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"There is a theory which states that if ever anybody discovers exactly what the
Universe is for and why it is here, it will instantly disappear and be replaced by
something even more bizarre and inexplicable. There is another theory which states
that this has already happened.”

Douglas Adams
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Zusammenfassung

In dieser Arbeit untersuchen wir, wie massive elliptische Galaxien aus primordialen
Dichtefluktuationen entstehen und sich bis zur Gegenwart entwickeln. Hierfiir verwen-
den wir das grofite Set an kosmologischen Simulation individueller Galaxien, das bisher
berechnet wurde. Die Simulationen beinhalten eine selbstkonsistente Beschreibung der
hydrodynamischen Kréfte sowie Kiihlung und Heizen durch Strahlung, Sternentstehung
und Feedback durch Supernovae. Mit diesem Simulationsaufbau sind wir in der Lage
Galaxien mit realistischen Figenschaften zu erzeugen und es gelingt uns beobachtete
Tendenzen der Strukturparameter in lokalen und fernen Galaxien zu reproduzieren.

Wir stellen fest, daf Galaxienentstehung in 2 Phasen ablauft. In einer frithen dis-
sipativen Phase wachsen Galaxien durch in situ Sternentstehung im Zentrum, spéter
gelingt der Aufbau von stellarer Masse primér durch Akkretion kleinerer Systeme. Im
Allgemeinen finden wir, daf der Bruchteil der Sterne die in situ in der Galaxie ent-
standen sind mit zunehmender Gesamtmasse der Galaxie abnimmt und fiir die rdum-
liche Grofse des Systems am heutigen Tag bestimmend ist. Wiahrend die dissipative
Sternentstehung aus kalten Gasstréemen bei hohen Rotverschiebungen zu kompakten
Strukturen fithrt legen sich die spéter akkretierten Sterne wie eine Hiille um den kom-
pakten Kern und haben einen signifikant groferen Halbmassenradius. Wir beobachten
in den Simulationen auch das Phdnomen, das von Beobachtern iiblicherweise als ’ar-
chaeological downsizing’” bezeichnet wird. Hierbei haben die massereichsten Galaxien
die dltesten Sternenpopulationen. Dies ist allerdings nicht im Widerspruch zur ACDM
Theorie, nachder sich kleine Strukturen zuerst bilden. Denn obwohl die Sterne in den
massereichen Galaxien sehr alt sind werden sie erst spét akkretiert und die massiven
Galaxien bilden sich tatéchlich als Letztes.

Die Entwicklung der Galaxiengréfsen und stellaren Geschwindigkeitsdispersionen
kann durch die héufige Verschmelzung mit relativ kleinen Galaxien erklart werden.
Wir beobachten, daf die simulierten Galaxien zunéchst ein sehr kleines Ausmaifs haben
und hohe Geschwindigkeitsdispersionen aufweisen. Das Anwachsen der Halbmassenra-
dien und die Abnahme der stellaren Geschwindigkeitsdispersion - bis beides den heute
beobachteten lokalen Relationen folgt - gelingt durch die Akkretion kleiner Strukturen.
Die akkretierten Sterne sammeln sich vor allem in den &dufseren Regionen der Galaxien
an und verursachen so das beobachtete starke Anwachsen der Halbmassenradien. Das
Anwachsen der Galaxiengrofen sowie der Abfall der stellare Geschwindigkeitsdisper-
sion folgen den Vorhersagen fiir kollisionsfreie Galaxienverschmelzungen. Wir stellen
fest, dals die stellare Masse typischerweise durch Galaxienverschmelzungen mit einem
Massenverhaltnis von 1 zu 5 anwéchst. Ein mafgeblicher Teil der simulierten Galax-
ien erlebt keine ’grofse’ (> 1 : 5) Galaxienverschmelzung im Zeitraum zwischen einer
Rotverschiebung von 2 und dem heutigen Tag, was uns die oft erwéhnte Bedeutung von
sogenannten 'major merger’ fiir die Entwicklung von elliptischen Galaxien anzweifeln
lasst.

