, e.g., gas-rich major mergers, as discussed in
Springel and Hernquist(2005) and Schlachtberger, D.P.(2014). The peak at higher � -
values becomes smaller as we move to the right and seems to disappear at a b-value of
� 4:75. Galaxies with b-values below� 5:25 are hosted in halos with signi�cantly smaller

3At z = 1 (magenta dashed line) the value for the galaxies with the highest b-value exceeds the scale,
since there are six galaxies that on average have a cold gas fraction of 2.53 with respect to the stars.
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Figure 3.2.5: Angle between the angular momentum vector of the gas and thatof the stars
within the innermost 10% of the virial radius according to their b-values at redshiftz = 0 :1. There
is a clear transition between the galaxy types. The higher theb-value, the better aligned the stellar
and gas components are. When going to lowerb-values, i.e., moving down on theM star -j star -plane
to the bulges, the angles of the two components seem to be randomly distributed (compare gray
dotted sinusoidal distribution).

� -values compared to the overall distribution (black dashedline). Therefore, on average
there seems to be a connection between the galaxy types and the spin parameter� of the
hosting halos, re�ected in a continuous transition of the spin parameter distribution of the
host halo with the b-value obtained from theM star -j star -plane.

3.2.3 Alignments of the Central Components

To verify the dynamical connection between the di�erent baryonic components within
the galaxies, we show in Fig.3.2.5 the distributions of the alignment between the central
angular momentum of the stellar and the gas component. As before, we classify our galaxies
according to theb-value. By moving from high (upper left) to low (lower right) b-values we
immediately see that the alignment between the angles is good for the disk galaxies (largeb-
values) and gets increasingly more random for decreasingb-values. This is indicated by the
gray dotted line, which again illustrates a random distribution (as in Fig. 3.1.3). We �nd
a continuous transition from the disk-like to the bulge-dominated galaxies. It illustrates
that in spheroidal systems the stars are signi�cantly misaligned with an eventually present
gaseous disk. This result is supported by the �ndings of theATLAS 3D-project (Cappellari
et al., 2011a) that a kinematical misalignment of the gas component with respect to the
stars is not unusual (Davis et al., 2011).
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3.3 Classi�cation of Simulated Galaxies

So far we have seen that there is a continuous transition between the di�erent types of
galaxies within theM star -j star -plane, orthogonal toj / M � with � � 2=3. We now want to
study the kinematical properties of our simulated galaxiesdepending on their classi�cation
as disk and spheroidal galaxies.

3.3.1 Selection Criteria

In our simulations, many spheroidal galaxies show extended, ring-like structures of cold gas,
in good agreement with recent observations (Salim and Rich, 2010). Therefore, including
the circularity of the gas within 10% of the virial radius as atracer of morphology can
lead to a misinterpretation. Additionally, there can be huge uncertainties for galaxies that
have almost no gas left. Using a criterion only based on theb-value of the galaxies also is
not straightforward because of the existence of fast rotators among the spheroidal galaxies.
Observationally there seems to exist some overlap between the di�erent galaxy types within
the M star -j star -plane. In principal, the luminosity of the stars could be taken into account,
since old stars that make up the bulge and the halo stars are not as luminous as young
stars that build up the disk. Hence, in observations a galaxywith an old massive stellar
bulge and an extended disk of young stars and gas is very likely to be classi�ed as a spiral
galaxy.

However, here we will stick to a classi�cation of galaxies based on the circularity distribu-
tion (Equation 3.8) of their stars, which allows us to capture rotationally supported stellar
disk structures or dispersion-dominated spheroidal structures. We combine this criterion
with the mass fraction of the cold gas with respect to the stars, following our result from
Fig. 3.2.3. As before, circularity distributions are evaluated within 10% of the virial ra-
dius, excluding the central 1%, while we include the central1% in our calculation of the
cold gas fraction as the resolution is not important in this case. We use the results from
the previous section to justify the threshold values used toselect dispersion-dominated,
gas-poor spheroidal and rotational-supported, gas-rich disk galaxies to re�ect counterparts
of classical, observed elliptical, and spiral galaxies.

As shown in Fig.3.2.2, there is a clear, bimodal behavior of the epsilon distribution within
di�erent b-value bins. We show in Section3.5 in detail the cumulative distributions that
allow us to de�ne the proper thresholds bracketing the transition regions. These thresholds
are then applied to the circularity distributions of the individual galaxies, which of course
in general show a more complex shape than the averaged distributions. The left panel of
Fig. 3.5.2 in Section3.5 shows the cold gas mass fraction of the galaxies classi�ed only by
their circularity " star , illustrating our choice of including a gas criterion. In short, we are
using the following selection criteria:

� We classify a galaxy as a spheroidal galaxy if the majority ofparticles is in a close
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interval around the origin (i.e., f (� 0:4 � " � 0:4) � 0:6). This percentage cut is
adapted to the redshift. For the details see the left panels of Fig. 3.5.1in Section3.5.

In addition, it has to have a cold gas mass fraction with respect to the stars lower
than 0:35at z = 2, 0:2 at z = 1, 0:125at z = 0:5, and 0:065at z = 0:1. This criterion
is chosen such that the fraction values satisfy the linear function f (z) = 0 :15�z+0:05.
The upper limit for the spheroidal galaxies at redshiftz = 0:1 seems plausible, since
Young et al. (2014) found that massive elliptical galaxies (of the red sequence) have
mass fractions ofHI and H2, compared to the stars, up to 6% and 1%, respectively.

� We classify a galaxy as a disk galaxy if the majority of particles are o�-centered from
the origin (i.e., f (0:7 � " � 3) � 0:4; for the dependence on the redshift see right
panels of Fig.3.5.1 in Section 3.5).

Additionally, the constraint on the mass fraction of the cold gas is such that it has
to be higher than0:5 at z = 2, 0:35 at z = 1, 0:275at z = 0:5, and 0:215at z = 0:1.
This criterion is chosen such that the values of the mass fraction satisfy the linear
function f (z) = 0 :15� z + 0:2.

� All remaining galaxies, which ful�ll neither of the two criteria, are classi�ed as �oth-
ers.�

The total number of galaxies above the mass cut of5� 1011M � selected from our simulation
at redshift z = 0:1 is 622 (for other redshifts see Table3.2). According to the above
criteria, 64 galaxies are classi�ed as classical disks and 110 as classical spheroids, while
448 are classi�ed as �others.� Such unclassi�ed galaxies include merging objects, bulge-
dominated spirals, spheroids with extended gas disks, barred galaxies, or irregular objects.

In order to identify parts of the unclassi�ed objects, the classi�cation could be re�ned in
such a way that we additionally divide into spheroids that have a gaseous star-forming
disk or galaxies that have a large stellar disk with only little gas (S0 galaxies). At lower
redshifts our classi�cation becomes increasingly di�cultsince there are a lot of galaxies
that have a very dominant stellar bulge but, on the other hand, also possess an extended
gaseous disk containing many young stars.

Table 3.2: Number of Halos in the Selected Mass Range

Redshift N N spheroid Ndisk

2 396 34 89
1 606 87 73

0.5 629 146 59
0.1 622 110 64

Total number of halosN in the selected mass range, the number of spheroidsNspheroid

and disks Ndisk (classi�ed by the circularity of the stellar component and the mass
fraction of the cold gas with respect to the stars) at di�erent redshifts.
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Figure 3.3.1: Galaxies within the stellar-mass�speci�c-angular-momentum plane at z = 0 :1.
Gray symbols represent all galaxies extracted from the simulations (as in Fig. 3.2.1), where angular
momentum and stellar mass are measured within 10% of the virial radius. The left panel shows the
simulated galaxies classi�ed as spheroids (red circles) compared to data from observed elliptical
galaxies by Fall and Romanowsky (2013) (orange circles, denoted by �FR13�). The right panel
shows disks in our simulation (blue diamonds) compared to observational data of spiral galaxies
by FR13 (purple diamonds). For the disks and the spheroids, we evaluated the mass and the
speci�c angular momentum within 10 R1=2, which more closely resembles the radii studied by
FR13. The colored lines correspond to theb-values (see Fig.3.2.1).

Although the criterion for the gas mass fraction is relatively arbitrary and may overestimate
the number of spheroids, we checked that changing this selection criterion does not change
the results qualitatively, although adding/removing galaxies from the spheroidal sample.
At higher redshifts an additional di�culty might be that the transition of galaxy types
is less strict, as seen in Fig.3.2.2. At these redshifts, remaining dynamical signatures of
the current formation process will be more pronounced and individual distributions of the
circularity parameter might be more complex. Thus, a clear assignment might fail.

3.3.2 Comparison of the Simulated Stellar Speci�c Angular M o-
mentum with Observations

After having extracted a set of spheroidal and disk galaxies, we can evaluate the relation
between the speci�c angular momentum and the mass of the stellar component and compare
them with observations, as shown in Fig.3.3.1. To compare with observations presented by
Fall and Romanowsky(2013) (hereafter FR13) we calculate the mass and speci�c angular



46 3. The Interplay between Spin, Mass, & Morphology

momentum for all stellar particles within 10 R1=2 instead of 10%Rvir , where R1=2 is the
radius that contains half the stellar mass of the galaxy and roughly corresponds to observed
e�ective radii. This is done to account for the fact that, for a given mass, disk galaxies
have a larger e�ective radius than spheroids (Shen et al., 2003), and to better resemble the
radius ranges studied in FR13. The left panel shows theM star -j star -plane for our galaxies
classi�ed as spheroids (red circles), including the 23 elliptical galaxies (orange circles)
presented in FR13 (their Figure 2). In the right panel the same is shown for our disk
galaxies (blue diamonds) in comparison to the 57 spiral galaxies (purple diamonds) from
FR13. In general, our simulated galaxies are in good agreement with the observations. This
result has already been shown for a subset of our galaxies atz = 0 with a rather crude
classi�cation criterion in Remus et al.(2015), and we �nd an even better agreement with
observations with our more advanced classi�cation scheme.Recently, Genel et al. (2015)
have shown a comparison of the galaxies in the Illustris simulation with those observations,
which are also in good agreement when a similar feedback mechanism is used.

To understand the impact of the choice of radius used to calculate the angular momentum
and the stellar mass, we included the values for all galaxiesevaluated within 10% of the
virial radius, as previously shown in Fig.3.2.1. For the spheroidal galaxies the e�ect is
much stronger, and we clearly see that the angular momentum is larger for larger radii.
The radius dependence is shown in more detail in the right panel of Fig. 3.5.4 in Section
3.5, where we show that the angular momentum of spheroids increases with radius and
that there is a signi�cant contribution to the speci�c angular momentum from large radii.
For disk galaxies the exact radius is less important, as mostof the angular momentum is
contained within the disk at relatively small radii. The same holds true for theb-value,
which more strongly depends on the considered radius for spheroids than for disks, which
can be seen in Fig.3.5.5 in Section3.5.

Note that we compare here the speci�c angular momentum directly measured from the
total stellar component from the simulations (Equation3.2), while the observations are
inferred from the projected measurements. We also do not resolve galaxies with stellar
masses smaller than� 1010M � , while the observations include some objects with smaller
masses.

3.3.3 The Simulated Stellar Speci�c Angular Momentum at z = 2

The content of this subsection has been published inTeklu et al. (2016)

In order to see if this split-up is already present at higher redshift, we show in Fig.3.3.2the
M star � j star -relation for redshift z = 2 for our simulated galaxies. We �nd that the galaxies,
in general, have a lower stellar speci�c angular momentum than the galaxy population at
redshift z = 0, and it is more pronounced for disk galaxies. This is in good agreement with
recent theoretical approaches byObreschkow et al.(2015).
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3.3.4 The Gas and Stellar Speci�c Angular Momentum in Simu-
lations and Observations

We also compare the speci�c angular momentum of the gas with that of the stars for all
classi�ed galaxies in our simulations. Fig.3.3.3shows the relations for all four redshifts as
indicated in the plots. At redshift z = 0:1 we include the observational data taken 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 al., 2008). Speci�c angular momenta for the gas and stellar components
of those galaxies were presented byObreschkow and Glazebrook(2014).

For the disk galaxies, we �nd that the speci�c angular momentum of all stars in the
central region is slightly smaller than that of the gas (bluediamonds), in agreement with
the observations (purple symbols). This, most likely, originates from the fact that the
speci�c angular momentum of the gas is constantly replenished by freshly accreted gas,
which transports larger angular momentum from the outer parts of the halo to the center.
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Figure 3.3.3: Speci�c angular momentum of the gas against the speci�c angular momentum
of stars, both within 10% of the virial radius for galaxies which are classi�ed as disks (blue
diamonds) at four redshifts as indicated in the plots. Additionally, we show the relation also
considering only young stars (turquoise diamonds). Atz = 0 :1 we overplot 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.

This becomes more evident by looking at the newly formed stars (turquoise diamonds)
in our simulations. We consider a star to be young if its formation happened not more
than � z = 0:05� 1=(1 + z) ago at a given redshiftz, which corresponds to a stellar age
of 0:2Gyr at z = 2, 0:4Gyr at z = 1, 0:5Gyr at z = 0:5, and 0:7Gyr at z = 0:1. If we
only take the young stars into account, we �nd almost an equality (dotted line) with the
speci�c angular momentum of the gas. At a lower redshift (lower right panel) the values of
the speci�c angular momentum of the gas are slightly larger than at higher redshift (upper
left panel). This behavior re�ects the spin-up of the cold gas with time, as already seen
before. Hence, also the young stars have higher speci�c angular momentum. This appears
in a slight trend for a separation of the young stars and the total stellar component, which
have lower speci�c angular momentum than the gas.
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The spheroids (red circles in Fig.3.3.3), however, have a signi�cantly lower speci�c stellar
angular momentum compared to that of their gas. This suggests that, especially at high
z, most gas in spheroids originates from the accretion of material from large radii (cold
streams or infalling substructures) and hence transports the higher angular momentum
from the outer parts into the center.

We can clearly see that the spheroids and the disk galaxies show a di�erent behavior 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. In disk galaxies, stars
have slightly smaller speci�c angular momentum than the gas, and they also show a mild
di�erence between the speci�c angular momentum of stellar components with di�erent ages.
Here the young stars have slightly larger speci�c angular momentum, basically re�ecting
the angular momentum of the gas from which they form.

All in all, the results from the simulations �t well with the o bservational data. In particular,
we are in agreement withFall (1983), who �nd that the speci�c angular momentum of the
galaxies increases with the disk-to-bulge ratio for a givenmass.

We note that the evaluation of this quantity for spheroids especially at lower redshifts
might be fault-prone since, owing to the selection criterion, there is only a small amount
of cold gas within the chosen radial range.

3.3.5 Comparison of the Gas and DM Speci�c Angular Momenta

Finally, we compare the speci�c angular momenta of DM and gas. In particular, we are
interested in the scaling relations of the corresponding individual speci�c angular momenta
of baryonic and nonbaryonic matter. Previous studies (e.g.Fall, 1983; Mo et al., 1998)
suggest an equality between the angular momentum of the total DM halo and that of the
central gas component of disk galaxies.

The relation between the speci�c angular momentum of the cold gas of the galaxy, which
resides within the innermost 10% of the virial radius, and that of the total DM halo is shown
in Fig. 3.3.4 for di�erent redshifts. In general, we �nd the speci�c angular momentum of
the DM to exceed (by a factor of� 2) the speci�c angular momentum of the cold gas.
Interestingly, the cold gas in disk and spheroidal galaxiesdoes behave in the same way.
This is due to the fact that cold gas always settles in disk-like structures, even in elliptical
galaxies (e.g.Lees et al., 1991; Young et al., 2011). We plot all disks above the redshift-
dependentM cold=Mstar -cut (blue diamonds). Additionally, we �t a line parallel to the 1:1
relation (blue dotted) to the data, in order to see the o�set. For all shown redshifts we
�nd values of the y-intercept between0:33 and 0:41 in log space, which is between2:14 kpc
km/s and 2:57kpc km/s in normal space. However, the scatter around this �tcurve is very
large. The yellow diamonds show the value for one simulated galaxy at di�erent redshifts
as presented inKimm et al. (2011). Their disk galaxy has only slightly higher speci�c
angular momentum in the gas component compared to the DM halo, but sits within the
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Figure 3.3.4: Speci�c angular momentum of the cold gas within 10% of the virial radius against
the speci�c angular momentum of DM within the entire virial r adius. The blue diamonds show the
disks and the red circles the spheroidal galaxies, where thesize of the circles re�ects the fraction
of the cold gas mass with respect to the stellar mass. The bluedotted line shows the �t for the
disk galaxies. The 1:1 relation is represented by the black dashed line. For comparison, we add
the results obtained by Kimm et al. (2011) (yellow diamonds).

distribution of values we �nd in our simulation for di�erent galaxies. Our values are also
broadly in line with the results ofDanovich et al. (2015), who �nd that the spin of the disk
is comparable to that of the DM halo. The size of the symbols ofthe spheroids (red circles)
is plotted according to their fraction of cold gas mass with respect to the stellar mass. For
completeness we plot all spheroids with a cold gas mass fraction lower than 35% for all
redshifts. At higher redshift most spheroids have a large amount of cold gas. At the lowest
redshift there are still some objects that were classi�ed asspheroids with the" star -criterion
but have a high cold gas mass fraction. Interestingly, thereare some spheroids with high
speci�c cold gas angular momentum, which might be due to individual infalling clumps
and small substructures, as these are spheroidal galaxies that have extremely small cold
gas fractions. However, in such cases we cannot relate the speci�c angular momentum of
these individual structures to the speci�c angular momentum of the halo.
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Figure 3.3.5: Angle between the angular momentum vector of gas and stars, both within the
innermost 10% of the virial radius. At all redshifts the disks (blue dot-dashed) are well aligned.
In contrast, the spheroids (red dashed) are randomly distributed. The overall distribution (green
solid) gets worse aligned with decreasing redshift.

3.3.6 Misalignment Angles

As seen before, another indicator for the di�erent evolutionary states re�ected by the
stars, DM, and gas are the misalignment angles between thesethree components. We now
investigate their behavior by focusing on our selected diskand spheroidal galaxies.

The Angle between Gas and Stars

At �rst, we investigate whether we �nd a correlation between the morphological type
and the angles between the angular momenta of the gas and the stars, both within the
innermost 10% of the virial radius. Fig.3.3.5shows the angle for four di�erent redshifts.
The disk galaxies (blue dot-dashed histograms) have very well aligned gas and stellar
angular momentum vectors with median values of7:8� at redshifts z = 2 and z = 0:1 and
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Table 3.3: Median Misalignment Angles between the Baryons in the Center

Redshift All Halos Disks Spheroids
2 13.4 7.8 37.4
1 24.4 6.3 56.5
0.5 35.8 7.6 65.5
0.1 37.6 7.8 60.4

The median misalignment angles between the angular momentum vectors of gas and
stars, both within the inner 10% of the virial radius (� gas10� stars10).

median values of6:3� and 7:6� at redshifts z = 1 and z = 0:5, respectively. This is in good
agreement withHahn et al. (2010), who found median angles of about8� for their disks at
z = 1 and a median of7� at redshifts z = 0:5 and z = 0. It demonstrates that the stellar
and gaseous disks 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.

The spheroids have a random distribution with a median valueof 60:4� , i.e., the gas and
stellar components in spheroidal galaxies are often misaligned. In summary, the gas and
star components of spheroids become less aligned with decreasing redshift, while there is
no change for disk galaxies (see Table3.3). The overall trend for all halos in the simulation
shows the same behavior as the spheroids, in agreement with Fig. 3.2.5.

The Angle between DM and Baryons

Since we see a clear di�erence in the alignment between the angular momenta of the stars
and gas for spheroids and disks, we want to test whether this is re�ected in the relation
between the angular momentum of the baryonic components andDM. The left panel of
Fig. 3.3.6shows the misalignment angle between the angular momentum of the total DM
halo and the gas within the inner 10% of the virial radius at redshift z = 0:1. Again, the
gray dashed line is the expected distribution if the angles were spread randomly. We clearly
see that the median misalignment found for all halos (green solid lines) is � 49� , for the
disks � 45� , and for the spheroids� 47� . This is slightly larger than the results ofSharma
et al. (2012), who found a median misalignment angle of about30� for the gas within the
innermost 10% of the virial radius compared to the total angular momentum vector of all
halos. On the other hand,Hahn et al. (2010) compared the angular momentum of the gas
component of the disk to the total angular momentum and obtained about 49� at z = 0,
well in line with our results.