Zusétzlich présentieren wir die erste detailierte kinematische Analyse kosmologis-
cher Simulation von elliptischen Galaxien. Wir konstruieren 2-dimensionale Abbilder
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der stellaren Geschwindigkeiten, der Geschwindigkeitsdispersionen sowie fiir hohere
Momente der Gauss-Hermite Polynome. Wir belegen die aktuelle Beobachtungen, daf
elliptische Galaxien oft eine bedeutende Menge an Rotation zeigen. Wir finden dieselbe
Vielfalt an kinematischen Eigenschaften wie in den Beobachtungen in den Simulationen
wieder, z.B. langsam und schnell rotierende Systeme sowie verstellte oder gegenléufige
Rotation. Der Anteil an schnell rotierenden Galaxien nimmt mit zunehmender Galax-
ienmasse ab. Entgegen den Ergebnissen von idealisierten Simulationen von Galax-
ienverschmelzungen finden wir keinen Hinweis darauf, dafs Galaxienverschmelzungen
mit besonders hohen Massenverhéaltnissen notig sind um langsam rotierende elliptische
Galaxien zu erzeugen. Wir fiihren ein Beispiel einer langsam rotierenden Galaxie an,
die nur aus Galaxienverschmelzungen mit Massenverhéltnissen von 1 zu 4 oder kleiner
entstanden ist.

Die hier untersuchten Simulationen bilden - wenn man sie mit Halo-Verteilungsmodellen
vergleicht - um dem Faktor 2 zu viele Sterne. Dieses Problem wird gewohnlich als "over-
cooling’ bezeichnet und ist allgegenwartig in Simulationen von Galaxienentstehung.
Wir planen als néchsten Schritt das hier verwendete Feedback-Modell zu verbessern,
sowie weitere Prozesse (z.B. Feedback von superschweren schwarzen Lochern) in die
Simulationen einzubauen um diesem Problem entgegenzuwirken.
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Summary

In this thesis we study the formation and evolution of massive early-type galaxies
out of primordial density fluctuations up to the present day. To accomplish this task
we use the largest set of cosmological simulations of individual galaxies performed so
far, including a self-consistent treatment of hydrodynamics as well as radiative cooling
and heating, star formation and supernovae feedback. With this setup we are able to
create galaxies with realistic properties, reproducing trends of structural parameters
observed in local and distant galaxies.

We find that galaxy formation is a two-phase process: in an early dissipative phase
stellar mass is built up by in situ star formation, later the growth is dominated by the
accretion of smaller systems. In general the ratio of accreted to in situ created stars at
the present day is increasing with increasing stellar mass and is responsible for the final
spatial extend of the system. While the dissipative formation of stars out of cold gaseous
streams at high redshifts tend to create compact systems the later accreted stars are
forming an envelope around these stellar cores with much larger half-mass radii. We
recover the observational phenomenon usually referred to as ’archaeological downsizing’
where the most massive galaxies are made out of the oldest stellar populations. This
is not in contradiction to the bottom-up formation scenario of ACDM since although
the stars themselves form early they are accreted late and the most massive galaxies
indeed assemble at last.

The evolution of galaxy sizes and stellar velocity dispersions is the result of frequent
minor mergers. We find that the simulated galaxies initially are all rather compact with
high velocity dispersions. The increase in size and decrease in velocity dispersions -
until both follow observed present-day relations - is accomplished by the accretion of
smaller systems. The accreted stars settle in the outer regions of the galaxies leading
to the strong observed size increase and the evolution of sizes and velocity dispersion
follow the predictions for collisionless mergers. We find that stellar mass is accreted
on average in minor mergers with a mass fraction of 1:5. A significant amount of
the simulated galaxies have no major merger between redshift 2 and the present day
which degrades the often discussed importance of major mergers for the evolution of
early-type galaxies.

In addition, we present the first detailed kinematically analysis of cosmological
simulations of early-type galaxies. We construct two-dimensional maps of the stellar
velocities, velocity dispersion as well as higher order Gauss-Hermite moments for all
the galaxies presented in this work. We support the recent observation that a large
fraction of the early-type galaxies show a significant amount of rotation. We recover
the diversity of observed kinematic properties in the simulations with slow and fast ro-
tators as well as misaligned and even retrograde rotation. The fraction of fast rotating
galaxies is decreasing with increasing galaxy mass. Contrary to the results obtained
from idealized merger simulations we find no evidence for major mergers being nec-
essary for the development of a slowly rotating system. In fact we give an example
for a galaxy with diminishing rotational support at the present day that has no major



(> 1:4) merger since redshift 2.

The simulations presented here still suffer from the ubiquitous problem of over-
cooling and produce stellar masses of galaxies that are roughly too high by a factor of
2 when compared to halo-occupation-distribution models. As a next step, we are plan-
ning to improve upon the current feedback prescription as well as the implementation
of further feedback processes (e.g. active galactic nuclei) to alleviate this problem.
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Chapter

MOTIVATION

The cover page shows the arguably most famous picture in modern astronomy: The
Hubble Deep Field (Williams et al. 1996). It was assembled out of pictures taken over
10 consecutive days with 4 different broadband filters. The Hubble Space Telescope was
pointed at a blank of the sky in Ursa Major and revealed approximately 3000 galaxies
which are typically 5 to 10 billion light years away. But it does not matter in which
direction one is looking. More recent observations (York et al. 2000; Colless et al. 2001)
have shown that on these very large scales our Universe is rather homogeneous and that
space is full of these bright objects. But they only represent the luminous tip of the
iceberg in a Universe that is primarily made of some unknown ’dark matter’ and an even
less understood form of 'dark energy’. Galaxies are believed to form in the high-density
peaks of the overall mass distribution. They are the localities in which stars are born
and evolving and contain most of the visible stars in the Universe rendering the number
density of stars within galaxies about 107 times higher than the mean number density of
stars in the Universe. Therefore they are visible over such large distances allowing us to
study our Universe over cosmological scales, which is why understanding how galaxies
come into existence and how they are evolving are important, yet challenging issues
in modern cosmology. Even the shortest timescales involved in galaxy formation and
evolution are much longer than a human lifetime making these processes impossible to
be observed directly. However, due to the finiteness of the speed of light we observe our
Universe at different stages of development depending on the distance of the objects
that are detected.

In comparing the properties of galaxies at different distances and therefore different
ages of the Universe astronomers are trying to infer how galaxies form and evolve at
least in a statistical sense. Although galaxies are unique in the sense that no two are
alike, they follow some intriguingly tight scaling relations leaving some constrains on
galaxy evolution models that they must be able to reproduce in order to be successful.
For obvious reasons it is difficult to test those models empirically which sets astronomy
apart from most other areas of experimental physics. One successful method to study
the evolution of galaxies are numerical simulations where galaxies form as the conse-
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quence of (relatively) well-known physics out of cosmological initial conditions. This,
however, is a problem of formidable complexity since the physical processes involved
cover some 23 orders of magnitude from the scale of the Universe itself down to the
scale of individual stars. Therefore some simplifications and numerical techniques have
to be taken into account to simulate the evolution of galaxies in reasonable compu-
tation time. With increasingly powerful computers at our hand ever more accurate
simulations are being performed and numerical simulations have been proven useful in
answering open questions in modern astronomy, and some of them we are trying to
tackle within this work:

e How do massive galaxies accumulate their stellar mass? How does the fraction of
in-situ star formation to accreted stellar mass vary? Why do the most massive
galaxies have the oldest mean stellar ages in a hierarchical Universe?

e How do the structural properties of massive galaxies evolve with time, and why?
What is the dominant mode of accretion for stellar mass growth?

e What are the kinematical properties of massive galaxies at the present day? In
what way are they set by the formation history?

To investigate this questions we performed the largest set of cosmological zoom-in
simulations performed so far.