We now want to see under which circumstances the orientationof the angular momentum
vectors of the total DM halo is re�ected in that of the stellar component, since we have
seen in Fig.3.3.5 that the angular momentum vectors of the gas and that of the stars
are very well aligned in the inner part of the halo for disk galaxies and poorly aligned for
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Figure 3.3.6: Left: angle between the total angular momentum vector of DM inRvir and the
gas within the innermost 10% ofRvir . The overall alignment is poor. Middle: The angle between
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angle between the total angular momentum vector of the DM inRvir and the stars within the
innermost 10% of the virial radius. For all shown distributions the alignment is very poor, almost
random.

spheroids. The angle between the angular momentum vectors of the DM and that of the
stars within the virial radius is shown in the middle panel ofFig. 3.3.6. In general, there
is an alignment of the two components. The disk galaxies are slightly better aligned with
a median angle of� 18� compared to the spheroids that have a median angle of� 31� . As
a median value for all halos we �nd� 24� at redshift z = 0:1 and a similar value forz = 1,
namely, � 22� , which is not shown here.

The right panel of Fig. 3.3.6 shows the angle between the angular momentum vector of
the stars within the inner 10% of the virial radius and the DM within the entire virial
radius. The distribution of the alignment angles looks similar to that of the gas (left panel
of Fig. 3.3.6) for all galaxies. The alignment seems poor, with median angles of� 55� for
all halos, � 46� for disks, and� 57� for spheroidal galaxies. This agrees well withHahn
et al. (2010), who calculated a median angle of the stellar component andthe total halo
content of about � 49� at z = 0 for disk galaxies, similar toCroft et al. (2009) reporting
a median angle of� 44� at redshift z = 1. Bett et al. (2010) found slightly smaller angles
of � 34� for the alignment of the galaxies with respect to the hostingtotal DM halo. The
galaxies atz = 1:2 investigated byCodis et al.(2015), using the Horizon-AGN simulation,
are slightly less aligned with their DM halos than our simulated galaxies (see also the right
panel of Fig. 3.5.2 of Section3.5). Deason et al.(2011) reported that 41% of their disk
galaxies had misalignment angles larger than45� with their DM halo. In addition, they
found that the disk galaxies are better aligned with the DM inthe innermost 10% of the
r200. Though we do not show this, here we obtained a median angle of� 9� for the angular
momentum vectors of the stellar and DM components in the innermost 10% for our disk
galaxies atz = 0:1, and thus we can con�rm this trend. It also agrees well withHahn
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Table 3.4: Median Misalignment Angles of the DM at Di�erent Radii

Redshift All Halos Disks Spheroids DMO
2 56.7 54.8 57.2 66.6
1 54.9 51.2 61.3 �
0.5 48.3 53.1 48.8 53.5
0.1 47.4 42.2 50.6 51.3

The median misalignment angles between the angular momentum vectors of the DM
within 10% and that of the total DM halo (� DM � DM10 ) for the hydrodynamical run as
well as for the run with only DM (DMO).

et al. (2010), who �nd a median value of � 15� for the angle between the DM and stellar
components of the galactic disks. For the DM and the gaseous components of their disks
they obtain a median value of� 18� , which is in line with the median value of� 12� for
our disk galaxies.

3.4 The Host Halos of Di�erent Galaxy Types

So far we have seen the intrinsic di�erence of the baryonic components and how they re�ect
global halo properties for galaxies classi�ed as either disk or spheroidal galaxies. We now
want to study whether there are underlying di�erences in theDM halo contributing to the
formation of these two classes of galaxies.

3.4.1 The Alignment of the Host Halos with Their Centers

One interesting question is if there are signatures of di�erences in the internal structure
of the angular momentum in the DM component for disk galaxiesand spheroidal galaxies.
Therefore, we compare the angular momentum of the DM within the whole halo with the
one within 10% of the virial radius. Fig.3.4.1 shows the cumulative distributions of the
angle between the DM angular momentum vector of the whole halo and that of the inner
part of the halo. At z = 2, z = 0:5, and z = 0:1 we include the corresponding distribution
of the DM-only run 4. The alignment is generally better for disks than for spheroids (see
also Table3.4), as already speculated inBullock et al. (2001). Interestingly, the relative
di�erence between the alignments for disk and spheroidal galaxies is largest atz = 1, which
corresponds to a typical formation redshift of spiral galaxies. Overall, the misalignment
grows with redshift for all halos. At redshift z = 0:1 we calculate median values for all
halos of� 47� , which agrees well withHahn et al. (2010), reporting a value of45� .

4For technical reasons there were no data available atz = 1 from the DM-only run.



3.4 The Host Halos of Di�erent Galaxy Types 55

0

0.2

0.4

0.6

0.8

1

      

cu
m

ul
at

iv
e 

f(
q)

 

z = 2

 

 

 

 

 

 

       

z = 1

0

0.2

0.4

0.6

0.8

0 30 60 90 120 150

cu
m

ul
at

iv
e 

f(
q)

 

q [degree]

z = 0.5

all halos
spheroids

disks
DM-only

 

 

 

 

 

0 30 60 90 120 150 180

q [degree]

z = 0.1

Figure 3.4.1: Angle between the total angular momentum vector of the DM inRvir and that
of the DM within the innermost 10% of the virial radius. At red shifts z = 2 , z = 0 :5, and z = 0 :1
we overplot the distribution of the DM-only run (black dotte d).

In contrast, in the DM-only run the values are slightly higher at all redshifts, with median
misalignment angle of� 51� at z = 0:1. This tendency was also seen byBett 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 of15� � 30� for their run with baryons. This could be due to the fact that we only
consider the inner 10% instead of 25%, as in their study. Thisis expected, sinceBailin
and Steinmetz(2005) found that the alignment becomes worse when the radii are further
separated.

A possible interpretation of the above �ndings could be thatdisk galaxies preferentially
reside in halos, where the core is better aligned with the outer parts of the halo (see also
Bullock et al., 2001). It might well be that in such halos the angular momentum can
be transported more e�ectively by the cooling of gas from theouter parts into the cen-
tral parts. Another possibility could be that disk galaxiessurvive merger events longer,
when consecutive infall is aligned with the angular momentum of the galaxy. Interest-
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ingly, spheroidal galaxies (especially atz � 1) show exactly the opposite behavior. The
inner and outer parts of their DM halos are less aligned, indicating that major merging
events are contributing to the buildup of spheroidal galaxies. This is in line with previous
studies showing that major mergers with misaligned spins can be responsible for angular
momentum misalignments (Sharma et al., 2012).

In addition, Welker et al. (2014) proposed that anisotropic cold streams realign the galaxy
with its hosting �lament. 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 �ows that aremainly misaligned tends to
build a spheroid. To answer this question in detail, furtherinvestigation is needed to trace
back disk galaxies and see whether the primordial alignmentcauses the in�owing matter to
become a spiral or whether it is the other way around, i.e., ifthe galaxy type over cosmic
time induces the alignment. We suspect that the environmenthas a signi�cant impact
on the formation of disk galaxies. In less dense environments, where the halos can evolve
relatively undisturbed, the angular momentum of the galaxypreferably remains aligned
with that of its host halo, and thus a disk can form.

3.4.2 The Spin Parameter � of the Host Halos

In the following section we �nally return to the spin parameter � , evaluated for the whole
halo. In Fig. 3.4.2 we show the distribution of the� -parameter for the total matter dis-
tribution within our halos for di�erent redshifts. The hist ograms and lognormal �t curves
(see Equation3.6) are each normalized to the number of the halos. The distribution of
� for all 396 halos atz = 2 (upper left), 606 halos atz = 1 (upper right), 629 halos at
z = 0:5 (lower left), and 621 halos atz = 0:1 (lower right) is shown in green. We also
plot the distribution of the spheroidal (red dashed) and disk (blue dot-dashed) galaxies.
The spheroids, which have only little rotation in the stellar component, tend to have lower
� -values. The disk galaxies have their median at higher values. This bimodality of the
two galaxy types is seen at all four redshifts, as already shown in Teklu et al. (2015). The
spheroids have always lower median values than the disk galaxies (see also Table3.5 for
the �tting parameters). Observationally, Hernandez et al.(2007) also found that the spiral
galaxies on average have larger� -values than the ellipticals of their sample. However, this
was not seen in previous studies bySales et al.(2012) and Scannapieco et al.(2009), who
did not �nd a correlation between galaxy type and the spin parameter.

The � -distribution for all halos seems to be relatively constantwith time, i.e., independent
of redshift, which is in agreement withPeirani et al. (2004).

To verify the statistical signi�cance of the di�erences, weshow in Fig.3.4.3the cumulative
distributions for the � -values, again splitting the halos according to the di�erent galaxy
types they host. This illustrates the distances between thetwo distributions, where the
curve for the halos of the spheroidal galaxies is always leftof the curve for all halos and the
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Figure 3.4.2: The � -distribution calculated with formula ( 3.3) for the di�erent redshifts as
indicated in the plots. Green takes all halos into account. The distributions of the spheroids are
the red dashed histograms, and those of the disks are blue dot-dashed histograms. The curves
are the �ts given by equation (3.6). At all redshifts a split-up of the two di�erent galaxy type s
is present. The spheroids have their median at the lower� -values, while the disks have higher
values.

curve of the disk galaxies stays always to the right. The di�erences are more pronounced
for small spins. To quantify the statistical signi�cance ofdi�erences in the distributions for
the disk and spheroidal galaxies, we apply a Kolmogorov-Smirnov (K-S) test. This test is
applied to the two unbinned distributions for the disks and the spheroids. Table3.6 shows
the calculated values for the maximum distanceD and the probability. With the exception
of the results5 at z = 0:5, this con�rms that the spin distributions of the halos hosting disk
galaxies are statistically signi�cantly di�erent from the halos hosting spheroidal galaxies.

In this section we have seen that there is a statistical correlation between the morphological
type and the overall distribution of the spin parameter� . We thus conclude that the total

5Although unlikely, the value obtained at z = 0 :5 does not allow to exclude the same origin of the two
distributions.
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Table 3.5: Calculated Median Values and the Fit Values of the� -Distributions

Redshift All Halos
2 � med = 0:043, � 0 = 0:043, � = 0:662
1 � med = 0:046, � 0 = 0:047, � = 0:635
0.5 � med = 0:041, � 0 = 0:042, � = 0:640
0.1 � med = 0:042, � 0 = 0:043, � = 0:630
Redshift Disks
2 � med = 0:058, � 0 = 0:059, � = 0:543
1 � med = 0:060, � 0 = 0:062, � = 0:644
0.5 � med = 0:051, � 0 = 0:050, � = 0:617
0.1 � med = 0:069, � 0 = 0:064, � = 0:570
Redshift Spheroids
2 � med = 0:028, � 0 = 0:029, � = 0:497
1 � med = 0:042, � 0 = 0:042, � = 0:633
0.5 � med = 0:037, � 0 = 0:039, � = 0:620
0.1 � med = 0:034, � 0 = 0:034, � = 0:546

The calculated median values� med and the �t values � 0 and � of the � -distributions at
di�erent redshifts for our sample of galaxies.

Table 3.6: K-S Test for the � -Distributions

Redshift D Probability
2 0.563 1.41�10� 7

1 0.319 4.45�10� 4

0.5 0.237 1.45�10� 2

0.1 0.421 6.31�10� 7

The maximum distanceD and the signi�cance level (probability) resulting from the
K-S test that the � -distributions for disks and spheroids at di�erent redshifts for our
sample of galaxies are from the same distribution.
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Figure 3.4.3: The � -parameter plotted against the normalized cumulative number of halos.
Green takes all halos into account, red the spheroidal galaxies, and blue the disk galaxies. The
distributions of the disks and the spheroids do not overlap (besides atz = 0 :1 at the higher end).
The disks are on the right side, i.e., at higher values, of thedistribution for all halos, while the
spheroids are on the left, i.e., at lower values.

DM halo somehow �knows� about the morphology of the galaxy atits center. At all four
considered redshifts the distributions for the spheroids have lower median� -values than
those 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 spheroids with even higher� -values than disk galaxies.

To verify that these di�erences are intrinsic to the halo andnot caused by the contributions
of the baryonic component to the spin parameter, we calculated the spin parameter� DM

for the DM component of the halos. Fig.3.4.4shows the� DM -distribution for the baryon
run for the four redshifts as indicated in the plots. The green histogram shows� DM for all
halos, the red one stands for the spheroids, and the blue one for disk galaxies. Here again,
most prominently visible at redshifts z = 2 and z = 0:1, there is a splitting of the two
di�erent galaxy types, the distribution of the spheroids peaks at lower values, and that of
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Figure 3.4.4: The � -parameter for the DM component within Rvir ; also in the DM component
of all halos (green) there is a broad distribution, which splits into spheroids (red) at lower values,
while disks (blue) peak at higher values.

the disks at higher values. We also perform a K-S test on the two distributions (see Table
3.7). The values are similar to that of the general� -distribution (Table 3.6).

In Section 3.5 we show that this split-up of the galaxy types is also re�ected in the spin
parameter � of the stellar component.

In order to see whether the di�erences originate from di�erences within the DM halo or if
they are caused by the interplay between the DM and the baryonic component, we �nally
compare the run with the baryons to the DM-only control run. We thereto cross-identify
the halos of the DM-only run with those of the hydrodynamicalrun. We search for the
corresponding halos in the DM run, allowing the center of thehalo to be in a range of 200
kpc around its position in the simulation with baryons, and additionally restrict to halo
pairs that only di�er by up to 30% in their virial masses. At redshift z = 2 we found 364
halos in the baryon run that match with the DM-only run, at z = 0:5 we could assign 609
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Table 3.7: K-S Test for the � DM -Distributions

Redshift D Probability DDMO Probability DMO

2 0.537 5.92�10� 7 0.590 8.14�10� 8

1 0.319 4.45�10� 4 � �
0.5 0.234 1.65�10� 2 0.285 2.3�10� 3

0.1 0.390 4.60�10� 6 0.370 9.84�10� 5

The maximum distanceD and the signi�cance level (probability) resulting from theK-
S test that the � DM -distributions for disks and spheroids at di�erent redshifts originate
from the same distribution for the baryon run and the DM-only(DMO) run.

halos, and atz = 0:1 we cross-matched 575 halos. We �nd that the� DM -values of each
halo identi�ed in both runs are very similar (see Fig.3.5.4of Section3.5). Since baryons
have an e�ect on the DM, in the two runs the evolution of some ofthe halos can be quite
di�erent, as also discussed inBett et al. (2010). Therefore, we cannot match every halo.

Fig. 3.4.5 shows the � -distribution for the DM component at three di�erent redshifts.
The overall distribution is shown in black. The �t values � 0 for the DM-only run are
slightly lower than for the run with baryons. When we split the halos in the DM-only run
according to their galaxy type assigned in the run with baryons, we �nd a similar split
in the distributions as in the run with baryons. At redshift z = 2 we could use 76 disks
and 33 spheroids, atz = 0:5 there are 55 disks and 143 spheroids, and atz = 0:1 we
cross-matched 53 disks and 99 spheroids. The results of the K-S test (see Table3.7) show
that these two distributions are unlikely to originate fromthe same one. It is striking that
even in the run without baryons, the split-up of the spin parameter for the di�erent galaxy
types is clearly visible. This suggests that the hosting DM halo and, connected with that,
the formation history and environment play an important role for the morphology of the
resulting galaxy.

3.5 Further Details and Tests

In the following section we provide further details and present tests that we have performed.
This supplementary information underlines the previouslyfound results.

3.5.1 Details on the Classi�cation

In order to illustrate the choice of the cuts in" star used for the classi�cation of our galaxies,
we show the cumulative circularity distribution for spheroids (left panels) and the `anti-
'cumulative distribution for disk galaxies (right panels) in Fig. 3.5.1. For the spheroids
we sum up the fractions from� " to " of the distributions shown in Fig. 3.2.2, f (x) =
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as indicated in the plot.

P x
� x f raction ("). The cut is drawn between the halos of theb-value-bin that show a clear

behavior of spheroids at the corresponding redshift. The same is done for the disk galaxies,
besides that here we sum up the fraction from" to 3, f (x) =

P 3
x f raction (").

In the left panels of Fig. 3.5.2 we show that at high redshift there are many spheroidal
galaxies (red histograms, classi�ed with" star ) with a high fraction of cold gas mass with
respect to the stars. This fraction decreases very fast withdecreasing redshift. Disk
galaxies (blue) have a higher amount of cold gas at all times,especially at high redshift.
Still, at low redshift there are many disk galaxies that haveless than 10% cold gas. Those
galaxies actually resemble S0 properties and are not classical �disks.�

In Table 3.8 we list the values of the cuts for the classi�cation criteria. The values for
the spheroids should be understood as an upper limit, while for the disks they represent a
lower limit.

3.5.2 The Alignment of the Galaxy with Its DM Halo

The right panel of Fig. 3.5.2shows the probability distribution function of the cosine of the
angles between the innermost 10% of the virial radius of our disk galaxies and the hosting
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Table 3.8: Upper/Lower Limits for the Classi�cation Criteria

Redshift " star , d "star , s Mcold=Mstar , d Mcold=Mstar , s
2 0.55 0.5 0.5 0.35
1 0.45 0.55 0.35 0.2
0.5 0.45 0.55 0.275 0.125
0.1 0.4 0.6 0.215 0.065

The values for the classi�cation depending on redshift. We list the lower limit for the
" star for disks (d) as well as spheroids (s). For the disks theM cold=Mstar is a lower limit,
while the spheroids have to have less than the given value.

DM halo. The solid blue line stands for the gaseous component, and the yellow dashed
line for the stellar component. We extracted the other data points from Codis et al.(2015)
for an easier comparison with previous works. Overall, our results are in good agreement
with previous studies. We �nd that our disk galaxies have a slightly weaker alignment
than those ofBett et al. (2010) and Deason et al.(2011). Our results agree well withHahn
et al. (2010). Codis et al. (2015) report slightly less aligned galaxies.

3.5.3 The Spin Parameter �

The left panels of Fig.3.5.3 show the � -parameter of the stellar component within the
innermost 10% of the virial radius against that of the total DM halo for individual halos
classi�ed as spheroids (red circles) and disks (blue diamonds). We can clearly see the
split-up of the two populations, where disk galaxies have a higher stellar spin than the
spheroids.

On the right side of Fig.3.5.3we show the� -distribution for the stellar component within
the total virial radius. We also see a split-up of the spheroidal (red) and disk (blue) galaxies.
The stars in disk galaxies have a higher spin than in spheroids. This seems plausible, since
most stars in disk galaxies are found in the disk while most stars in spheroidal galaxies are
found in the dominant bulge and thus are more spherically distributed. Hence, they have
a net spin that is lower than that in disk galaxies, where the stars sum up their spin. This
also shows that the stars trace the formation history of the galaxies. The stars in disks
form out of the fresh gas with high angular momentum, while inspheroids many stars are
accreted (via minor/major mergers).

In Table 3.9 we show the results from the K-S test for the� star -distribution. The two
distributions for the disks and spheroids do not originate from the same distribution.

In order to see how the� -parameter behaves for individual halos in the baryon and the
DM-only runs, we identi�ed the same halos in the baryonic andthe DM-only run (as
described earlier). The left panels of the left �gure of Fig.3.5.4 show the � -parameter of
the DM component against the� -parameter of the DM-only run in logarithmic scaling for
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Figure 3.5.3: Left: � -parameter for the stellar component in the innermost 10% against that of
the DM of the entire DM halo, at four di�erent redshifts, divi ded into spheroidal (red circles) and
disk (blue diamonds) galaxies. Right: � -distribution for the stellar component at four di�erent
redshifts, divided into spheroidal (red dashed) and disk (blue dot-dashed) galaxies. The stellar
component of spheroids has a very low median value, whereas the disk galaxies have a higher one
at all shown redshifts.