This work is organized as follows: we start with an introduction in chapter 2. In
chapter 3 we give an overview over the theory of structure formation. The simulation
code used to carry out the calculations as well as the initial conditions are explained in
chapter 4. In chapter 5 we discuss the two phases of galaxy formation. The evolution
of structural properties of massive galaxies is presented in chapter 6 followed by a
detailed study of the kinematics in chapter 7. We summarize and discuss our findings
in chapter 8 and give an outlook to future work.
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INTRODUCTION

2.1 The Early Universe

It is commonly assumed that 13.7 billion years ago our Universe developed out of
a tremendously hot and dense state called the Big Bang (Spergel et al. 2007). It
is believed, that the Universe experienced an epoch of accelerated expansion 1073°s
shortly after the Big Bang. During this so called Inflation period it expanded by a
factor of 10°° within 107335, smoothing out any irregularities and thereby creating a flat
and homogeneous Universe (Guth 1981). Additionally, random quantum fluctuations
were blown-up by inflation into macroscopic inhomogeneities in the Universe. These
primeval density perturbations would be the seed for structure formation and eventually
evolve into the structures that are seen today like galaxies and clusters. The rapid
expansion caused an extreme drop of temperature, however the Universe is expected
to be re-heated back to a temperature of T ~ 10K due to the conversion of the
energy of the inflaton field into heat.

After inflation the Universe continued to expand at a normal rate. It eventually
became cold enough for baryons to form, with a slight asymmetry in numbers of baryon
and antibaryons. After the annihilation of the baryon-antibaryon pairs we are left with
a Universe composed mainly of non-baryonic dark matter (see ch. 2.2) and baryonic
matter (protons, neutrons, electrons, positrons!) in thermal equilibrium with the radi-
ation (neutrinos and photons) through scattering reactions. 10 seconds after the Big
Bang when the electron-positron pairs are annihilated the energy content of the Uni-
verse is dominated by the density of photons and neutrinos. The density of radiation
scales as praq < a~* where a is the cosmological scale factor whereas the density of
matter scales as pma o< a 3. The additional factor of a=! is due to the cosmological
redshift causing the wavelength of the photons to increase and therefore lowering their
energy. At a redshift of z., ~ 3500 which corresponds to ¢., ~ 100 000 yrs the den-
sity of radiation and matter become comparable and the Universe enters the matter

! Although electrons and leptons are leptons it is common practice to include them to the baryonic
matter in astrophysics
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Figure 2.1: The cosmic microwave background as observed by the WMAP mission
(Spergel et al. 2003, 2007; Komatsu et al. 2011). Colors indicate warmer (red) and
cooler (blue) areas, the white bars show the polarization direction of the photons. The
CMB provides us with information about the temperature fluctuations at z ~ 1100 that
are of the order of AT/T ~ 107°. Today the observed spectrum of the CMB resembles
that of a black body with a characteristic temperature of 7' = 2.725 £ 0.002 K (source
NASA).

dominated era.

As the Universe continued to expand the temperature kept decreasing as well, and
at a redshift of zz. ~ 1100 or tz.. ~ 380 000 yrs the Universe was for the very first
time cold enough for protons and electrons to recombine (actually they have never
been combined before, still this is oddly called recombination). At a temperature of
T ~ 4000 K the neutral fraction was sufficiently high for the photons to decouple
from the matter at the so called epoch of last-scattering. The photons emitted during
this recombination can still be seen today as the cosmic microwave background (CMB)
providing us with a snapshot of the temperature variations of the Universe at z ~ 1100
(see Fig. 2.1). The spectrum of the CMB today coincides with extreme precision to a
black-body spectrum with a characteristic temperature of T' = 2.725 £+ 0.002 K, with
very small fluctuations of the order of few parts in AT/T ~ 107°. The variations in
the temperature are closely linked to fluctuations in density at z ~ 1100, therefore the
CMB provides us with valuable information about the early structure of our universe.
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2.2 Dark Matter

Nearly everything we know about our surrounding universe we have learned from ob-
serving electromagnetic radiation. In the beginning of observational astronomy we
relied on optical photons we received from stars or galaxies, but in the last century we
started to detect radio waves from cold neutral hydrogen gas as well as X-ray photons
from hot ionized gas and so forth. Alas, there is no reason why every type of matter
should emit radiation in some way. This matter would in fact be invisible to our current
observational instruments. “Thus we use the term Dark Matter to denote any form
of matter whose existence is inferred solely from its gravitational effects.” (Binney &
Tremaine 1987)

The existence of Dark Matter is commonly accepted, the question remains what
form it takes. Dark Matter could consist of ordinary matter that does not emit light,
e.g. stars that do not reach the mass limit for hydrogen burning. But it is more
probably, that it is made of a still unknown elementary particle, that does not interact
electromagnetically and is therefore unable to radiate photons of any kind. These
particles could be non-relativistic weakly interacting massive particles (WIMPs). The
predictions of primordial nucleosynthesis disprove the former theory, that baryonic
matter could make up for the missing mass, but a promising candidate for the latter
one has not been found yet, either. Particle Physics and especially Supersymmetry are
predicting new yet undiscovered particles which could be the origin for dark matter,
e.g the neutralino or the axion (see e.g. Peacock 1999).

Nonetheless, Dark Matter remains a crucial aspect in present cosmological models
and it is needed to describe observed properties of galaxies and galaxy clusters, and
even if one cannot definitely say what Dark Matter is made of, the evidence for its
existence is compelling. For example the first evidence of dark matter was found by the
Swiss astronomer Fritz Zwicky in 1933. Zwicky had been measuring radial velocities of
seven galaxies belonging to the Coma cluster. He interpreted the dispersion of radial
velocities as a measure of the kinetic energy per unit mass, together with a rough
estimate of the cluster radius he could calculate the total mass of the cluster using the
virial theorem. When he compared the mass-to-light ratio measured in this way to
those yielded by rotation curves of nearby spirals, he found that the former exceeded
the latter by a factor of a least 400. He inferred from this result, that nearly all of the
cluster mass takes the form of some invisible or dark matter that can solely interact
with ordinary, baryonic matter through gravity. Today, Zwicky’s proposition remains
the common explanation for the observed flatness of rotation curves at large radii and
the existence of dark matter is nowadays hardly ever doubted.

2.3 Structure formation

In the currently most successful theories, all structure in the Universe is forming out
of tiny primordial inhomogeneities created by quantum fluctuations that have been
blown up during an rapid phase of exponential expansion, called inflation (Mo et al.
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2010). The overdense regions will grow as a result of gravitational attraction: at first
the collapse of dark matter will take place, later on the baryonic mass condensates in
the potential wells created by dark matter. Self-gravity causes then overdense regions
to collapse until at some point virial equilibrium is reached. The Jeans mass (see
section 3.3) represents the limiting mass for regions able to collapse. Before matter-
radiation equality the Jeans Mass for baryonic density fluctuations was very large
(~ 10'%M) which in turn inhibited structure formation. This was due to the major
contribution to the pressure by Thomson scattering of photons with free electrons,
therefore baryonic structure formation could only begin after recombination at z ~
1100 when the Temperature of Universe had dropped to T' ~ 10*K. However, we will
see in section 3.4 that the density contrast observed in the CMB is too small to explain
the present day large overdensities. This means we need to include non-baryonic dark
matter in our model so that structure formation can begin right after matter-radiation
equality, which is another strong indication for the existence of non-baryonic dark
matter (see section 2.2). The dark matter would not interact with the photons and
could therefore begin to collapse before recombination, baryonic matter could then
subsequently fall into the density enhancements created by dark matter.

In contrast to the Hot-Dark-Matter model, the standard CDM model predicts the
first structures to collapse in low mass halos with low virial temperatures (7' < 10°K).
Therefore it favors hierarchical structure formation where structure forms bottom-up,
i.e. small structures form first and large structures form by merging.