Table 3.9: K-S Test for the � star -Distributions

Redshift D Probability
2 0.558 1.81�10� 7

1 0.364 3.42�10� 5

0.5 0.443 6.62�10� 8

0.1 0.493 2.40�10� 9

The maximum distanceD and the signi�cance level (probability) resulting from the
K-S test that the � star -distributions for disks and spheroids at di�erent redshifts are
drawn from the same distribution.
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Figure 3.5.4: Left: � -parameter plotted logarithmically for the DM component, on the x-axis
the � for the baryon run and on the y-axis for the DM-only run; the color codes the stellar mass
within the inner 10% of the virial radius. On the left panels are the spheroids and on the right
panels the disks. The upper panels show redshiftz = 2 and the lower onesz = 0 :1. Right: speci�c
angular momentum (top panels) and the mass fractions (bottom panels) against distance from
the center for the cold gas (blue), hot gas (red), stars (yellow), and DM (black) of our sample of
galaxies at z = 0 :1. On each left-hand side we show the analysis for the spheroidal galaxies, and
on each right-hand side that for the disks.

spheroids at redshiftsz = 2 (upper panel) andz = 0:1 (lower panel). The values of the
� -parameter of the corresponding halos in both runs are similar. The stellar mass within
10% of the virial radius of the baryon run is color-coded. On the right panels we �nd
the � DM -values for the disks. At redshiftz = 2 (upper panel) we note a slight tendency
for the � DM to decrease with increasing stellar mass. The less massive disks tend to have
higher � -values. This is in agreement withBerta et al. (2008), who computed the DM spin
parameter of� 52,000 disk galaxies from the SDSS (for details of the samplesee references
in Berta et al. (2008)). They found a clear anticorrelation between the DM spin and the
stellar mass, i.e., that galaxies with a low mass in general have higher DM spins. For the
spheroidal galaxies we do not see this trend. In addition, this �gure demonstrates that a
high � does not automatically lead to a disk galaxy and a small� is no guarantee for a
spheroidal galaxy. The scatter is equal for both galaxy types. The fact that � DM in the
whole virial radius is similar in the DM-only and the baryon run is in good agreement with
Bryan et al. (2013).

3.5.4 The Radial Speci�c Angular Momentum Pro�les

In order to illustrate the behavior of the speci�c angular momentum of the di�erent com-
ponents, we show on the right-hand side of Fig.3.5.4the mean of our sample of spheroidal
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Figure 3.5.5: The radial pro�le of the b-value averaged over spheroids (red circles) and disks
(blue diamonds).

(left panel) and disk galaxies (right panel) atz = 0:1. In the upper panels we plot the
di�erential speci�c angular momenta of the di�erent components against radius, and in
the lower panels we plot the individual mass fractions of thecorresponding components
against radius. Thex-axis is linearly binned with a bin size of 10% of the virial radius of
a halo. The speci�c angular momentum of the two galaxy types increases from the center
of the halo up to the virial radius. On the outer parts the speci�c angular momentum of
the hot gas follows the DM, while the speci�c angular momentum of the stars follows that
of the cold gas. This might be due to the infalling substructures, which mostly consist of
small gas clumps with stars that formed out of it. The main di�erence of the two galaxy
types becomes clear in the center: the angular momentum of the stars drops dramati-
cally in spheroidal galaxies, while in disk galaxies it remains higher than that of the DM.
With respect to the baryons, the outer region is dominated bythe hot gas, which behaves
similarly for spheroids and disks.

Fig. 3.5.5shows the radial pro�le of theb-value. Therefore, we calculated

b= log10

�
j star (� r )
kpc km=s

�
�
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�
M star (� r )

M �

�
; (3.10)

averaged over the spheroids and disks. The slope is steeper for the spheroids than for the
disk galaxies. This illustrates that the measurement of thekinematic properties is more
sensitive to the radius for spheroidal than for disk galaxies.
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3.6 Discussion and Conclusions

We extracted between400 and 630 halos with total halo masses above5 � 1011M � at
four di�erent redshifts from the hydrodynamical, cosmological state-of-the-art simulation
Magneticum Path�nder, which includes detailed treatment of star formation, chemical
enrichment, and evolution of supermassive BHs. We investigated the distribution of the
spin parameter � k of the di�erent components (DM, stars, hot and cold gas) and the
alignment of the angular momentum vectors of those components within the entire halo,
as well as within the central 10% of the virial radius. To classify the galaxies according
to their morphology, we rotate them such that their angular momentum vector is oriented
along thez-axis. For this orientation we calculate the circularity parameter " , which allows
a classi�cation based on their circularity distribution. This allows us to de�ne the subset
of galaxies clearly identi�ed as spheroidal or disk galaxies and to compare their properties
to observations. We additionally performed and analyzed a DM control simulation to test
the e�ect of the baryonic processes and the formation history on the angular momentum
within the halos. We summarize our �ndings as follows:

� For all our halos, the stellar component generally has a lower spin than the DM
component, while the gas shows a signi�cantly higher spin parameter, especially the
cold gas component that dominates the overall spin parameter of the gas. While
the distribution of the spin parameters of stars and DM does not show a signi�cant
evolution with time, the spin distribution of the gas component signi�cantly evolves
toward larger spin values with decreasing redshift.

� In general, the angular momentum vectors of the baryonic components and the DM
are well aligned. There is an evolution within these alignments, where at high red-
shifts the alignment between gas and stars is better than their alignment with the
DM component, while at low redshift stars and DM tend to be better aligned.

� When classifying galaxies according to their position within the stellar-mass�speci�c-
angular-momentum plane, we demonstrate that various galaxy properties show smooth
transitions, as expected when going from rotation-dominated systems to dispersion-
dominated systems. This is most prominently found for the circularity distribution
of stars and gas, the cold gas fraction, but also for the spin parameter distribution
and the alignments of the angular momenta. Rotation-dominated galaxies have gen-
erally larger spin parameters, and the angular momentum vectors of the stars and gas
components are aligned. On the contrary, dispersion-dominated galaxies generally
have smaller spin parameters and show almost no alignment between the angular
momentum vectors of stars and the (however small) gas components.

� Alternatively, when classifying our galaxies according totheir circularity distribution
in combination with the cold gas content into disk galaxies and spheroidal galaxies,
they populate clearly distinguishable regions within the stellar-mass�speci�c-angular-
momentum plane. Using that classi�cation, we lose a signi�cant number of galaxies
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that cannot be classi�ed within this scheme. Nevertheless,for those galaxies that
can be classi�ed the results are in excellent agreement withobservations for both
spheroidal and disk galaxies.

� In disk galaxies the speci�c angular momentum of the gas is slightly higher than that
of the stars, which is in good agreement with recent observations (Obreschkow and
Glazebrook, 2014). This is due to the fact that the gas component has contributions
from freshly accreted gas with higher speci�c angular momentum, which will be
turned into stars later. This is also re�ected in our result that the speci�c angular
momentum of the young stars is slightly larger compared to that of all stars.

� In general, the speci�c angular momentum of the total halo ishigher than the speci�c
angular momentum of the gas in the galaxy. For disk galaxies it accounts for roughly
43% of the value found for the total halo, with no signi�cant redshift evolution.

� Overall, the angular momentum of the total halo is only weakly aligned with the
angular momentum of the central part. Here the simulation including baryons shows
slightly more alignment than the DM-only simulation. However, we found that in
general the halos hosting disk galaxies (in comparison withhalos with spheroidal
galaxies at their centers) show a better alignment of the angular momentum vectors
of the total halo and the central part for the DM component. This is most pronounced
at redshift z � 1, where most disk galaxies are forming.

� The splitting of the galaxies into disk and spheroidal galaxies reveals also a dichotomy
in general halo properties: the halos hosting disk galaxieshave a slightly larger spin
than the halos hosting galaxies classi�ed as spheroidal galaxies. This dichotomy is
even re�ected in the distribution of the spin parameters in the DM control run, where
we cross-identi�ed the halos which in the hydrodynamical simulation host galaxies
of di�erent types. This indicates that the formation history of the DM halo plays an
important role for de�ning the morphology of the galaxies.

Our results are based on the classi�cation of galaxies obtained from the circularity of the
stellar component (" star ) in combination with the fraction of cold gas with respect tothe
stellar mass within the central part of the halo, where the galaxies form. This allows us to
select classical disk and spheroidal galaxies, which show very distinct dynamical properties,
re�ected in their circularity distribution, cold gas fract ions, speci�c angular momentum,
and spin and angular momentum vector alignments. They therefore shed light on the main
formation mechanism of these galaxies within the cosmological framework.

While our current classi�cation focuses on a selection of galaxies whose properties resemble
those of classical spiral and elliptical galaxies, the lion's share of the galaxies in our sim-
ulation cannot be classi�ed as poster child disk or spheroidal galaxies. This again re�ects
observational facts, since at present day many galaxies exhibit signs of distortions, ongoing
merger events, peculiar structures, or other irregularities. For our unclassi�ed galaxies, we
clearly see that their properties show a smooth transition between the poster child disks
and spheroids, and to understand those transition processes, more complex classi�cation
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schemes are needed. We suggest that those schemes should consider a di�erentiation be-
tween young and old stellar components, as well as the general distribution of the diverse
gas phases in di�erent parts of the galaxies.

Additionally, when comparing to observations, more emphasis needs to be placed on how
observational quantities are obtained and how this is mimicked when analyzing simula-
tions. Classi�cations of galaxy morphologies in cosmological simulations also allow the
interpretation of cosmological simulations in various newways, as already proven in this
work, not only for studying the formation and evolution of galaxies but also for studying
the relation of AGNs with their host galaxies, as well as for cosmological studies, where the
bias of the measurements depends on the morphologies of the galaxies. Therefore, the good
agreement of the intrinsic dynamical properties for our classi�ed galaxies with respect to
current observations can be seen as a �rst step to promote cosmological, hydrodynamical
simulations for future cosmological studies.



Chapter 4

The Morphology-Density Relation:
Impact on the Satellite Fraction

This chapter has been published inTeklu et al. (2017)

Abstract
In the past years several authors studied the abundance of satellites around
galaxies in order to better estimate the halo masses of host galaxies. To in-
vestigate this connection, we analyze galaxies withM star � 1010 M � from
the hydrodynamical cosmological simulation Magneticum. We �nd that
the satellite fraction of centrals is independent of their morphology. With
the exception of very massive galaxies at low redshift, our results do not
support the assumption that the dark matter (DM) halos of spheroidal
galaxies are signi�cantly more massive than those of disk galaxies at �xed
M star . We show that the morphology-density relation starts to build up
at z � 2 and is independent of the star-formation properties of central
galaxies. We conclude that environmental quenching is moreimportant
for satellites than for centrals. Our simulations indicatethat conformity
is already in place atz = 2, where formation redshift and current star-
formation rate (SFR) of central and satellite galaxies correlate. Centrals
with low SFRs have formed earlier (at �xed M star ) while centrals with
high SFR formed later, with typical formation redshifts well in agreement
with observations. However, we con�rm the recent observations that the
apparent number of satellites of spheroidal galaxies is signi�cantly larger
than for disk galaxies. This di�erence completely originates from the in-
clusion of companion galaxies, i.e. galaxies that do not sitin the potential
minimum of a DM halo. Thus, due to the density-morphological-relation
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the number of satellites is not a good tracer for the halo mass, unless
samples are restricted to the central galaxies of DM halos.

4.1 Classi�cation of Simulated Galaxies

From our data set we extract all galaxies with stellar masseshigher than 1010M � from the
simulation, regardless if they are the central galaxy or a satellite of a larger halo. This
limit was chosen to ensure a su�cient resolution of the stellar content. This leads to a total
number of 2112 galaxies atz = 0, see Table4.1. We calculate the stellar speci�c angular
momentum j for all galaxies, including all stars within a radius of5� R1=2. We chooseR1=2

to be the stellar half-mass-radius of all stars bound in the according subhalo.

For a relatively simple but still e�cient classi�cation of t he galaxies we utilize the stellar
mass vs. stellar angular momentum plane of galaxies. The position of galaxies on this
plane was shown from both observation (e.g.Fall, 1983; Romanowsky and Fall, 2012) and
simulations (Teklu et al., 2015) to be a good indicator for the galaxy type.

Following Teklu et al. (2015), for each galaxy we calculate theb-value

b= log10

�
j

kpc km=s

�
�

2
3

log10

�
M
M �

�
; (4.1)

which is the y-intercept of the linear relation f (x) = ax + b in the log-log of the stellar
mass vs. stellar angular momentum plane. Atz = 0, galaxies withb > � 4:35 are classi�ed
as disk galaxies, while galaxies withb < � 4:73 are classi�ed as ellipticals. Everything
in between are labeled as intermediates. For higher redshifts, we adopt the theoretically
expected scaling derived byObreschkow et al.(2015), which was shown to be an excellent
match for both disk and elliptical galaxies in the simulations at z = 2 by Teklu et al.
(2016).

In Table 4.1we list the resulting number of galaxies classi�ed into spheroids, intermediates,
and disks at four di�erent redshifts (z = 0, z = 0:5, z = 1 and z = 2). While clear spheroids
are getting less frequent at higher redshift, the fractionsof disk and intermediate galaxies
increase with higher redshift.

Table 4.1: The number of all host galaxies with stellar masses higher than 1010M � at four
di�erent redshifts

redshift Nspheroid N interm : Ndisk Nquiescent NSF

0 656 760 696 1763 349
0.5 549 861 815 1697 528
1 419 934 857 1374 836
2 246 869 605 180 1440
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Figure 4.2.1: The stellar mass fraction of central galaxies with respect to critical halo mass
M 200c normalized by the global, cosmological baryon fraction
 b=
 m , as a function of the halo
massM 200c. There is no di�erence between spheroids (red circles) and disks (blue diamonds).

As observations often utilize the speci�c star formation rate (sSFR) as an indicator for the
morphology of galaxies, we also split our sample into quiescent and star forming galaxies.
Following the classi�cation by Franx et al. (2008), we de�ne quiescent galaxies to have a
sSFR smaller than0:3=tHubble , where tHubble = 1=H(z) is the Hubble time, while the rest
is classi�ed as star-forming. The resulting number of quiescent and star-forming galaxies
for di�erent redshifts is listed in Table 4.1.

4.2 The Relation between the Stellar and Halo Mass of
Central Galaxies

Over the past years several studies investigated the stellar-to-halo-mass relation (e.g.
Behroozi et al., 2010; Brook et al., 2014; Dutton et al. , 2010; Kravtsov et al., 2018; Mandel-
baum et al., 2006; Moster et al., 2010; Munshi et al., 2013; Rodríguez-Puebla et al., 2015;
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Shankar et al., 2014; Tinker et al., 2017; van Uitert et al. , 2016; Wake et al., 2011). This
relation, applicable only for galaxies at the center of the underlying dark matter halo, can
give important insights into the galaxy formation process.One interesting question is, for
example, if galaxies of identical stellar mass but di�erentmorphological type are hosted
by dark matter halos of di�erent masses. Another interesting aspect is, that the e�ciency
with which galaxies are converting their cosmological baryon reservoir into stars, turned
out to depend on halo mass, where galaxies residing in dark matter halos of approximately
1012M � appear to be most e�cient.

To investigate this aspect, we show the baryon conversion e�ciency as function of halo
mass for our central galaxies in Fig.4.2.1, where we show the elliptical galaxies as red
circles and the disk galaxies as blue diamonds. Intermediate galaxies and galaxies below
our mass cut are shown as gray dots. The gray solid lines mark the median of all galaxies,
while the red and blue solid lines show the median of the ellipticals and disks, respectively.
For comparison, we over-plot data points from observationsby Mandelbaum et al.(2006)
(�lled stars), Reyes et al.(2012) (squares),Gonzalez et al.(2013) (open stars), Kravtsov
et al. (2018) (asterisks) andHudson et al.(2015) (triangles), where the colors red and blue
represent samples of elliptical/ETGs and disk/LTGs, respectively. Our simulated galaxies
agree qualitatively with the di�erent observations, which show a wide spread. In both
simulations and observations the di�erences for di�erent galaxy types are only marginal.
The di�erences between our simulations and the observations are most prominent at the
low and very high-mass end. They are driven by too ine�cient stellar feedback for the
low-mass halos and too ine�cient black hole feedback at the high-mass end.

Only at the very high-mass end, X-ray observations allow to infer unambiguously the
underlying dark matter potential of individual galaxies (Gonzalez et al., 2013; Kravtsov
et al., 2018). In addition, the outer stellar components of these massive galaxies can be
measured and their total stellar mass can be inferred, pushing the observations closer to our
simulation result. We also plot the curves obtained with abundance matching byMoster
et al. (2013) (dashed line), Behroozi et al. (2013) (dash-dotted line), and Kravtsov et al.
(2018) (solid line). Especially, the results obtained byKravtsov et al. (2018) resemble very
closely the simulation result.

A direct comparison between the total mass of the halo and thestellar mass of the central
galaxy and its evolution with time is shown in Fig.4.2.2. Red, blue and green lines repre-
sent the relation for the ellipticals, disks, and intermediates in the simulation, respectively.
At redshift z = 0 (upper left panel) we add data points fromMandelbaum et al. (2006),
Conroy et al. (2007), More et al. (2011), Gonzalez et al.(2013), Kravtsov et al. (2018),
Velander et al. (2014), Mandelbaum et al. (2016) and Wang et al. (2016). Black symbols
represent those studies that do not distinguish between galaxy types, while red symbols
represent elliptical/red/ETG samples and blue symbols represent spiral/blue/LTG sam-
ples.

At masses below2 � 1011M � the simulations overall lie within the large spread covered
by the observations. Although the simulations best resemble the results byMandelbaum
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Figure 4.2.2: The average critical halo massM 200c of a halo as a function of the stellar mass
of the central galaxy for di�erent redshifts.

et al. (2006, 2016), they generally predict slightly higher stellar mass at given halo masses
than most observations. This di�erence increases with stellar mass. However, at the very
high-mass end, where observations can properly include theoutermost parts of the galaxies
in form of the intracluster light (ICL) component (Gonzalez et al., 2013; Kravtsov et al.,
2018), the observations lie again closer to our results. Therefore, this systematic upturn
seen in the observations could be related to the e�ect of the contribution of the outer halo
to the total stellar mass.

Using observational data from the SDSSMandelbaum et al.(2006) and More et al. (2011)
concluded that the halo mass is independent of the morphology at a �xed stellar mass below
1011 and 2 � 1010:5M � , respectively, while both found that red/elliptical galaxies reside in
more massive halos at higher stellar masses. They argue thatthis halo mass is likely to
re�ect the mass of the cluster/group in which more massive ETGs live in. Mandelbaum
et al. (2016) �nd that passive galaxies with stellar masses between1010:3 and 1011:6M �

reside in more massive halos than their star-forming counterparts. While our simulations
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also do not show any di�erences for the host halo masses at lowstellar masses for ellipticals
and disks, we cannot support this conclusion that dark matter halos of spheroids are more
massive than those of disk galaxies with comparable stellarmasses. In contrast, we even
�nd that disk galaxies with stellar masses above2� 1011M � live in more massive halos than
spheroids of the same stellar mass, however, this could be due to low number statistics,
since at high stellar masses there are only few disks in our simulation.

This diskrepancy vanishes at higher redshift, where we do not �nd any di�erences between
the ellipticals and disks, even at large stellar masses. Furthermore, we do not �nd any
evolution of the stellar-to-halo-mass relation with redshift at all, in agreement with ob-
servations using satellite kinematics byConroy et al. (2007), who �nd that the stellar to
halo mass ratio does not evolve betweenz � 0 and z � 1 for their sample of observed host
galaxies belowM star � 1:5� 1011M � . This is partly in agreement with Hudson et al.(2015)
who �nd no signi�cant redshift evolution for their sample of blue galaxies. However, they
observe a time evolution of the relation for their red galaxies.

In Fig. 4.2.3 we take a closer look at the stellar-to-halo-mass relation at a �xed stellar
and virial mass regarding the di�erent classi�cations, i.e. the classi�cation according to
the kinematical b-value and that according to the sSFR, of the central galaxies at z = 0.
The upper left panel shows the relation for individual central galaxies color-coded by the
dynamical classi�cation parameterb-value. There is no observable trend with theb-value.
The upper right panel shows the distribution of the virial masses of the centrals with stellar
masses in the small range between2:7 � 1010M � and 3:3 � 1010M � . In agreement with Fig.
4.2.2, we �nd that the spheroidal galaxies peak at higher virial masses than the disks. When
looking at the distributions of centrals of virial masses inthe range between7:8 � 1011M �

and 9:5 � 1011M � (middle left panel) we do not �nd a di�erence in the distribut ion.

The right bottom panel shows the relation for the galaxies color-coded by the SFR, where
centrals with SFRs< 1M � =yr are red. As on the upper left panel there is no visible trend
between the two quantities and the SFR. In contrast to the result where we have taken
the b-value (upper right), the same galaxy population in the samesmall stellar mass bin
shows no di�erence in the distribution in the virial masses of quiescent and star-forming
centrals (bottom left). There is also no di�erence in the distribution of the stellar masses
at �xed virial mass (middle right panel), which is in agreement with the results from the
b-value classi�cation.

This result demonstrates that di�erent classi�cations can lead to di�erent conclusions
regarding the relation between the virial mass and the stellar mass and the morphology.
Furthermore, we �nd a dependence on the mass range: as shown in Fig. 4.2.2, at higher
mass this trend even reverses. Additionally, we clearly seethat a di�erent behavior occurs
if the distribution at �xed stellar mass (where in this case we see a di�erent behavior)
is considered, or the distribution at �xed virial mass (where in this case we do not see a
di�erent behavior) is taken.
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Figure 4.2.3: The stellar to halo mass relation for the centrals inBox4 at redshift z = 0 . Top
left: the virial mass against the stellar mass of individual centrals, color-coded by theb-value;
top right: the fraction of centrals with M star 2 [2:7 � 1010; 3:3 � 1010] in bins of M vir , divided into
spheroids, intermediates and disks;middle left: the fraction of centrals with M vir 2 [7:8� 1011; 9:5�
1011] in bins of M star . Bottom right: the virial mass against the stellar mass of individual centrals,
color-coded by the SFR;bottom right: the fraction of centrals with M star 2 [2:7 � 1010; 3:3 � 1010]
in bins of M vir divided into quiescent and star-forming;middle right: the fraction of centrals with
M vir 2 [7:8 � 1011; 9:5 � 1011] in bins of M star .
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R = 300 kpc

length = 30 Mpc

R = 300 kpc

length = 30 Mpc

Figure 4.2.4: Selecting galaxies in di�erent ways: the upper �gure illustrates Method 1, where
we select satellites within a cylinder of radiusr = 300kpc and a length of 30 Mpc. The lower
�gure illustrates the second method, where we select all satellites within a sphere of 300kpc.

4.3 The Abundance of Satellites

In a recent observational study,Ruiz et al. (2015) tried to infer the dark matter halo
masses of galaxies based on the abundance of their satellites. They found a systemati-
cally decreasing number of satellites around galaxies along the Hubble sequence. As in
the observations, we target all galaxies above a given mass threshold in our simulations,
regardless of them being centrals or not, and assign all surrounding galaxies within a mass
ratio of M sat=Mhost 2 [0:01; 1] to be their apparent satellite galaxies. Generally, we do not
apply any additional isolation criterion for choosing hostgalaxies, which � depending on
the di�erent selection criteria � can lead to double counting of satellite galaxies. How-
ever, galaxies that clearly interact are not counted as hostand satellite but are treated
as one single central galaxy and are never classi�ed as disk or spheroidal but always as
intermediates.

By di�erent ways of counting, as shown in Fig. 4.2.4, we can estimate the contribution
of projection e�ects by performing our selection in two di�erent ways: �rst, we select
apparent satellite galaxies within a cylinder of radiusr and with a length l, as usually done
in observations; Second, we select apparent satellite galaxies within a sphere of radiusr
around a target galaxy. With these di�erent search criteriawe aim to show the di�erence
between the intrinsic signal and e�ects induced by the projections and the background.
We have additionally checked that a direct correction for the background galaxies as done
in the observations does not change the results qualitatively.

To obtain a meaningfully statistical number of galaxies we had to choose a mass threshold
of M star � 1010M � , which is lower than the one used byRuiz et al. (2015). However, in
respect tor and l we follow the observations byWang and White (2012) and Ruiz et al.
(2015), namely by choosing a radiusr = 300kpc and a length l = + = � 15Mpc along the
line of sight, which correspond to the redshift interval ofj� zj < 1000kms� 1.
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Figure 4.3.1: Upper Left: the mass fraction of satellites with respect to the stellar mass of the
host galaxies against the cumulative number of satellites per host galaxy in a cylinder of radius
r = 300kpc and a length of 30Mpc. Lower left: the di�erential number of satellites per host
galaxy. Upper right: the cumulative radial distribution of the satellite mass around host galaxies.
Lower right: the di�erential distribution of the satellite mass along th e radius.

4.3.1 Comparison of the Satellite Number with Recent Observ a-
tions

In the following section we compare the abundance of inferred satellites around the selected
sample of galaxies in our simulation with the results fromRuiz et al. (2015). Therefore, we
use the �rst selection method, where the apparent satellites are counted within a cylinder
to calculate the number of inferred satellites around massive galaxies.

In the left panels of Fig. 4.3.1we show the mean number of inferred satellites as function
of their stellar mass ratio to the host galaxy atz = 0. The upper panel shows the (anti-
)cumulative fraction, while on the lower panel the di�erential fraction is shown. The shaded
area indicates the completeness of our sample, assuming that galaxies with more than 100
star particles are always numerically resolved. The numberof satellites for spheroidal
host galaxies is shown in red, while the according numbers for disk host galaxies are
shown in blue. In agreement with observations byRuiz et al. (2015) (see also e.g.,Wang
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et al. (2014)), we �nd that spheroidal host galaxies have more inferred satellites than disk
galaxies.1

The radial distribution of the apparent satellite mass around the host at redshift z = 0 is
shown in the right panels of Fig.4.3.1, where the upper one shows the cumulative number,
while the lower one shows the di�erential mass distribution. For all galaxy types the mass
in inferred satellites rises towards the outer regions. We �nd that spheroids are surrounded
by / 3 times the mass in inferred satellites compared to disks and/ 1:5 times compared
to intermediates. This tendency agrees qualitatively wellwith the observations by Ruiz
et al. (2015).

4.3.2 Abundance of Satellites for z > 0

A more reasonable selection (which obviously is not possible in observations) is the second
selection method, where the apparent satellites are counted within a sphere around the host
galaxy, which is more closely related to the physical satellite population and in principal
better allows to study the evolution of the satellite population. As shown in Fig. 4.3.2, the
di�erent number of inferred satellite galaxies around spheroidal galaxies compared to disk
galaxies is already present at higher redshift, independent of the counting method. Inter-
estingly, the relative strength of the signal is even largerwhen counting apparent satellite
galaxies within spheres compared to cylinders, indicatingthat the immediate environment
contributes the most.

The di�erence of the number of inferred satellites between the spheroids and disks becomes
smaller with increasing redshift, due to the decreasing number of inferred satellites around
spheroids, while the number of inferred satellites stays constant for disk galaxies. Our
results are in agreement with studies byMármol-Queraltó et al. (2012), Nierenberg et al.
(2012) and Nierenberg et al.(2016), who �nd no signi�cant redshift evolution of the number
of apparent satellites for the redshift range between0:2 < z < 2, 0:1 < z < 0:8 and
0:1 < z < 1:5, respectively. They also mention that the di�erence in the abundance
of inferred satellites between spheroids and disk-like galaxies is more prominent at lower
redshift; This likely is an e�ect of clustering of spheroidal galaxies, which is more important
at lower redshifts (seeMármol-Queraltó et al., 2012).

In this context, we want to mention that it is important to keep in mind, in which units
the distances are measured, i.e. in physical or comoving, which becomes more and more
important with increasing redshift.

Since it is common to use physical units in observations, we show the result for redshift
z = 2 with physical units in Fig. 4.5.1 in Section 4.5. However, throughout this study we

1The di�erences in the absolute number of apparent satellites between the simulations and the obser-
vations is driven by the di�erent masses in the two samples.
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Figure 4.3.2: The cumulative number of satellites per host galaxy at di�erent redshifts for all
host galaxies. Theleft column shows the results for a cylinder, while for theright column we
collect satellites within a sphere ofr = 300kpc (comoving). The split-up of the distribution is
visible for all redshifts, but it becomes smaller with increasing redshift. Be aware: y-axes have
di�erent scales!
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Figure 4.3.3: The di�erential number of satellites per host galaxy depending on the radius of
the host galaxies for di�erent redshifts in comoving units. With increasing redshift the number of
satellites decreases, especially for the spheroids.

use comoving units to separate between the expansion of the universe and the real growth
of structures.

4.3.3 Radial Distribution of Satellites

In Fig. 4.3.3we study how many inferred satellites within a sphere are located in di�erent
bins of the radius for four di�erent redshifts. We clearly see that spheroidal galaxies (red
circles) have more apparent satellites at all radii than disk galaxies (blue diamonds), except
for the inner most region. This is in agreement with studies by Wang et al. (2014) who
�nd similar results for di�erent mass ranges of isolated galaxies from the SDSS. At low
redshift (upper left) there is an almost linear distribution of inferred satellites surrounding
spheroids, increasing from inside out. While in the inner parts the number of inferred
satellites is relatively constant towards higher redshifts, in the outer region the number
of inferred satellites decreases with increasing redshift. For intermediates a similar but
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Table 4.2: The number of central and companion galaxies with stellar masses higher than
1010M � at four di�erent redshifts

centrals
redshift Nspheroid N interm : Ndisk

0 396 442 481
0.5 344 539 561
1 285 630 629
2 179 663 463
companions
redshift Nspheroid N interm : Ndisk

0 260 318 215
0.5 205 322 254
1 134 304 228
2 67 206 142

����
�

����
�

�������

��	
�����

Figure 4.3.4: Selecting host galaxies in di�erent ways. The upper �gure illustrates the selection
of satellites for �all galaxies�: every galaxy more massivethan 1010M star =M� is counted as host
galaxy. The lower scheme shows the split-up into central andcompanion galaxies. While host1
in the upper �gure is a central, i.e. the galaxy in the potential minimum of the dark matter halo
(black solid circle), host2 from the upper �gure is a companion, i.e. a large satellites within the
same dark matter halo.

weaker trend can be seen. In contrast to the spheroids and intermediates, disk galaxies
have a shallower slope; the apparent satellites are evenly distributed along the radius and
there is no evolution with redshift.
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Figure 4.3.5: The di�erential number of satellites per host galaxy at di�e rent redshifts (rows)
for all host galaxies (left panels), companions (middle panels) and central galaxies (right panels)
in comoving units. The normal colors show satellites withinr = 300kpc, and the pale colors show
satellites within Rvir . The split-up of the distribution is mainly caused by the companions, since
the centrals do not exhibit such a split-up. The split-up in the distribution for the companions is
present at all redshifts.
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4.3.4 Comparison of Companions and Centrals

To better understand the origin of the observed signal, we can now split our sample of
target galaxies incentrals (which are, as discussed before, at the center of a dark matter
halo) and companions, which are by themselves already parts of a larger dark matter halo.
Therefore, we count every galaxy from the host galaxy sampleas a central galaxy if it
resides in the potential minimum of a dark matter halo. All remaining galaxies, which sit
within the virial radius of a central galaxy, are consideredas companions. This di�erent
way of counting compared to what was done before is illustrated in Fig. 4.3.4. The resulting
number of companion and central galaxies classi�ed into spheroids, intermediates and disks
at four di�erent redshifts are listed in Table 4.2.

Fig. 4.3.5shows the number of satellite galaxies inferred for all hostgalaxies (left column)
compared to the number of satellite galaxies for the sample split into centrals (right panel)
and companions(middle panel). We see a clear di�erence in the number of apparent
satellites: while there is a clear split-up between spheroidal and disk galaxies for the host
and companion samples, there is no such di�erence visible for the centrals. We carefully
checked that the signal is not caused by the most massive galaxies within our sample.

Thus, we clearly see that the companions within the sample are responsible for the split-up
seen for the sample of all host galaxies. This can be explained by the fact that companions
are by de�nition in dense regions and due to the morphology-density relation preferentially
are spheroidal galaxies. Therefore, we conclude that the observed di�erence in the apparent
number of inferred satellite galaxies around spheroidal and disk galaxies is entirely driven
by the morphology-density relation and not by di�erent underlying halo masses.

This also explains the weakening of the signal with increasing redshift, as shown in the
lower panels of Fig.4.3.5and in Fig. 4.3.2. This is caused by the lack of massive companion
galaxies at higher redshifts as can clearly be seen from Table 4.2 and the middle and right
panels of Fig. 4.3.5. Thus, the split-up of the distributions of companions is visible at all
redshifts but less pronounced at higher redshift.

This is also supported by the radial distribution of satellites as previously shown in Fig.
4.3.3. Fig. 4.3.6con�rms that this di�erence in the radial distribution also originates purely
from the companions (right panel), while the signal completely disappears for the central
galaxies (left panel), as expected. This clearly shows thatthe spheroidal host galaxies have
more satellites than the disks and the number of these satellites increases towards larger
radii, again pointing towards the morphology-density relation as origin of the split up.
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Figure 4.3.6: The di�erential radial distribution of satellites per host galaxy at redshift z = 0
for centrals (left) and companions (right).

4.3.5 Average Number of Satellites in Dependence of the Viri al
Mass

In order to see if one can directly infer the halo mass of a central galaxy from the number
of the satellites, we show in Fig.4.3.7 the number of satellites averaged for the central
galaxies according to their virial mass. Here, we include all satellites with stellar masses
higher than 108M � that reside within the virial radius of their central galaxy. We �nd that
the number of satellites is directly proportional to the virial mass of the central galaxy,
where the central galaxies which reside in halos with highermasses have more satellites
than those residing in low-mass halos. There is no di�erencefor galaxies with di�erent
morphological types. In addition, we do not �nd an evolutionwith redshift.

The independence of the number of satellites of the central's morphology and the redshift
is also shown in Fig.4.3.5, where we included the satellite counts withinRvir in pale colors
in the right panels. The change compared to the number of satellites within r = 300kpc
is only marginal, since the average virial radius of the central galaxies has about the same
size as the considered sphere.

We conclude that counting the satellites of galaxies without distinguishing between central
galaxies and companions, i.e. large satellites, just re�ects the environment they live in. The
number of satellites within the virial radius ofcentrals, however, remains almost constant
with increasing redshift and therefore traces the underlying dark matter halo.
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Figure 4.3.7: The average number of satellites with stellar masses largerthan 108M � around
centrals, within the virial radius in bins of the virial mass for di�erent redshifts.

4.3.6 Massive Galaxies at High Redshift

In order to test the signal for massive galaxies in more detail by choosing a very narrow
mass range of1011M � and 2� 1011M � , as done in the observations byRuiz et al. (2015), we
now select galaxies from the larger volume simulationBox3. This large volume simulation
was so far only evolved down to a redshift ofz = 2. This simulation has the same resolution
as the simulation used before, and we �nd the same results forthe satellite fractions using
the full mass range. This volume is actually large enough to obtain several hundreds of
galaxies, even within such a narrow mass range, which we can split into companion and
central galaxies and classify them as spheroids, intermediates, and disks, as reported in
Table 4.3. Note that the underlying AGN feedback in this new, larger volume simulation
has slightly di�erent parameters, which generally leads toa fraction of passive galaxies
even closer to the observed one, as shown inSteinborn et al. (2015).

In Fig. 4.3.8 we plot the mass fraction of the satellites against the number per host
galaxy as in Fig. 4.3.5 but for the narrow mass range of1011M � and 2 � 1011M � , where
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Table 4.3: The number of all host galaxies with stellar masses higher between 1011M � and
2 � 1011M � at z = 2 in Box3/uhr

galaxy type Nspheroid N interm : Ndisk

all galaxies 156 209 180
companion 10 23 15
central 146 186 165
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Figure 4.3.8: From left to right: same as Fig. 4.3.5 but in the larger Box3 with the same
resolution at z = 2 . There is no split-up of the distribution for all host galaxies (left panel), since
the number of companions is very small in this mass range atz = 2 and thus the distribution
for all galaxies is re�ecting that of the centrals (right panel). The distribution of the companions
exhibits again the split-up (middle panel).

our simulation resolves the complete mass range of the satellite galaxies. We still see
the increased number of satellites for elliptical companions, and no increased number for
centrals. As shown before, at this high mass range, the signal for the centrals even slightly
reverses. The pale curves again show the satellite number per central within the virial
radius. From this we conclude that our key result, namely that the split-up is caused by
the companion galaxies, is not biased by a mass selection e�ect, since we �nd this split-up
in both galaxy samples despite the di�erent mass ranges.

4.4 Relation between Host and Satellite Properties

Until now we have only considered the number of satellites for centrals of di�erent mor-
phology. However, at high redshift morphology (traced via kinematic properties like the
b-value) and starforming activity can mean di�erent things,as shown before (see alsoTeklu
et al., 2015). Additionally, the relation between satellites and theircentrals seems to be
more complex. Therefore, it is important to understand the connection between properties
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Figure 4.4.1: The cumulative fraction of centrals binned according to their SFR in Box3 at
z = 2 . The formation redshift of the centrals is color-coded, where younger centrals are blue and
older ones are red. There is a trend that young centrals have ahigher SFR than older ones.

of host and satellite galaxies in more detail. In the following section we will take a closer
look at the relations between host and satellite galaxies with respect to their star formation
rates (SFRs), formation redshifts, and dynamical properties.

4.4.1 SFR and Formation Redshift of Satellites and Central G alax-
ies

In Fig. 4.4.1 we show, how the current star formation rate is re�ected in the formation
redshift (zform ). To avoid bias from possible mass-dependence e�ects, we therefore again
analyze the centrals from the narrow mass range[1011; 2 � 1011]M � . Here we show the
cumulative fraction of centrals according to their SFR atz = 2, where the colors represent
the average redshift, where the stars of a given galaxy were formed. As expected, we clearly
�nd a smooth, continuous tendency for older (red) centrals to have lower SFRs at current
time (e.g. z = 2), and therefore older centrals are more quenched than younger (blue)
centrals.
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In the following we want to verify if and how theb-value (i.e., the morphology), the SFR,
and the formation redshift of the central galaxies correlate with the formation redshift and
the star formation of their satellite galaxies (within the virial radius).

The left column of Fig. 4.4.2always shows the cumulative fraction of the star formation of
the satellite galaxies, while the right column always showsthe cumulative fraction of the
formation redshift of the satellite galaxies. The di�erentcolors in the rows re�ect di�erent
selection criteria of the underlying central galaxies as follows:

The upper row shows the sample of host galaxies split into thedi�erent morphological types
(e.g. spheroids, intermediates and disks classi�ed via low, medium and high b-values,
respectively). For all host morphologies, the majority of satellite galaxies are already
quenched and do not show any di�erences in their formation time. The curves for the SFRs
for satellites of the disk-like and spheroidal centrals areindistinguishable above0:1M � =yr,
and a KS-test gives a probability of5:36� 10� 1 that the overall distributions (red and blue
curve) are the same.

In the middle panels we check how the star formation of the centrals is related to the
star formation and the formation redshift of their satellites. The left panel shows that
centrals with almost no star formation (red curve) are mainly surrounded by satellites
which themselves have no star formation, while star-forming centrals have a larger fraction
of satellites with signi�cant star formation. This suggests that the environment provides
the star-forming centrals as well as their satellites continuously with gas. Additionally, we
see an indication for a weak correlation between the star formation of the centrals and the
formation redshift of their satellites (right panel). Here, the KS-test gives a probability of
2:14�10� 2 that the two distributions of non-star-forming (red curve)and highly star-forming
(purple curve) centrals have the same underlying distribution.

In the lower row we color-code the distributions according to the formation redshift of
the centrals. On the left panel we note a slight correlation between the star formation
of the satellites and the formation redshift of the centrals: Older central galaxies have a
larger fraction of quiescent satellites, younger centralshave a larger fraction of star-forming
satellites, except for the bin with the youngest centrals (blue curve) which, however, is based
on low number statistics. On the right panel we �nd a correlation between the formation
redshift of the satellites and the formation redshift of their centrals. The older centrals (red
curve) have older satellites, while the younger centrals (blue curve) tend to have younger
satellites, which is con�rmed by the KS-test with a probability of 1:85� 10� 6.

We conclude that the morphology of the central galaxy does not relate to the star formation
and the formation redshift of its satellites atz = 2. Nevertheless, we �nd a signi�cant
correlation between the star formation and the formation redshift of the centrals themselves
with the star formation and the formation redshift of their satellites, re�ecting the so-called
conformity (see e.g.Tinker et al., 2018). The fact that there is neither a correlation between
the b-value of the central and the star formation and formation redshift of the satellites nor
a correlation between theb-value and the number of satellites suggests that the environment
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Figure 4.4.2: Left: the cumulative fraction of satellites within the virial rad ii of centrals binned
according to their SFR. Right: the cumulative fraction of satellites according to their formation
redshift. In the upper row the color encodes theb-value of the centrals of the satellites, the middle
row divides the centrals according to the SFR and the lower panels show the satellite population
split according to the formation redshift of their central, for galaxies inBox3 at z = 2 .
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is the main mechanism that controls the global star formation properties and thus links
the formation redshift of both centrals and satellites.

4.4.2 Evolution of the SFR- zform relation

The evolution of the relation between the SFR and the formation redshift of the central
galaxies is shown in Fig4.4.3. Here all panels show a scatter plot of the SFR as function of
formation redshift, colored by the stellar mass of the central. The left and middle panels
present thez = 2 results for the narrow mass range sample fromBox3 (left) and the full
sample from the smallerBox4 simulation (middle). The right panel shows the according
result from Box4 at z = 0. The green diamonds are the averaged SFR, binned for di�erent
formation redshifts. Centrals with SFRs lower than0:01M � =yr are plotted on the lowest
displayed value of they-axis.

We �nd a clear trend of the median SFR with the formation redshift at z = 2, in agreement
with our previous �nding that old centrals tend to have a lower SFR, while young centrals
on average have a higher SFR. A part of this relation is expected, as more massive galaxies
are expected to have higher SFRs and also form earlier. However, this relation holds
even at �xed stellar mass, as shown by the narrow mass range sample (left panel in Fig.
4.4.3). This means that galaxies with already quenched star formation usually have formed
earlier, in line with previous studies by e.g.Feldmann et al. (2016). At z = 2 we �nd a
median formation redshift for star-forming galaxies to be 3.36, which is in line with recent
observations byThomas et al.(2017), who evaluate a median formation redshift of� 3:22
for their galaxy sample observed at2 < z < 6:5 when using a formation redshift based on
mean stellar ages similar to ours.

At redshift z = 0 (right panel), we still �nd this correlation between the formation redshift
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Figure 4.4.3: The formation redshift zform against the current SFR for centrals with stellar
masses between1011 and 2� 1011M � in Box3 at z = 2 (left) and centrals with stellar masses above
1010M � in Box4 at z = 2 (middle) and at z = 0 (right).
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Table 4.4: The number of centrals and companions withM star > 1010M � divided into quiescent
and star-forming at four di�erent redshifts

centrals companions
redshift Nquiescent NSF Nquiescent NSF

0 1069 250 694 99
0.5 1064 380 633 148
1 908 636 466 200
2 107 1198 73 242

zform and the SFR for low-mass galaxies, while high-mass galaxiesshow no clear trend
anymore. These massive galaxies live in very dense environments like galaxy groups and
clusters in which star formation can continue, fed by cooling from the halo, even for systems
with early formation times. Such massive galaxies atz = 0 all have formed at early times,
typically with a formation redshift between z = 1:5 and z = 2:5.

4.4.3 The Relation between the Environment and the SFR

To investigate how the environment is a�ecting the SFR of galaxies, we characterize the
environment of galaxies by their neighbor counts. Therefore, we count all galaxies with
stellar masses above108M � within a sphere of radiusr = 5 Mpc around our centrals. We
de�ne the environmental density as

� env =
Ngal(5Mpc)
4=3 � � � r 3

: (4.2)

Here, following Treu et al. (2003), the radius was chosen to include all potential cluster
members. Accordingly, using the distance to the 10th neighbor results in a similar median
value (seeCappellari et al., 2011b).

Fig. 4.4.4shows the build-up of the morphology-density relation (e.g. Dressler, 1980) with
cosmic time. The di�erent panels show the dependence of the morphology-density relation
on the star formation properties of the central galaxies: the left panels show the quiescent
centrals, while the right panels show the star-forming centrals. Table 4.4 lists the sample
sizes at the di�erent redshifts.

We do not �nd evidence for a morphology-density relation at high redshift (z > 2), for
neither of the two galaxy types. Generally, we see a clear evolution with decreasing redshift,
and the build-up of the morphology-density relation startsat around z = 2. At this
redshift the trend appears that centrals that live in over-dense regions have a high fraction
of quiescent neighbors, while galaxies in lower density environments have on average a
lower fraction of quiescent neighbors. This trend is in goodagreement with observations
by Darvish et al. (2016), who also �nd that at higher redshift the fraction of quiescent
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Figure 4.4.4: The fraction of quiescent galaxies more massive than108M � within a sphere of
radius 5 Mpc (comoving) around quiescent (left panels) and star-forming (right panels) centrals
with stellar masses above1010M � in Box4 at di�erent redshifts. There is a clear build-up of
the morphology-density relation starting at around z = 2 ; while at high redshift the fraction of
quiescent galaxies does not depend on the number of neighboring galaxies, i.e. the environment,
with decreasing redshift the environment becomes more and more important for the quiescent
fraction. The distribution looks very similar for quiescent and star-forming galaxies.
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Figure 4.4.5: The same as in Fig.4.4.4, but for companions. As seen for the centrals, there is
a built-up of the morphology-density relation, where thereis no di�erence between quiescent and
star-forming companions.

galaxies does not depend on the environment, while it does atlow redshift. Interestingly,
it does not make a di�erence if the central is quiescent or star-forming itself: there are
for example quiescent centrals in low-density environments that have a very low fraction
of quiescent galaxies around them and vice versa, star-forming centrals in high-density
environments with a high fraction of quiescent galaxies.

Several studies (e.g.,Peng et al.(2010), Lee et al.(2015) and Hirschmann et al.(2016)) �nd
that this environmental quenching is important especiallyfor low-mass satellite galaxies.
For completeness, we show in Fig.4.5.2of Section4.5 the morphology-density relation for
centrals in physical units.

In Fig. 4.4.5we show the morphology-density relation for the companion galaxies for red-
shifts z = 0 to z = 2, as there are too few companions at higher redshifts. The shape of
the morphology-density relation for the companion galaxies is the same as for the central
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galaxies (see Fig.4.4.4). Similarly, it does not make a di�erence for the fraction ofquies-
cent neighboring galaxies if the companion galaxy itself isquiescent or star-forming. While
the number density of the quiescent central galaxies peaks in the low-density environments,
the number density of the quiescent companions is more shifted towards denser environ-
ment. In contrast, the distribution of the number densitiesin the morphology-density
relation of star-forming centrals and satellites does not di�er. This clearly demonstrates
that environmental quenching is more important for satellite galaxies than for centrals.
Since our satellite galaxies on average are low-mass galaxies this supports earlier stud-
ies by Hirschmann et al. (2016), who concluded that the fraction of quiescent galaxies
is mainly determined by internal processes, while the environment becomes important at
lower masses.

4.5 The World in Physical Units

Since it is common to use physical units in observations, we show some of our results in
physical units, where we take the expansion of the Universe into account. The di�erence
to the comoving units, which capture the real growth of a structure, becomes more and
more important with increasing redshift.

4.5.1 Satellite Fraction in Physical Units

In Fig. 4.3.5 we showed the abundance of satellites per host galaxy binnedby the mass
ratio with respect to their host, for all potential host galaxies (left panel) and split into
companion (middle panel) and central (right panel). Fig.4.5.1shows the same for redshift
z = 2 in physical units. Compared to the bottom panels in Fig. 4.3.5, the number of
satellite galaxies is higher. It is also higher than atz = 0, which is not surprising when
comparing volume-limited samples at di�erent redshifts (see also discussion inConroy et al.
(2007)). This demonstrates that careful choice of distance scaleis important, especially at
high redshift.

4.5.2 Morphology-Density Relation in Physical Units

The in�uence of the choice of distance scale becomes especially prominent for the morphology-
density relation. Comparing Fig. 4.4.4, which illustrates the morphology-density relation
for centrals in comoving units, with Fig. 4.5.2, which is the same relation in physical units,
the shape and its evolution look strikingly di�erent. When taking a sphere in physical
units, the induced change in the distance scale masks the presence of the density morphol-
ogy relation at z � 1, resulting in a later and steeper increase of the morphology-density
relation. This is due to the fact that in physical units the search radius becomes larger
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Figure 4.5.1: The di�erential number of satellites per host galaxy at redshift z = 2 for all host
galaxies (left), companions (middle) and central galaxies(right) within a sphere of 300 kpc in
physical units, binned according to their mass ratio.

compared to the central galaxies with increasing redshift and we thus go farther outside
of the �local� environment to the �global� environment. In the �local� environment we
�nd a higher number of quiescent neighboring galaxies than in the �global� environment,
emphasizing the importance of the �local� environment for the satellite quenching.

4.6 Discussion and Conclusions

We use galaxies extracted from the high resolution cosmological simulation suite Mag-
neticum to investigate the relation between the dark matterhalo mass and the internal
properties of galaxies as well as the environmental imprinton the star formation properties.
Especially, we want to test whether the morphological type of a galaxy depends on the dark
matter halo mass, as recently concluded from the observed di�erences in the abundance of
satellites around galaxies of di�erent morphological types by Ruiz et al. (2015). We select
all galaxies with stellar masses above1010M � and use a dynamical parameter, the so-called
b-value (seeTeklu et al., 2015), as indicator of morphological type. We �nd that:

� When applying the observed strategy of counting satellite galaxies around all massive
galaxies we clearly reproduce the observed signal of more satellites around spheroidal
galaxies compared to disk galaxies for both the total numbers for di�erent mass ratios
as well as for the radial abundance pro�le.

� This signal does not depend on (and therefore is not producedby) the way of de�ning
the volume in which the satellites are counted. We �nd that the signal even holds
if we use spherical volumes around the galaxies instead of a cylinder de�ned by a
redshift range as observers have to rely on.
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Figure 4.5.2: The fraction of quiescent galaxies more massive than108M � within a sphere of
radius 5 Mpc (physical) around quiescent (left panels) and star-forming (right panels) centrals
with stellar masses above1010M � in Box4 at di�erent redshifts.

� However, when splitting the sample of massive galaxies intogalaxies at the center of
their dark matter halo (i.e. centrals) and companion galaxies (which are only large
satellites of other massive galaxies within a common dark matter potential), we �nd
that the signal is exclusively caused by the companion galaxies. If only the central
galaxies are considered, the signal completely disappears.

� This result is found to hold true even at higher redshifts up to z = 2. However,
when considering all galaxies (centrals and companions), the di�erence in the satellite
number between spheroids and disks becomes smaller with increasing redshift due to
the lower number of companions at higher redshift.

� This is also supported by the fact that the baryon conversione�ciency of our galaxies
does not show any signi�cant trend with the inferred morphological type.

We therefore conclude that the observed di�erences in the abundance of satellites around
massive galaxies of di�erent morphological types is only driven by the di�erent environ-



4.6 Discussion and Conclusions 99

ments, in which spheroid and disk galaxies are typically living, and that they are not
related to di�erences in the baryon conversion e�ciency of galaxies with di�erent mor-
phological types. This is supported by observational results from Guo et al. (2015) that
isolated primaries in a �lamentary environment have more satellites than those outside of
�laments.

We investigate in more detail the relation between the quenching of star formation and
our morphological classi�cation based on theb-value for galaxies at high redshift (i.e.
z = 2). Selecting a large number of galaxies (� 500) within a very narrow mass range (i.e.
1011M � < M star < 2� 1011M � ), allows us to exclude any mass dependencies. We �nd that:

� In contrast to galaxies atz = 0, the galaxies which are already quenched atz = 2
do not show a relation to their morphological type.

� Quenched galaxies atz = 2 have on average formed earlier than their starforming
counterparts, as suggested in previous studies (e.g.Feldmann et al., 2016).

� Satellites of quenched galaxies atz = 2 have typically formed earlier and show on
average less star formation activity compared to satellites of star-forming galaxies,
as suggested in earlier studies (e.g.Feldmann et al., 2016).

Our simulations furthermore show that at redshifts ofz = 2, in contrast to present time,
the dynamical classi�cation of galaxies based on morphology results in a di�erent selection
than the classi�cation based on star formation. Our resultsare broadly in agreement with
the picture that was pointed out in previous studies (e.g.Hirschmann et al., 2016; Huertas-
Company et al., 2016; Peng et al., 2010) that the environment is e�ective in quenching star
formation of lower mass galaxies, while at higher masses andredshiftsz > 1 other (internal)
e�ects are the dominant drivers.

Additionally, we study the connection between the environment and the star formation rate
evaluating the environment density� env. From the evolution of the morphology-density
relation betweenz � 5 and z = 0 we conclude that:

� At high redshifts (z � 3) there is no signature of a morphology-density relation for
central galaxies. The built-up of the morphology-density relation starts at around
z � 2.

� The morphology-density relation for quiescent and starforming centrals is similar,
indicating a negligible in�uence of the environment on the star-forming properties of
the central galaxies.

� The shape of the morphology-density relation for the companion galaxies is the same
as for the central galaxies.

� The quiescent fraction of companion galaxies is comparableto that of the central
galaxies.
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� The number density of the quiescent central galaxies peaks in the low-density en-
vironments, while the number density of the quiescent companions peaks at denser
environments.

� The distribution of the number densities in the morphology-density relation of star-
forming centrals and satellites does not di�er.

We conclude that environmental quenching is more importantfor satellite galaxies than
for centrals.



Chapter 5

The Kinematics of the Di�erent Stellar
Populations in Galaxies with Di�erent
Morphology

This chapter is based on a paper, Teklu et al., to be submitted(hopefully soon)

Abstract

In recent years IFU surveys have delivered new insights intothe stellar
kinematics and stellar populations of galaxies. In order tostudy the con-
nection between the age of the stellar populations and kinematics of galax-
ies of di�erent morphologies via theb-value, we use galaxies extracted from
the cosmological hydrodynamicalMagneticum Path�nder simulations. We
�nd that the old stars dominate the overall rotation, i.e. the old stellar
populations in disks have a highb-value, while those of spheroids show less
rotational support. The di�erent stellar populations in disks have similar
b-values, which suggests a relatively quiet evolution. On the other hand,
the di�erent stellar populations within spheroids di�er fr om each other,
which points to di�erent origins of the various components.When sub-
classifying the early-type galaxies (ETGs) according to features in their
velocity maps, we �nd that galaxies with distinct cores represent a special
class; they have, on average, more young and middle-aged stars than the
other subclasses of ETGs. This implies that the populationsof di�erent
subclasses of ETGs have formed via di�erent formation channels.
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5.1 Classi�cation of Simulated Galaxies

From our simulations we extract central galaxies with stellar masses higher than1010M �

at redshift z = 0. This limit was chosen to ensure a su�cient resolution of thestellar
content. This leads to a total number of 1319 galaxies. In order to see if the classi�cation
qualitatively in�uences the results, for our studies we will use di�erent classi�cations, which
are brie�y introduced in the following.

� In order to classifyposterchild disk and posterchild spheroidal galaxies we use
the circularity parameter " , de�ned as " = j z=jcirc , which was discussed and used
in Chapter 3. Applying this approach we �nd 15 posterchild disk galaxiesand 61
posterchild spheroidal galaxies.

� For the separation into disks, spheroidal and intermediate galaxies we use a
relatively simple but still e�cient classi�cation of the ga laxies, utilizing the stellar
mass vs. stellar angular momentum plane of galaxies, i.e. the b-value, which was
explained and used to classify the galaxies for our studies in Chapter 4. Employing
this method, we end up with 466 disks, 441 intermediates and 412 spheroidal galaxies.

5.1.1 Subclasses of Early-Type Galaxies

As already mentioned in the Introduction (Chapter1), the classical picture of ETGs has
changed dramatically over the past decade. This is owing to the improvement of obser-
vational instruments, so that the integral �eld surveys like, e.g., ATLAS3D (Cappellari
et al., 2011a), CALIFA ( Sánchez et al., 2012), MaNGA ( Bundy et al., 2015) or SAMI
(Bryant et al., 2015; Croom et al., 2012), could resolve the kinematical structures of ETGs
by providing spatially resolved 2D maps of stellar properties, including stellar kinematics
and stellar ages. It became obvious that ETGs were not all thesame, but they exhibit
substructures like disks and rings (see e.g.Cappellari, 2016; Emsellem et al., 2011; Guérou
et al., 2016; Krajnovi¢ et al., 2011). According to their di�erent properties the ETGs could
be further divided into subgroups according to their kinematics. Therefore, for the third
and fourth classi�cation we focus on ETGs. The classi�cations are taken fromSchulze
et al. (2018). In the following, we will brie�y sketch the methodology ofthe classi�cations
(for a detailed description, seeSchulze et al.(2018)).

A simple preselection is used in order to exclude galaxies with cold gas reservoirs and select
ETGs: we �rst select galaxies that have a cold gas fraction compared to the stellar mass
which is lower than 0.1 (seeSchulze et al., 2018). Furthermore, we exclude galaxies with
R1=2 < 2 kpc, which is equivalent to two times the softening length, to ensure a proper
spatial resolution.

For the third classi�cation we use the kinematical so-called � R -parameter (Emsellem et al.,
2007) and the morphological ellipticity parameter � (Cappellari et al., 2007), which have
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been shown to be a helpful tool for gaining better insights onthe nature of ETGs (e.g.
Emsellem et al., 2007; Schulze et al., 2018). � R is a proxy for the observed projected stellar
speci�c angular momentum and for an observed 2D kinematicalmap it is de�ned as

� R =
hRjV ji

hR
p

V 2 + � 2i
; (5.1)

where R is the observed distance to the center of the galaxy,V the line-of-sight velocity
and � the projected velocity dispersion. In order to be able to apply the parameter to
simulated galaxies it has to be adapted. Following previoustheoretical studies (e.g.Naab
et al., 2014; Schulze et al., 2018), � R is given by

� R =
P Np

i =1 M i Ri jV i j
P Np

i =1 M i Ri

q
V

2
i + � 2

i

; (5.2)

where the sum runs over all pixels of the velocity map andM i , Ri , jV i j and � i are the stellar
masses, the projected distance to the center of the galaxy, the mean stellar velocity and
the velocity dispersion of the ith photometric bin. The ellipticity parameter � is calculated
by iteratively diagonalizing the moment of inertia tensor.

After having calculated the two parameters, the galaxies are divided into slow and fast rota-
tors, following Emsellem et al.(2007); galaxies that ful�ll the condition � R e

> 0:31p �R 1=2

are classi�ed asfast rotators and those with � R e
� 0:31p �R 1=2

are classi�ed asslow
rotators . Here, we �nd 563 fast rotators and 189 slow rotators.

For the fourth classi�cation we divide the ETGs into four kinematical groups, using the
classi�cation presented inSchulze et al.(2018) (see alsoKrajnovi¢ et al., 2011), which is
based on a visual inspection of the line-of-sight velocity maps in the edge-on projection.
Galaxies with velocity maps showing ordered rotation around the minor axis and no distinct
kinematical features, are classi�ed asregular rotators . If the velocity maps show low-
level velocities or no distinct kinematical features, the galaxies arenon-rotators . Galaxies
are classi�ed asdistinct cores if the maps exhibit low-level velocities in the outskirts and
a central rotating component. If the velocity map shows ordered rotation around the major
axis, the galaxies are classi�ed asprolate rotators . We identify 329 regular rotators, 78
non-rotators, 16 galaxies with distinct cores, and 11 prolate rotators.

5.2 Stellar Populations in Galaxies of Di�erent Types

The age of a galaxy, in particular the contribution and distribution of the stars of di�erent
ages, gives valuable insights into the formation and assembly history of a galaxy (Guérou
et al., 2016). In particular, their kinematics can provide helpful information, as di�erent
mechanisms during the formation leave di�erent imprints onthe rotational pattern. In
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Figure 5.2.1: The voronoi-binned line-of-sight velocity maps for a posterchild spheroidal galaxy
divided into stellar populations of di�erent age. Left: Only young stars are illustrated. This small
population of young stars exhibits a rotation. Center: Only middle-aged stars are shown. They
also show a slight rotation. Right: In the old stellar component there is no ordered motion.

order to gain a general impression of the behavior of the di�erent stellar populations we
divide the stars according to their age. For this, we consider all stars that are younger
than 2 Gyrs as young, those that are between 2 and 8 Gyrs as middle-aged and all stars
older than 8 Gyrs as old. In the following subsections we willanalyze the behavior of
these di�erent stellar populations and try to connect it to the morphology and kinematical
properties of the galaxies.

5.2.1 Stellar Populations in Posterchild Disks and Spheroi ds

For the �rst study we will focus on the posterchild disk and spheroidal galaxies, which we
classify using the circularity-parameter" and, in addition, a criterion based on the mass
fraction of the cold gas, as described in Sec.5.1 and 3.3.

Fig. 5.2.1displays the voronoi-binned line-of-sight velocity maps of one of the posterchild
spheroidal galaxies; on the left panel only young stars are shown, in the center only middle-
aged stars, and on the right panel only old stars. In order to reduce the statistical error
on the velocities, the cells contain a minimum of 100 particles. As one can see from the
bin sizes there are very few young stars. Still, a rotation ofthis population is visible. This
young rotating component has very likely formed out of a small gas disk. In the motion
of the middle-aged stars only a slight rotation is noticeable. The old stellar component is
apparently non-rotating. This �ts well in the general picture of a spheroidal galaxy, which
has a dominant old stellar population, and generally assembled through (multiple) merger
events leading to a dispersion-dominated system. This di�erence in the rotational pattern
of the di�erent stellar populations is a �rst hint that the po pulations have di�erent origins.

Fig. 5.2.2 shows the velocity map for one of the posterchild disk galaxies. As expected,
the young stars (left) lie in a relatively thin disk and have ahighly-ordered motion. The
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Figure 5.2.2: The same as in Fig.5.2.1, but for a posterchild disk galaxy. Left: There is
a relatively thin disk of rotating young stars. Center: The middle-aged stars have a disk-like
appearance and are rotating.Right: Also in the old stellar component we �nd a highly-ordered
motion.

middle-aged stars (center) also reside in a rotating disk. Even the old stellar population
(right), although distributed more spherically, shows a highly-ordered motion.

Since theb-value is a good tracer of the morphological type of the wholegalaxy, we want
to investigate how the galaxy type is re�ected in theb-value of the di�erent stellar popula-
tions. For this, the b-value is calculated for each population by using the speci�c angular
momentum of the respective population and the whole stellarmass of the galaxy. Simi-
larly, Romanowsky and Fall(2012) have calculated of the angular momentum of the disk
and bulge component separately, where they found the bulgesof spiral galaxies to follow
a similar M � � j � relation compared to the elliptical galaxies.

The left panel of Fig. 5.2.3 shows the distribution of the meanb-value per galaxy of the
young stars in disks (blue histograms) and spheroids (red histograms). Interestingly, the
distributions along the x-axis do not look very di�erent; the young stars of both galaxy
types cover a broad range, however, from the height of the histograms, which are normalized
by the according number of galaxies of that type (i.e. they donot integrate to unity), we
can see that there are spheroidal galaxies that do not have any young stars. It seems that
there are two populations of disk galaxies; one that mainly has young stars having a higher
rotation with b-values higher than -4.25, and another one whose young starsrotate slower
with b-values lower than -4.25.

The distribution of the middle-aged stars (middle panel) looks di�erent for spheroids and
disks. While the spheroids have a broad distribution, the middle-aged stars in disks mainly
have a higher rotational support.

In the old stellar components (right panel) this becomes even more obvious. Here, the two
distributions show a clear dichotomy.

In order to better understand the behavior of the di�erent stellar populations within the
two galaxy populations, Fig.5.2.4 shows the same histograms as Fig.5.2.3 but arranged
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Figure 5.2.3: Shown are the binnedb-value distributions of young stars (left), the middle-aged
stars (center), and the old stellar population (right). They are normalized to the number of the
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Figure 5.2.4: Similar to Fig. 5.2.3, but now each panel shows the distributions of separate
galaxy types, left are the posterchild spheroids and right are the posterchild disk galaxies. The
colors encode the stellar population, where young stars arepurple, middle-aged stars are turquoise
and old stars are orange. In disk galaxies the distributionsof the di�erent stellar populations are
more similar than in spheroidal galaxies.
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separately for spheroids (left) and disks (right). The colors encode the stellar populations,
where young stars are represented by purple lines, middle-aged stars by cyan lines and
old stars by orange lines. In disk galaxies the distributions of the b-values of the di�erent
populations are relatively uniform, i.e. all stellar populations tend to have a high rotational
support. In contrast, the populations in spheroidal galaxies show di�erent distributions;
while the old stars have lowb-values, the young stars tend to have highb-values. The
middle-aged stars cover the whole range of theb-values but peak at a similar value compared
to the old stars.

This di�erence in the distributions between spheroids and disks is likely to be linked to
their di�erent formation histories. This �ts in the general picture that disk galaxies mostly
can evolve undisturbed, so they can continuously form stars. In contrast, the spheroidal
galaxies live in more disturbed environments. Thus, spheroidal galaxies experience more
encounters with other galaxies, whereby they directly accrete their young stellar compo-
nents or accrete fresh gas, which then forms new stars. If these galaxies come from di�erent
directions, and/or have speci�c orbital con�gurations, they can bring in misaligned angular
momenta, which lowers the overall rotation (see e.g.Lagos et al., 2017; Moody et al., 2014;
Naab et al., 2014).

In order to see how much the di�erent populations contributeto the dynamics of the galaxy,
in Fig. 5.2.5we show their mass fractions averaged over spheroids (left)and disks (right).
It is obvious that the spheroidal galaxies are on average older than the disk galaxies, which
is in agreement with other studies, e.g.González Delgado et al.(2015). The spheroidal
galaxies have 90 percent of their stellar mass in old stars (orange) and about 10 percent
in middle-aged stars (turquoise), while they have a negligible amount of young stars. The
disk galaxies on average consist of' 62percent of old stars, of' 31percent of middle-aged
stars and of' 7 percent of young stars. This shows that the overall dynamical behavior
of spheroids and disks, e.g. the totalb-value, is dominated by the old stellar population.

These results and the dichotomy seen in the right panel of Fig. 5.2.3 are consistent with
the �ndings of Teklu et al. (2015), i.e. the b-value is a good tracer of the morphology of
the galaxy.

5.2.2 Stellar Populations in Disks, Intermediates and Sphe roids

Since theb-value is a good tracer of the morphological type of the wholegalaxy, we want
to directly test how the total b-value is re�ected in the b-value of the di�erent stellar
populations.

Fig. 5.2.6 shows the meanb-value distributions of young stars (left), middle-aged stars
(center), and the old stellar population (right) within the respective galaxy class. The dif-
ferent rows show the distributions at di�erent radii, wherethe upper row shows the results
at 5R1=2, the middle row at 3R1=2, and the lower row atR1=2. The galaxies are divided into
spheroids (red), intermediate galaxies (green) and disk galaxies (blue), according to the
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of 90 percent of old stars, and 10 percent of middle-aged stars, while on average they have a
negligible number of young stars.

total b-value at the respective radius. For spheroids and intermediates the distributions
of the young stars look similarly broad at large radii. Interestingly, on a scale ofR1=2 the
distribution for the young stars of intermediates looks similar to that of the disks, while
the distribution for spheroids shows only a minor shift towards larger b-values. This indi-
cates that the young stars close to the center have a higher rotational support than those
outside.

The middle-aged stars in spheroids have a broad distribution, whereas in disks they have
higher b-values. For the intermediates the distribution of middle-aged stars peaks between
that of the spheroids and that of the disks.

In the old stellar populations there is a split-up, where theold stars of disks have high
values, while in spheroidal galaxies they have low values. The intermediates, again, lie in
between.

In order to directly see how the stellar populations behave within the populations of the
di�erent galaxy types, in Fig. 5.2.7 we show the same histograms as Fig.5.2.6 but this
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Figure 5.2.6: The b-value distributions of young stars (left), middle-aged stars (center), and
the old stellar population (right). The upper row shows the results at 5R1=2, the middle row at
3R1=2, and the lower row at R1=2. According to the total b-value, the galaxies are divided into
spheroids (red), intermediate galaxies (green) and disk galaxies (blue). The distribution of the
young stars for spheroids and intermediates looks similar,while the young stars in disk galaxies
have higherb-values. While the middle-aged stars in spheroids have a broad distribution, in disks
they have higherb-values. The peak of the middle-aged stars of the intermediates is between the
spheroids and the disks. In the old stellar populations we clearly see a split-up, where the old
stars of disks have higher values, and in spheroidal galaxies they have lower values. The peaks of
the distributions become sharper for smaller radii, especially for disks.
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Figure 5.2.7: Similar to Fig. 5.2.6, but each column shows the distributions of one galaxy type,
left are the spheroids, in the center the intermediates, andright are the disks. The colors encode
the stellar population, where young stars are purple, middle-aged stars are turquoise and old stars
are orange. In disk galaxies the distributions of the di�erent stellar populations are very similar
to each other, while in spheroidal galaxies they are di�erent.

time separately for spheroids (left), intermediates (middle) and disks (right). The young
stars are illustrated by the purple lines, middle-aged stars by cyan lines and old stars by
orange lines. In this arrangement we clearly see that in diskgalaxies the distributions of
the di�erent stellar populations are very similar to each other out to large radii. This is
due to the fact that disk galaxies can form relatively undisturbed and continuously form
stars out of their gas, which is smoothly accreted. In this way the stars all have similar
angular momentum directions, which results in similar highb-values.
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Figure 5.2.8: Average mass fraction of the stellar populations within at di�erent radii, where
the left panel shows5R1=2, the middle panel 3R1=2, and the right panel R1=2. When going to
smaller radii, the mass fraction of the old stellar component (orange) decreases, while the fraction
of the middle-aged (turquoise) and the young stars (purple)increases, especially for disk and
intermediate galaxies.

In contrast to that, in spheroidal galaxies theb-values of the di�erent star populations
are di�erent. The old stars might be a mixture of stars with di�erent angular momenta,
which accumulated via (major) mergers or have formed in-situ before the mergers. The
young stars could have formed out of small disks of freshly accreted gas, e.g. from small
gaseous satellites. Another possibility is that the young stars recently could have been
directly accreted in the form of small young satellite galaxies. Another interesting aspect
is that, when going from larger to smaller radii, the peaks ofthe distributions for the disk
galaxies become narrower. In spheroidal galaxies, the amount of old stars with low b-values
increases towards larger radii, while the middle-aged stars are almost identical at all radii.

In the inner parts of the intermediates, the young stars tendto have high b-values. This
indicates the presence of small disks, which might be in the process of growing, in many
of the intermediates. The growth of these disks is dependingon the implemented feedback
model. As shown byValentini et al. (2017), the size of the stellar disk at low redshift is
sensitive to the galactic out�ow model. Thus, the question arises if these small disks would
grow into more extended ones with a di�erent feedback model.However, answering this
question is beyond the scope of this work.

In Fig. 5.2.8 we show the average mass fractions of the di�erent stellar populations for
the di�erent galaxy types at di�erent radii, in the left pane l for 5R1=2, in the middle
panel for 3R1=2, and in the right panel for R1=2. When going from spheroidal galaxies
over intermediates to disk galaxies, the mass fractions of the young and middle-aged stars
increase, at all radii. In addition, we �nd that for intermediate and disk galaxies the mass
fractions of young and middle-aged stars increases towardsthe center.

As shown in Teklu et al. (2015), there is a tendency that at smaller radii theb-value is
lower. However, for disk galaxies, this does not play a majorrole, since all the stellar
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Figure 5.2.9: The mass weighted mean stellar age of the stars at all radii. We add the median
mass weighted stellar ages byGoddard et al. (2017, orange line: ETGs, purple line: LTGs), the
mean mass weighted stellar ages bySan Roman et al.(2018, black stars: ETGs) and González
Delgado et al. (2015, gray dots, ETGs). The pro�les for our galaxies are relatively �at. However,
for spheroids (red circles) in the inner parts, the stars areslightly younger. The disks (blue
diamonds) are younger than the spheroids at all radii.

populations have similarb-values. Still, this shows that it is not straightforward which
radius to choose for the evaluation of theb-value. For the following studies, we will use
3R1=2, where not speci�ed otherwise.

In order to better understand the distribution of the di�erent populations within the galaxy,
in Fig. 5.2.9we show the mass weighted mean stellar age of the whole stellar population at
all radii. We add observational data byGoddard et al. (2017, orange line: ETGs, purple
line: LTGs), San Roman et al.(2018, black stars: ETGs) andGonzález Delgado et al.
(2015, gray dots, ETGs). For the comparison withGoddard et al. (2017), we chose their
stellar mass bin of9:935 < log10=M� < 10:552, as most of our galaxies lie in this mass
range. In general, the radial pro�les of our galaxies are relatively �at, independent of galaxy
type. However, the spheroidal galaxies (red circles) have slightly positive age gradients,
which is also seen byGoddard et al. (2017) and San Roman et al.(2018); this indicates an
�outside-in� formation, where the star formation has ceased in the outer region, while it
continues in the galaxy center (Bedregal et al., 2011). In contrast to that, the disk galaxies
(blue diamonds) have negative age gradients in the inner parts (r < 2R1=2), which agrees
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Figure 5.2.10: Left: The stellar mass within 3R1=2 against the mass weighted mean stellar age
for individual galaxies. There is a general trend that with higher stellar masses the galaxies are
older. On average (black symbols), disks (diamonds) tend tobe younger than spheroidal galaxies
(circles). Right: The same as left but using the light weighted mean stellar age. The general trend
is more visible than in the mass weighted case.

with the observations by Goddard et al. (2017). This behavior implies the �inside-out�
formation of disks, where the stars in the central region have formed at an earlier epoch,
while the galaxies continue to accrete gas from which new stars form. In agreement with
the observations byGoddard et al. (2017), the spheroidal galaxies are older than the disk
galaxies at all radii. We also note an o�set of the curves among the observations, which is
based on various factors; on the one hand, the observations use di�erent models to calculate
the ages of the stellar populations. As shown bySan Roman et al.(2018) this does not
change the global trend but shifts the values.Goddard et al. (2017) and San Roman et al.
(2018) used the same model. The model used byGonzález Delgado et al.(2015) yields
lower stellar ages (see Figs. 14 and 15 inSan Roman et al., 2018).

The total stellar mass of a galaxy is, together with the angular momentum, one of the most
important quantities of a galaxy (e.g.Obreschkow and Glazebrook, 2014; Romanowsky and
Fall, 2012). Therefore, we study the relation between the total stellar mass, the age and
the morphology of the galaxies. The left panel of Fig.5.2.10shows the mass weighted
mean stellar age as a function of the total stellar mass. At lower stellar masses we see a
split-up between the di�erent galaxy types; at �xed mass, the spheroids (red circles), on
average (black symbols), are older than the disks (blue diamonds) with a signi�cant overlap
(see alsoGonzález Delgado et al., 2015). The relation for the spheroidal galaxies is rather
�at. González Delgado et al.(2015) noted a �at relation for the early-type spirals (Sa), S0
and ellipticals, and conclude from this that not only mass but also the morphology is an
important factor for the star formation history. In agreement with observational studies
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by e.g. McDermid et al. (2015); San Roman et al.(2018); van de Sande et al.(2018), we
�nd the general trend, however weak, that the age increases with increasing mass. This
is referred to as �downsizing� (Cowie et al., 1996; Gallazzi et al., 2005) and indicates that
more massive systems formed earlier.

When considering the light weighted ages (see right panel ofFig. 5.2.10), galaxies appear
younger compared to the mass weighted case (see e.g.Boardman et al., 2017; Goddard
et al., 2017). This is owing to the fact that young stars are, in general, brighter than old
stars and thus, contribute more to the average age. In this representation, the downsizing
is more easily visible.

5.3 Stellar Populations in Late-Type Galaxies

Until now, we have studied the behavior of whole populationsof di�erent galaxy types
and the di�erences between these types. In the following, wewill take a closer look at
individual galaxies within the populations of di�erent types, in order to see if they behave
equally or can be further subdivided into di�erent types. This can give important hints to
di�erent formation channels that still lead to the same morphological type.

First, focussing on LTGs, we analyze individualposterchilddisk galaxies. We have checked
the velocity maps for all disk galaxies. Similar to the example disk galaxy in Fig.5.2.2, we
�nd that the old stellar halos of most disks rotate.

We now test if the mass fractions of the di�erent populationsamong the disks are a
determining quantity for being a disk galaxy. The left panelof Fig. 5.3.1shows the mass
fractions of old (orange), middle-aged (turquoise) and young (purple) stars for individual
disk galaxies. Interestingly, there is a large variation inthe mass fractions. For example, we
�nd one disk that has a completely negligible amount of youngstars (Halo 103), whereas
another one has almost 30% young stars (Halo 298). Our posterchild disk galaxies with a
dominating old component, in general, must have evolved undisturbed so that their high
angular momentum is preserved and their disk remains intact.

In the right panel of Fig. 5.3.1we show the di�erent mass fractions in dependence of the
b-value of the young component. The galaxies have one data point each for the young
(purple), middle-aged (turquoise) and old (orange) stellar component. There might be a
slight trend that galaxies with b-values of the young component which are higher than -4.5
have old star fractions higher than 50%. However, this is statistically not signi�cant, as
we have only a few posterchild disks. In the future, this aspect should be probed with a
larger sample.
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Figure 5.3.1: Left: Mass fractions of the stellar populations for individual posterchild disk
galaxies within 5R1=2. Right: The b-value of the young stellar population against the average
mass fraction of the stellar populations for posterchild disk galaxies. Note that every galaxy has
three data points. There is no correlation between the rotation of the young stars and the di�erent
mass fractions.

5.4 Stellar Populations in Early-Type Galaxies

In the following section we will focus on ETGs and check if di�erent types of ETGs behave
di�erently. This might give us important information about possible di�erent formation
histories of ETGs. We use two di�erent ways to divide the ETGs, as discussed in Sec.
5.1.1. First we subdivide them into slow and fast rotators and second, we divide them into
kinematical groups.

5.4.1 ETGs Divided into Slow and Fast Rotators

As described in Sec.5.1.1we �rst divide the ETGs into slow and fast rotators, where theso-
called� R-parameter, and the morphological ellipticity parameter� are used as classi�cation
criteria. Fig. 5.4.1shows the distributions of theb-value of the di�erent stellar populations
separately for slow (left) and fast rotators (right). The distributions of all populations in
slow rotators are relatively broad, especially that of the young component, and show a
large overlap. However, there is a slight trend for old starsto have lower b-values than
middle-aged stars, and the young stars are mainly found atb-values higher than -5. The
fast rotators have narrower distributions and sharper peaks, tending to slightly higher b-
values compared to slow rotators. This is what we expect, asSchulze et al.(2018) have
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Figure 5.4.1: Shown are theb-value distributions of young stars (purple), middle-agedstars
(turquoise), and the old stellar population (orange), for slow rotators (left panel) and fast rotators
(right panel). In general, the distributions of the di�eren t stellar populations of the fast rotators
are narrower and peak at higherb-values than those of the slow rotators.

demonstrated that the b-value is strongly correlated to the position of the galaxy on the
� R -� -plane, i.e. to the type of ETG in terms of slow and fast rotator.

In Fig. 5.4.2we check the mass contributions of the di�erent stellar populations. Interest-
ingly, there is no big di�erence between the two types of rotators. Both have less than one
percent mass in young stars. A small di�erence lies in the mass fraction of middle-aged
stars, of which fast rotators have slightly more than slow rotators. Accordingly, fast rota-
tors have slightly fewer old stars than the slow rotators. This is in line with our conclusions
from Figs. 5.2.5and 5.2.8, especially for the spheroids, the old stars account for themajor
part of the stellar mass.

We now directly relate theb-value of the di�erent stellar populations to their mass fractions.
In Fig. 5.4.3the values for individual slow rotators (left) and fast rotators (right) are shown.
Note that all galaxies have one data point each for young (purple), middle-aged (turquoise)
and old (orange) stellar populations. The averaged mass fraction seen in Fig. 5.4.2 does
not give consideration to the di�erent possible combinations but gives the impression that
the fast and slow rotators have the same age distributions.

In this section, we have found hints that the di�erence in thebehavior of these two types
of ETG is based on a di�erence in the contributions of the di�erent stellar populations.
We suggest that for the outcome it is important if the angularmomenta of the merging
objects are aligned. If the galaxy accretes satellites fromdi�erent directions, the overall
angular momentum decreases (see e.g.Vitvitska et al. , 2002), which favors the formation
of a slow rotating spheroid (see e.g.Bournaud et al., 2007; Guérou et al., 2016; Lagos et al.,
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Figure 5.4.4: Shown are the b-value distributions of young stars (left), middle-aged stars
(center), and the old stellar population (right), divided i nto regular rotators (blue), non-rotators
(red), galaxies with distinct cores (gold), and prolate rotators (cyan). In the old stellar populations
we clearly see a split-up between non-rotators and regular rotators. The other types of ETGs lie
in between.

2017, 2018). This is complementary to the studies bySchulze et al.(2018), who found that
about 30% of the slow rotators have formed due to a major merger event.

5.4.2 ETGs Divided into Kinematical Groups

Now we use a classi�cation based on the visual inspection of the line-of-sight velocity maps
to divide the ETGs into four kinematical groups, namely regular rotators, non-rotators,
galaxies with distinct cores, and prolate rotators (see Sec. 5.1.1). We �rst check if the stellar
populations behave di�erently in the di�erent types of ETGs. Therefore, in Fig.5.4.4we
present theb-value distributions of the ETGs split into young (left), middle-aged (center)
and old stars (right). For regular rotators (blue solid line) and non-rotators (red dashed
line) the distributions of the young stars look very similar. They are broad, comparable
to those of the spheroidal galaxies (see Fig.5.2.7), and the slow and fast rotators seen
before (see Fig.5.4.1). The distributions of the middle-aged stars look relatively similar
for all types, except for the regular rotators, which are shifted to relatively high b-values,
namely, b-values between -5 and -4. In the old stellar components we see a clear split-up
between the regular rotators and the non-rotators, where the regular rotators have higher
b-values than the non-rotators. The distributions of the remaining types lie in between,
for all stellar populations.

Fig. 5.4.5shows the same as Fig.5.4.4but arranged for the di�erent kinematical groups.
The distributions of the di�erent stellar populations of the regular rotators looks very
similar to those of the fast rotators (right panel of Fig.5.4.1) and intermediate type galaxies
(middle panel of Fig.5.2.7), while those of the non-rotators are similar to those of theslow
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Figure 5.4.5: Shown are theb-value distributions of young stars (purple), middle-agedstars
(turquoise), and the old stellar population (orange), for regular rotators, non-rotators, distinct
cores, and prolate rotators (from left to right).

rotators (left panel of Fig.5.4.1) and the posterchild spheroids (left panel of Fig.5.2.4). The
di�erent distributions of the distinct cores lie somewherein between those of the regular
rotators and those of the non-rotators. The prolate rotators have a bimodal distribution
but we have to keep in mind the low number of these objects.

We now investigate if the similarities of theb-value distributions of the kinematical classes
with the other classes, i.e. posterchild spheroids/disks,spheroids/intermediates/disks and
slow/fast rotators, are a�rmed in the mass fractions of the stellar populations. In Fig. 5.4.6
we can clearly see that the distinct cores form a special class among the ETGs. They on
average have 60% old stars while all other groups have more than 80%. This is similar
to the posterchild disks, which, however, have a larger population of young stars. The
histogram of the mass fractions of the regular rotators looks identical to that of the fast
rotators, as expected. The non-rotators, on average, are older than the regular rotators,
which is in agreement withMcDermid et al. (2015). Having on average more than 90% old
stars and no young stars, they again are reminiscent of the posterchild spheroidal galaxies.
Apart from the not completely negligible number of young stars, the prolate rotators have
similar mass fractions compared to the non-rotators.

We conclude for the ETGs, in general, it makes a di�erence howwe subdivide them. If
we group them into slow and fast rotators, they have comparable mass fractions but show
di�erences in the behavior of theb-value. This con�rms the �ndings by Schulze et al.(2018)
that the b-value correlates with the� R � � -plane. When dividing the ETGs on the basis of
the kinematical features we �nd that the regular rotators show a similar behavior to the
fast rotators, in the mass fractions as well as in theirb-value distributions. On the other
hand, non-rotators in both quantities mimic the posterchild spheroidal galaxies. The most
interesting group are the galaxies with distinct cores, as they kinematically lie between
the regular rotators and the non-rotators but have similar mass fractions compared to the
posterchild disk galaxies.
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Figure 5.4.6: Average mass fraction of the stellar populations of di�erent kinematic types of
ETGs. On average, almost all galaxy populations have a negligible number of young stars (purple)
and mass fractions of middle-aged stars (turquoise) below 20 percent. Only the distinct cores have
a relatively high fraction of middle-aged stars.

Two Populations of Galaxies with Distinct Cores?

Since the galaxies with distinct cores show a special behavior compared to the other kine-
matical types of ETGs, we will study them in more detail. In the previous section we have
seen that the average mass fractions of the distinct core galaxies look very similar to those
of the posterchild disk population. In order to see how well these average mass fractions
represent the individual distinct core galaxies, in Fig.5.4.7we present the mass fractions
for each distinct core galaxy. As seen for the posterchild disk galaxies (see Fig.5.3.1), there
is a large variation in the mass contributions of the di�erent stellar populations. We �nd
that about half of the distinct core galaxies have less than 50% old stars, while the other
half of the galaxies have more than 60%. An interesting aspect here is that this does not
depend on the fraction of young stars.

We do not show this here but we have also checked the relation between theb-value of the
young stars and the di�erent mass fractions. As seen in Fig.5.3.1for the posterchild disks,



5.4 Stellar Populations in Early-Type Galaxies 121

 0

 0.1

 0.2

 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

 0.9

 1

2 9 67 144 151 182 206 224 239 248 254 342 355 356 378 379

(M
* yo

un
g,

m
id

dl
e-

ag
ed

,o
ld/M

* )

Halo Number

Figure 5.4.7: Mass fractions of young (purple), middle-aged (turquoise)and old stars (orange)
for individual galaxies with distinct cores.

the young component does not seem to play a role, i.e. there isno correlation between the
b-value of the young stars and any of the di�erent mass fractions of the stellar populations.

In the following we want to investigate the possible connection between the mass fraction
of the old stellar component and the core of the galaxy. For this, we inspected the velocity
maps (which are not shown here). If a galaxy has many old stars, it tends to have a core
in the old component. On the other hand, if there are relatively few old stars, there is no
core in the old component but only in the middle-aged component. This is in agreement
with observations byMcDermid et al. (2006), who propose two di�erent types of distinct
cores, which implies that they assembled via di�erent formation channels; one population
of distinct core galaxies hosts a core consisting of old stars and has most likely formed by
the accretion of old stellar systems or merging at earlier epochs. The other type of distinct
core galaxies host a more compact core, which consists of younger stars. However, we note
that due to the limited resolution, our young cores are more extended than the observed
ones. Merger simulations byHo�man et al. (2010) and Schulze et al.(2017) showed that
these young cores can be the result of a recent major merger with a large amount of gas.
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Figure 5.5.1: The b-value distributions of the di�erent components, divided into galaxies with
more than 90% old stars (red solid line) and galaxies with less than 40% old stars (blue dashed
line). The young (second left) and old (right) stellar populations show a similar behavior to
those of the disks and spheroidal galaxies (recall Fig.5.2.6). The small split-up seen in the old
component is re�ected in the distribution for the whole stellar population (left).

5.5 Dependence of the Mass of the Old Component on
Galaxy Type

In the previous sections we have encountered several times apossible connection between
the mass fraction of the old stellar population and the (kinematical) type of the galaxy. In
this section we will focus on this aspect.

First, in order to see if there is a general trend, we study theold stellar mass fractions in
the whole sample of central galaxies, where we made two groups: One with a fraction of
old stars of more than 90%, where we �nd 442 galaxies, and another with less than 40%,
where we end up with 247 galaxies; the remaining galaxies areneglected here. Fig.5.5.1
shows theb-value distributions of all stars, young, middle-aged and old stars (from left to
right) for these two di�erent �types� of galaxies. They looksimilar to the distributions of
the spheroids and disks (see Fig.5.2.7), where those galaxies with many old stars behave
like the spheroids in the young component and have lowb-values in the old populations.
Those galaxies with few old stars look similar to the disks, i.e. they have similarb-values
in all components. Interestingly, in the middle-aged component both types are very similar
and we note that, in contrast to the spheroids and disks, which do not overlap in their
old component (more or less by construction due to the selection to the overall b-value),
they have an overlap in the distributions of the old stellar populations. The galaxies
consisting mainly of old stars could experience more mergers, so the orbital con�gurations
of the stellar component is dominated by random motion and thus leads to a low angular
momentum. The younger galaxies, on the other hand, most probably had fewer mergers
and thus, could evolve relatively undisturbed.

We now want to analyze the di�erent galaxy types divided intothese two groups and if we
can con�rm the previously found similarities between some of the types. Figures5.5.2 -
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Figure 5.5.2: The fraction of posterchild spheroids (left) and disks (right) that have more than
90% old stars (red), less than 40% old stars (blue) and the remaining galaxies (yellow).
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Figure 5.5.3: The fraction of spheroids (left), intermediates (center) and disks (right), classi�ed
according to the b-value, that have more than 90% old stars (red), less than 40%old stars (blue)
and the remaining galaxies (yellow).

5.5.5show the pie charts of the di�erent galaxy types divided intogalaxies with more than
90% (red) and less than 40% (blue) old stars in mass, those galaxies that have fractions in
between are labeled as �rest� (yellow).

Fig. 5.5.2 shows the result for the posterchild spheroids (left) and disks (right). Roughly
2/3 of the posterchild spheroids have old star fractions above 90% and none of the 61
posterchild spheroids have old star fractions of less than 40%. This is what we expect
for posterchild spheroidal galaxies. Interestingly, about 3/4 of the posterchild disks have
fractions between 40% and 90%, while only 1/5 have low old star fractions.

The spheroids and disks that are classi�ed according to their b-value (Fig. 5.5.3) show a
similar behavior compared to the posterchild galaxies (Fig. 5.5.2). However, the spheroid
population has a very small fraction of galaxies that have few old stars, while disk galaxies
have a small fraction of galaxies with many old stars, i.e. only 5% of the disks are old.
As we have seen in theb-value distributions (Fig. 5.2.7) and the average mass fractions
(Fig. 5.2.8), the intermediates again lie in between the spheroids and disks.
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Figure 5.5.4: The fraction of slow rotators (left) and fast rotators (righ t) that have more than
90% old stars (red), less than 40% old stars (blue) and the remaining galaxies (yellow).

In the subclassi�cation of ETGs in slow and fast rotators (Fig. 5.5.4) we �nd that the
population of slow rotators divides in a similar way compared to the spheroids (left pie
chart of Fig. 5.5.3), whereas the behavior of the fast rotators is similar to that of the
intermediate galaxies (middle pie chart of Fig.5.5.3).

The four kinematical groups of ETGs divide di�erently into the two mass fraction classes,
see Fig.5.5.5. The regular rotators show a bimodal distribution. The majority of the non-
rotators has many old stars and only one out of 78 has less than40% old stars. Around
1=3 of the distinct core galaxies have old star fractions of lessthan 40%. Again, their
behavior is completely di�erent from that of the other typesof ETGs, especially regarding
their low fraction of galaxies that mainly consist of old stars. Their population splits up
similarly to the disk and posterchild disk galaxies. A possible explanation for this special
behavior could be due to gas rich mergers with retrograde orbital con�gurations. The gas
can form new stars, while the overall stellar angular momentum is lowered. Around2=3
of the prolate rotators have old star fractions between 40 and 90%, while1=3 have more
than 90% old stars. The fact that there are no prolate rotators with many young stars,
favors a formation scenario involving dry mergers, since a gas rich merger probably would
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Figure 5.5.5: The fraction of regular rotators, non-rotators, galaxies with distinct cores and
prolate rotators (from left to right) that have more than 90% old stars (red), less than 40% old
stars (blue) and the remaining galaxies (yellow).
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lead to the formation of a newly formed dynamically cold component (see also discussion
in Schulze et al., 2018).

5.6 Discussion and Conclusions

We use galaxies extracted from the high resolution cosmological simulation suite Mag-
neticum to investigate the relation between the kinematical properties of di�erent stellar
populations and the morphology of galaxies. We select all galaxies with stellar masses
above1010M � and use di�erent classi�cation methods. For the classi�cation into poster-
child disks and posterchild spheroids we use the circularity-parameter" , while the so-called
b-value (seeTeklu et al., 2015) is used as indicator of the more general morphological types
spheroids, intermediates and disks. We �nd that:

� The old stars in disk galaxies show a high rotation, while those in spheroidal galaxies
rotate slower.

� In disk galaxies, all stellar components have similarb-values, which indicates that
they have evolved relatively undisturbed. For the spheroidal galaxies, on the other
hand, the distributions are di�erent from each other, whichsuggests that the stellar
components have di�erent origins.

� On average, the disk galaxies have a higher fraction of youngstars than the spheroidal
galaxies (see also e.g.van de Sande et al., 2018), but within the population of disks
the fractions can vary from 0% to 30%.

� On the other hand, the majority of spheroidal galaxies has high fractions of old stars,
while most disks have old stellar fractions between 20% and 60%.

� Young stars do not play a role in de�ning the morphological type, as for the disk
galaxies we do not �nd a connection between theb-value of the young stars and the
mass fractions.

� Of importance are the old stars, which dominate the overall rotation, since they make
up the majority of the whole stellar population.

� The spheroidal galaxies have on average a positive age gradient, i.e. younger stars in
the center, which favors an �outside-in� formation scenario. For the disk galaxies we
�nd a slightly negative age gradient in the inner parts, which supports the �inside-out�
growth of disk galaxies.

These �ndings are important for interpreting observations, as young stars are brighter
than old stars and therefore potentially dominate the observable stellar component. Thus,
it is crucial to consider the di�erent underlying stellar populations and their associated
properties when determining the morphological type of galaxies. Additionally, it has been
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shown byEmsellem et al.(2011) that for ETGs the optical morphology is not a good tracer
of their properties.

When we divide the ETGs into fast and slow rotators, we �nd:

� The averaged age distributions of both types look similar. However, the distritutions
of the b-value di�er, where the old stellar component of fast rotators has higher values
than that of slow rotators

� The distribution for the di�erent stellar populations of th e slow rotators suggests
multiple minor mergers as another possible formation channel, besides the formation
via major mergers (Schulze et al., 2018).

When further subdividing the ETGs according to their kinematical features, namely non-
rotators, regular rotators, galaxies with distinct cores and prolate rotators, we �nd:

� The di�erent components of the non-rotators behave like those of the spheroidal
galaxies, while the regular rotators more mimic the behavior of the intermediate
type galaxies.

� The galaxies with distinct cores represent a special class of ETGs, as they on average
have more young and middle-aged stars than the other subclasses of ETGs.

� When dividing the galaxies into galaxy populations with many (>90%) and few
(<40%) old stars, the distinct core galaxies split up in a similar way to the (poster-
child) disks. Kinematically, i.e. in their b-value distributions, the distinct core galax-
ies behave similarly to the spheroidal galaxies. This supports a formation scenario
that involves a gas rich merger with retrograde orital con�gurations.

� In the velocity maps of the distinct core galaxies we see thatwith increasing mass
fraction of old stars the galaxy more likely has a core in the old component.

The above results, drawn from the properties of the di�erentstellar populations, con�rm
the �ndings from previous studies, particularly from IFUs, that especially ETGs can be
formed via various formation channels.



Chapter 6

Declining Rotation Curves at z = 2 in
� CDM Galaxy Formation Simulations

This chapter has been published inTeklu et al. (2018)

Abstract

Selecting disk galaxies from the cosmological, hydrodynamical simula-
tion Magneticum Path�nder we show that almost half of our poster child
disk galaxies atz = 2 show signi�cantly declining rotation curves and
low dark matter fractions, very similar to recently reported observations.
These galaxies do not show any anomalous behavior, reside instandard
dark matter halos and typically grow signi�cantly in mass until z = 0,
where they span all morphological classes, including disk galaxies match-
ing present day rotation curves and observed dark matter fractions. Our
�ndings demonstrate that declining rotation curves and lowdark matter
fractions in rotation dominated galaxies atz = 2 appear naturally within
the � CDM paradigm and re�ect the complex baryonic physics, which
plays a role at the peak epoch of star-formation. In addition, we �nd
some dispersion dominated galaxies atz = 2 which host a signi�cant gas
disk and exhibit similar shaped rotation curves as the disk galaxy popula-
tion, rendering it di�cult to di�erentiate between these tw o populations
with currently available observation techniques.
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Figure 6.1.1: Example galaxies from thez = 2 sample with declining rotation curves (see
Fig. 6.2.1), from left to right the three disk galaxies gal 225, gal 127, and gal 62, and the gas-
rich spheroidal systemgal 183, rotated to inclinations (e.g. i = 60, i = 45, i = 25 and i = 75,
respectively) similar to those of the galaxies presented inGenzel et al.(2017). Upper row: Velocity
maps of the cold gas component for each galaxy, with contoursof the cold gas column density
overlayed. Middle row: Cold gas column density maps with overlayed stellar column density
contours. Lower row: Simulated HST broadband F606W images usingGRASIL-3D.
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6.1 Sample of Galaxies

To ensure proper resolution of the inner structure, we only select halos with virial masses
above 5 � 1011M � hosting galaxies with stellar masses above5 � 1010M � for this study.
These mass ranges are consistent with the observed properties of the high-z galaxy sample
of Genzel et al. (2017). This leads to a sample of 212 and 275 halos atz = 2 and
z = 0, respectively. Furthermore, we classify the galaxies based on the distribution of
the circularity parameter " = j z=r

p
GM (r )=r of the stars within the galaxies, wherej z

is the z-component of the stars' speci�c angular momentum (see alsoAbadi et al., 2003;
Scannapieco et al., 2008). Thus, dispersion-dominated systems represent observedearly-
type galaxies and are characterized by a broad peak in the distribution at " ' 0, while
rotation-supported systems have properties that are characteristic of late-type galaxies and
show a broad peak at" ' 1. We de�ne poster child disk galaxies as systems which, in
addition to a characteristic peak at" ' 1, have a signi�cant cold gas fraction (f cold > 0:5 at
z = 2 and f cold > 0:2 at z = 0) with respect to their stellar mass, to distinguish them from
transition type systems or ongoing merger events (for details seeTeklu et al., 2015). For our
simulations it has been shown that, following this classi�cation scheme, galaxies of these two
populations reproduce accordingly the observed stellar-mass�angular-momentum�relation
(Teklu et al., 2015) and its evolution (Teklu et al., 2016), the mass-size relation and its
evolution (Remus et al., 2017b), as well as the fundamental plane distributions (Remus
and Dolag, 2016).

We then rotate the galaxies such that the minor axis of the gas1 is aligned with thez-axis,
so that we can extract the rotation curve without any furthermodi�cations.

From the total of 212 (275) galaxies atz = 2 (z = 0) we classify 26 (15) as poster child
disks, which we consider for further analysis. In addition,among our 27 poster child
spheroidal galaxies atz = 2 we �nd 5 systems with a large cold gas fraction (f cold > 0:5).

Fig. 6.1.1shows a 20 kpc region for 4 gas-rich example galaxies atz = 2, where the upper
row displays the line-of-sight velocity maps of the cold gascomponent, restricted to regions
with � gas > 50M �

pc2 , with overlayed cold gas column density contours. The gridded data
was created using SPHMapper (Röttgers and Arth, 2018). The middle row shows the
cold gas column density maps with overlayed stellar surfacedensity contours. Inclinations
and colors were chosen according to the observations presented in Genzel et al. (2017).
Each column represents one galaxy, wheregal 225, gal 127, and gal 62(from left to right)
resemble disk galaxies, whilegal 183 is a gas-rich spheroidal galaxy. Interestingly, all
galaxies, even the spheroidal one, show a similar, regular rotation pattern for the cold gas
component. This is due to the fact that the gas is in a �attened, centrifugally supported
disk, even in the systems where the stars form a spheroid.

The lower panels show mock images of the four galaxies in the HST broadband F606W

1Note that this is di�erent from the computation for the class i�cation, where the galaxies are rotated
into the frame where the angular momentum vector of the starsis aligned with the z-axis.
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Figure 6.2.1: Rotation curves obtained from the cold gas for 10 out of the 26poster child disk
galaxies which show clearly declining rotation curves (left panel) and for the 5 gas-rich spheroidal
galaxies (right panel) at z = 2 , normalized by V rot

coldgas at the radius of maximum velocity Rmax .
The thick colored lines in the left panel show the 6 decliningrotation curves presented inGenzel
et al. (2017), while the gray lines show 7 poster child disk galaxies atz = 0 , using � 1:4 � R1=2 as
Rmax .

(4750A-7000A), which corresponds to rest-frame mid-UV. The images have been generated
with the radiative transfer code GRASIL-3D (Domínguez-Tenreiro et al., 2014). This
wavelength range traces the regions of very recent star formation, and the spheroidal
galaxy shows a very similar mock image as the disks, hiding the real stellar morphology.

6.2 Rotation Curves at z = 2

The rotation curves for our galaxy sample are directly obtained from the averaged velocities
(i.e. the circular velocities) of the individual cold gas particles. In order to ensure that
only gas within the disk contributes to the rotation curve, only particles within the z-range
of � 3kpc are used. While thez = 0 disk galaxies show normal rotation curves, 12 out of
the 26 poster child disk galaxies atz = 2 show a signi�cantly declining rotation pro�le for
their gas disk. However, we further remove 2 of the 12 examples from our detailed analysis,
as they show remnants of recent merger activity.

The left panel of Fig.6.2.1shows the rotation curves for these 10 poster child disk galaxies
at z = 2, which exhibit a decline in the rotation curve similar to theobserved high-z disk
galaxies presented inGenzel et al.(2017) (thick solid lines). Following the observations, we
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scaled the individual rotation curves byRmax and V rot
max , whereRmax is the radius at which

the rotational velocity (V rot
coldgas) has its maximum. We only plot radii larger than two times

the gravitational softening of the gas particles, which corresponds to' 1:33kpc at z = 2.
As can clearly be seen, the simulated galaxies show the same behavior as the observed ones,
with some having an even steeper decline in the rotation curves as the observed galaxies.
For comparison, the rotation curves of 7 disk galaxies atz = 0 are shown as gray lines.
The di�erence in pro�le shapes between high-z and present-day galaxies is clearly visible.

Since at high redshift galaxies are in general more gas-rich, we also plot the same curves
for the 5 gas-rich spheroidal galaxies from ourz = 2 sample in the right panel of Fig.6.2.1.
As for the disks, the gas shows a clear rotational pattern (see also example in Fig.6.1.1),
and all of our gas-rich spheroidal galaxies show a decliningrotation curve similar to the
observed disk galaxies. The only di�erence here is that the gas disks in the spheroidals
are much smaller than the stellar spheroidal bodies, while the sizes are similar in the disk
galaxy cases (see Fig.6.1.1).

The high redshift HST images mainly show young stars, which morphologically closely
resemble the gas disks even in the spheroidals (see lower panel of Fig. 6.1.1). This indicates
a potential di�culty in distinguishing disk galaxies from gas-rich spheroidals atz = 2
observationally. However, this uncertainty should be resolved using the next generation of
telescopes which will be able to probe the old stellar component in high redshift systems
as well.

6.3 DM Fractions

For spheroidal galaxies it is well known that the DM fractionwithin the half-mass ra-
dius is decreasing at higher redshift, which is commonly interpreted as indication for late
growth by dry mergers of such systems. While this trend is qualitatively supported by
cosmological simulations independent of the details in theimplemented feedback models,
the AGN feedback used in our simulation has been shown to produce DM fractions which
quantitatively agree well with observations (seeRemus et al., 2017b).

The left panel of Fig.6.3.1shows the DM fractions within the stellar half-mass radiusR1=2

for our full galaxy sample (gray dots) compared to observations at z = 2. Generally, our
galaxies have a tendency for higher average DM fractions with decreasingV rot

coldgas, however,
nearly all fractions are well below 30%. Our disk galaxies (blue diamonds) cover the same
range of small DM fractions as the observations presented inGenzel et al.(2017) (dark-
blue �lled circles with error bars) 2. Interestingly, the DM fractions of the disk systems are
almost as small as those of the spheroidal systems. Furthermore, the gas-rich spheroidals
cover the same range in DM fractions as the observed and simulated disk galaxies, again

2Note that especially at z = 2 the unavoidable di�erences when inferring the half-mass radius in
simulations and observations could lead to noticeable di�erences.
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Figure 6.3.1: The DM fraction f DM within the half-mass radius R1=2 versus the rotational
velocity V rot

coldgas at R1=2 at redshifts z = 2 (left) and z = 0 (right). At z = 2 (left panel), the
simulated disks (blue diamonds) and gas-rich spheroidals (pink open circles) are shown together
with the gas-poor spheroidals (red open circles). The observations from Genzel et al. (2017) are
included as dark-blue points. At z = 0 (right panel), we only show the simulated disk galaxies,
together with observations as presented inCourteau and Dutton (2015) from the Swells Survey
(Barnabè et al., 2012; Dutton et al. , 2013) and the DiskMass Survey (Martinsson et al., 2013).
The dark-blue �lled pentagon shows the Milky Way according to Bland-Hawthorn and Gerhard
(2016). To indicate uncertainties involved in inferring V rot

coldgas;R1=2
we include for the simulated

galaxies both the measured rotational gas velocity atR1=2 as well as the theoretical value obtained
from the total mass within R1=2 and connect both points by lines. We explicitly highlight the
data points for those descendents of ourz = 2 disk galaxies which are still disk galaxies atz = 0
(green diamonds).

highlighting the similarities between the gas-rich systems at z = 2 independent of their
morphologies and demonstrating the di�culty in distinguishing pure rotation-dominated
systems from dispersion-dominated systems which host a signi�cant gas disk.

At z = 0 the disk galaxies in the simulations show much larger DM fractions which decrease
with rotational velocity and agree well with the di�erent measurements for disk galaxies
(see right panel of Fig.6.3.1). To indicate uncertainties involved in inferring V rot

coldgas;R1=2

we used both, the measured rotational gas velocity atR1=2 as well as the theoretical values
obtained by adopting centrifugal equilibrium and taking the total mass within R1=2.
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6.4 Surface Density, Dispersion and Theoretical Rota-
tion Curve

A detailed look at the four examples from Fig.6.1.1shows that the surface density pro�les
�( r ) of the cold gas disks in the three poster child disk galaxies and the gas-rich spheroidal
galaxy follow the expected exponential decline, as shown inthe upper panel of Fig.6.4.1.
While the theoretical rotation curves as obtained by the total matter distribution within
these halos are �at, as expected, the real measured rotationof the cold gas disk shows a
signi�cant decline, as can be seen in the middle panel of Fig.6.4.1. This decline is a result
of the kinetic pressure e�ect which partly compensates the gravitational force as proposed
by Burkert et al. (2010). As expected for a self-gravitating, exponential disk, the maximum
of the real rotation curve for the three disk galaxies in the central part, where the baryons
dominate over the dark matter halo, is slightly (� 10-20%) above the maximum value for a
spherically averaged mass distribution (Binney and Tremaine, 2008). Furthermore, at large
distances the real rotational velocity is conspiratorially close to the expected rotational
velocity if considering only the cold gas mass. For the gas-rich spheroidal galaxygal 183,
the latter holds even across almost all radii, due to its evenlower DM fraction and the
small size of the disk compared to the stellar body of the galaxy. As a result, the gaseous
disk of the spheroidal galaxygal 183is strongly self-gravitating, more compact and shows
an even stronger decline. None of our systems with a falling rotation curve shows any
signi�cant feature or change in the radial component of the velocity dispersion measured
for the cold gas disk which is related to the position at whichthe rotation curve declines,
as shown in the� r pro�les in the lower panel of Fig.6.4.1.

6.5 Discussion and Conclusions

Selecting disk galaxies withM vir above5 � 1011M � and M � above5 � 1010M � from the cos-
mological, hydrodynamical simulationMagneticum Path�nder we investigated the rotation
curves of disk galaxies atz = 2. We �nd that almost half of our poster child disk galaxies
(10 out of 26) show signi�cantly declining rotation curves,very similar to the observations
reported in Genzel et al.(2017). Interestingly, the peak of the rotation curve is a fairly
good approximation (� 10% larger) of the theoretical value, based on the total massof
the galaxies.

These disk galaxies do not show any signi�cant dynamical features except that the radial
dispersion has generally signi�cantly larger values compared to z = 0 disks, as expected for
dynamically young systems in their assembly phase.Forbes et al.(2012) already presented
a model description to explain this temporal evolution, which also quantitatively agrees
well with the results of the much higher resolution hydrodynamical simulationsEris (Bird
et al., 2013), �nding ratios of 3 � 4 betweenvrot and � gas for galaxies atz = 0 and much
smaller � gas for galaxies atz = 0. Furthermore, this is also in line with the observational
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Figure 6.4.1: For the three poster child disks (gal 62, gal 127, and gal 225), and the gas-rich
spheroidal galaxy (gal 183): Upper panel: Surface density� of the cold gas. The vertical dashed
line indicates four/two times the gravitational softening of the stellar/gas particles at this redshift.
The gray lines are �ts for an exponential surface density pro�le for �( x) = a � exp(� x=b) with
b � 2 kpc. Middle panel: Rotation curves of the cold gas (solid lines) compared to therotation
curves expected from the spherically averaged total mass distribution (dash-dotted lines). Dotted
lines show the corresponding cold gas contribution. The thick dotted lines at large radii show
the expected theoretical rotation curves when corrected for the asymmetric drift. Bottom panel:
Radial velocity dispersion � r of the cold gas. Thin dotted lines indicate the � used for the
asymmetric drift correction in the middle panel.
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�ndings of Simons et al.(2017), who showed that observed galaxies atz � 2, independently
of their stellar mass, typically have� gas � 60 km/s, similar to our galaxies shown in Fig
6.4.1. Applying a simple correction

v2
rot = v2

circ + 2� 2 � (dln� =dlnR) = v2
circ � 2� 2 � (R=Rd)

for the asymmetric drift (Burkert et al., 2010) based on our measured dispersion pro�les
onto the theoretical rotation curve results in reduced rotation curves, which qualitatively
agree well with our measured ones. Therefore, we conclude that the declining rotation
curves of the high redshift galaxies are caused by a relatively thick, turbulent disk, as
already discussed inGenzel et al.(2017). We also �nd that these galaxies show similarly
low DM fractions as reported for the observations. The DM halos of these disk galaxies
have a mean concentration parametercvir � 8 (as expected for these halo masses atz = 2)
and therefore we can exclude that the low dark matter fractions are caused by especially
low concentrations of the underlying halos.

Tracing these galaxies in the simulations untilz = 0 allows us to infer the present-day
appearances of these galaxies. We �nd that, on average, these galaxies still grow by a
factor of � 3:5 both in virial as well as in stellar mass. Two of them resemblepresent-day
disk galaxies with small remaining gas disks, and one ends asa central galaxy of a small
group. Three of them become satellite galaxies of small groups, while the rest is mostly
classi�ed as transition types. Therefore, we can exclude that the low DM fractions at
z = 2 imply that these systems have to be the progenitors of today's elliptical galaxies
with similar stellar mass and low dark matter fractions.

Interestingly, in our simulations we also �nd several spheroidal galaxies atz = 2 which
host a massive cold gas disk with similarly declining rotation curves as the disk galaxies.
These gas disks are typically more compact, but as star formation is dominated by the
gas disks, these spheroidals appear indistinguishable from the disk galaxies in our mock
HST images, highlighting the need for observational instruments that detect the old stellar
component even at high redshifts.

In general, we conclude that high-redshift disk galaxies with declining rotation curves and
low DM fractions appear naturally within the � CDM paradigm, re�ecting the complex
baryonic physics which plays a role atz = 2 and can be found commonly in state-of-the-
art, � CDM cosmological hydrodynamical simulations.
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Chapter 7

Summary and Conclusion

We extracted between400 and 2000 galaxies in the redshift range0 < z < 2 with to-
tal stellar masses above1010M � from the hydrodynamical, cosmological state-of-the-art
simulation Magneticum Path�nder, which includes detailed treatment of star formation,
chemical enrichment, and evolution of supermassive BHs. Weinvestigated the connection
between the kinematics, the mass, the age, and the morphology of the galaxies. Thereby,
we focussed on the interplay of the dark matter and the baryonic component. Furthermore,
we adressed the question which in�uence the environment hason the morphology.

For the galaxy classi�cation we applied di�erent methods, depending on the properties
that were studied. Qualitatively, the classi�cations based on the angular momentum, i.e.
the circularity parameter " and the b-value, agree well for the separation of spheroidal and
disk galaxies. For detailed studies of kinematical properties, however, we prefer to use the
very strict selection criterion of the circularity parameter to ensure that we only include
posterchild spheroids and disks in our sample. In order to test the e�ect of the baryonic
processes on the angular momentum within the halos and theirin�uence on the formation
history, we also performed a DM control run.

In the following we summarize our �ndings.

The spin parameter of the gas becomes higher with evolving time. In contrast, the spin
of dark matter and stars does not show any signi�cant time evolution. The vectors of the
angular momentum of stars are better aligned with the gas than with the dark matter at
high redshift. However, this changes at low redshift, wherethe stellar angular momentum
vectors tend to be better aligned with those of the dark matter.

On the stellar mass-stellar speci�c angular momentum (M � � j � ) plane, the posterchild
disks and spheroids populate di�erent regions, in very goodagreement with observations.
In good agreement with observations, we �nd the speci�c angular momentum of the (cold)
gas in our disk galaxies to be higher than that of the stellar component. When only
considering the young stars, the angular momentum is comparable to that of the gas. This
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shows that the young stars encode the information of the angular momentum which was
accreted recently.

Regarding the question if the speci�c angular momentum of the gas in the (disk) galaxy is
re�ecting that of the total halo, we do not �nd a one-to-one correspondence; the gas only
accounts for about 43% of the speci�c angular momentum valueof that of the dark matter
halo.

The alignment of the angular momentum vectors of the total dark halo with the inner
part is slightly better in the run with baryons compared to the dark matter only run.
Furthermore, the halos hosting posterchild disk galaxies show better alignment in their
angular momentum vectors with the central parts.

In the distribution of the spin parameter� , which takes into account all components within
the halo, we �nd a dichotomy: the halos hosting disk galaxiestend to have higher spins,
while the halos hosting spheroids in their centers tend to have lower spins. This is even
re�ected in the spin parameter distribution in the dark matter only run, for which we have
cross-matched our galaxies. This implies that the formation history is important for the
resulting morphology.

We also investigated if the mass of the dark matter halo can beinferred from the abun-
dance of satellites around the host galaxies, as concluded by observational studies. When
using all galaxies above a certain mass range, we �nd the spheroidal host galaxies to have
more satellites compared to the disk galaxies. However, when we split the galaxies into
central galaxies, i.e. galaxies which reside in the center of the dark matter halo, and com-
panions, which are large satellites, this signal disappears for the central galaxies, but only
remains for the companion galaxies. This shows that the di�erence in the abundance of
satellites around ellipticals and spirals is driven by the environment and is just re�ecting
the morphology-density relation. Thus, one cannot estimate the halo mass from count-
ing the satellites, unless one restricts to central galaxies, which is not straight forward in
observations.

We further study the connection between the quenching and morphological type of our
galaxies. For this we use a larger box with the same resolution, at redshift z = 2, and
select galaxies within a narrow mass range in order to exclude e�ects driven by the mass.
Already quenched galaxies do not show any relation to their the morphology and have
formed earlier than the star-forming galaxies. Furthermore, we �nd that, at z = 2, the
classi�cation based on the kinematics yields di�erent results compared to the classi�cation
based on star-formation activity.

When studying the connection between the star-formation rate and the environment from
z � 5 down to present time, we �nd that the morphology-density relation starts to build
up at z � 2. The morphology-density relation looks similar for quiescent and star-forming
centrals, which indicates a negligible in�uence of the environment on central galaxies. For
quiescent companion galaxies the distribution of the numerdensity peaks at high density
environments, while those of quiescent centrals peaks at low density. This leads us to the
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conclusion that environmental quenching in�uences the evolution of satellites rather than
central galaxies.

In order to explore the connection of the age distribution ingalaxies with the rotational
support via theb-value and the morphological type, we divided the stars intoyoung, middle-
aged and old stellar populations. We �nd that the stellar populations of disk galaxies have
similarly high b-values, indicating that they generally could evolve without. In contrast, the
distributions of the b-value for the di�erent stellar populations of spheroidal galaxies di�er
from each other, where the old component tends to low values and the young component
has a broad distribution. This supports a picture in which these stellar populations have
di�erent origins. As the old stars contribute most to the mass and we do not �nd a
connection between theb-value of the young stars and the mass fraction of disks, we
conclude that the old stellar component determines the morphological type. Therefore, in
observations it is important to consider the di�erent stellar populations for studies of the
kinematis, as the young stars generally are brighter than the old stars.

We have also analyzed the radial distribution of the di�erent stellar populations; the pos-
itive age gradient of spheroidal galaxies suggests an �outside-in� growth of the spheroids,
while for disk galaxies we detect a negative age gradient, which indicates an �inside-out�
growth.

We then further subdivided the ETGs according to their kinematical properties, i.e. into
non-rotators, regular rotators, distinct core galaxies and prolate rotators; the class of galax-
ies with distinct cores have on average more young and middle-aged stars than the other
classes of ETGs. In addition, the population of distinct core galaxies splits in a similar
way compared to the disk galaxies, when dividing them into populations with many and
few old stars. On the other hand, kinematically they behave like the spheroidal galaxies.
This favors a formation history involving gas rich mergers with retrograde orbital con�gu-
rations. We con�rm results from previous studies that di�erent formation paths can lead
to an ETG at present time.

We also tested whether the low DM fractions are connected to declining rotation curves at
z = 2. Almost 50% of our posterchild disk galaxies exhibit declining rotation curves. In
addition, they also have radial velocity dispersion that are higher than those of galaxies at
z = 0. This is expected for galaxies at that redshift, as they are in the process of forming.
We conclude that the rotation curves decline due to a relatively thick and turbulent disk.
The disk galaxies have similarly low DM fractions as in observations. Since the concen-
tration of their DM halo is as expected, we can exlude that thedark matter fractions of
the galaxies are due to the underlying halo. At present-day our disks from z = 2 span a
wide range of morphological types, from wich we can rule out that a galaxy with low dark
matter fractions at high redshift automatically ends up as an ETG.

Another important aspect is that we �nd spheroidal galaxiesat high redshift that have a
massive disk of cold gas, which is indistinguishable from disk galaxies in our mockHST
images. This emphasizes the need for the consideration of the old stellar component, even
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at high redshift.

In summary, we have demonstrated that the galaxy's morphology is tightly connected to its
evolutionary history, particularly the distribution of th e angular momentum. In addition,
we have shown that the environment of a galaxy in�uences its angular momentum and its
morphology. From this we can conclude that the interplay between spin and mass is an
important tracer for the morphology.

In general, larger samples are needed in order to study properties of posterchiild galaxies,
and in particular disk galaxies, in a statistically relevant manner. Therefore, boxes with a
larger volume and possibly even higher resolution are needed. This would help to study
the assembly history in more detail and, in particular, to gain even better insights into
the complex interplay between gas, stars, dark matter and the environment and how they
shape the morphology of a galaxy.
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