Besides baryonic and dark matter there is a third energy component in the Universe.
This component is due to the cosmological constant A and can be thought of the energy
density of the vacuum itself. Since there is no real understanding of the source of this
form of energy so far, it is commonly called dark energy. Unlike matter densities the
dark energy will not get diluted by cosmic expansion (py o a) and will as a result
become the dominant form of energy in the late time of our Universe. This happened
for our universe at z ~ 0.7 which was about 5 billion years ago and dark energy is
currently re-accelerating the expansion of the Universe. In turn the contribution of
the cosmological constant will increase even more leading to an even faster accelerated
expansion in the future.
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THEORY OF STRUCTURE FORMATION

In this chapter we will summarize the most important aspects of theoretical structure
formation in a ACDM (see Section 2.3 and 3.2) universe. For a more complete descrip-
tion we refer the reader to the literature (e.g. Peacock 1999). Modern cosmology is
based on the cosmic principle, which states that the Universe is spatially homogeneous
and isotropic on large scales and Einstein’s theory of general relativity which relates the
structure of space-time to the mass distribution in the Universe. In a perfectly homoge-
neous universe structure formation would be impossible. The inhomogeneities needed,
are assumed to arise from quantum fluctuations at a very early epoch when general
relativity breaks down due to the Universe being hot and dense enough for quantum
effects to be important. We are currently unable to predict the initial conditions for
galaxy formation from first principles and the parameters determining structure forma-
tion have to be set by observations, e.g. the fluctuations in the microwave background
and the present-day clustering of galaxies. Under the influence of gravity small over-
densities will grow in mass and size until dp/p ~ 1, when the evolution will decouple
from the expansion of the Universe. At that moment, called turn-around, the structure
will have its largest spatial extend and will start the non-linear collapse, which can in
general not be described analytically.

3.1 Cosmology

3.1.1 Friedmann equations

Albert Einstein laid the foundation for modern cosmology in 1915 in presenting his
theory of General Relativity which describes how space-time is distorted by the presence
of matter and how matter moves along trajectories in curved space-time. General
Relativity relates the stress-energy tensor to the geometrical properties by Einstein’s
equation:

1 8nGT,,

Ruy - _guuR — A

5 + Aguw, (3.1)



8 THEORY OF STRUCTURE FORMATION

where

e R, is the Ricci tensor, a contraction of the Riemann curvature tensor by the
metric tensor g,

e R = g"R,, is the Ricci scalar
e T, is the stress-energy tensor, responsible for space-time curvature

e A is a universal cosmological constant, originally introduced by Einstein to allow
for a static solution

Assuming that the Universe is a perfect fluid (homogeneous on large scales, isotropic
and with no shear stress) the Friedmann-Robertson-Walker metric provides an exact
solution to the Einstein field equations of general relativity. It is the most general space-
time metric that describes an expanding Universe filled with isotropic and homogeneous
matter:

dr?

1 — kr?
where a(t) is the scale factor of the Universe relating proper distance [ to comoving
distance r via

ds? = —dt* + d2(1) + r?d6* + r* sin® Odg? (3.2)

l=a(t)r (3.3)

and the free parameter k is describing the global curvature of the Universe. For a
vanishing cosmological constant A the global curvature can either be positive (closed)
k = +1, (flat) £ = 0 or negative (open) k = —1. The assumptions of isotropy and
homogeneity result in enormous simplifications of Einstein’s field equations leading to
the Friedmann equations

a A p A

- = = — 3.4
L syt (3.4
a\ 2 e A

(5) = Sr-ta+3 (3:5)

that govern the expansion of space. If we combine all contributions to p, i.e. those of
matter as well as vacuum, we obtain a direct connection between the density of the
Universe and its global geometry:

ke a? p

R P — 3.6

a?  a? {3H2/87rG ]’ (36)

where H is the Hubble constant and G is the gravitational constant. We define a
critical density as

_3H*> _ _ p 81Gp

Pe=%nG "= 0. " 3HZ

pe(z =0) = 1.88 x 107 %h* kg m 3. (3.8)
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Inserting this into equation (3.6) yields

kc?
— = H*(Q—1) (3.9)
for p=pc. = Q= Qnatter + U =1=k=0 (3.10)

We see if the density of the Universe is equal to the critical density then the Universe
is flat. For larger densities (€2 > 1) it would be spatially closed, whereas for lower
densities (2 < 1) it would be spatially open.

3.1.2 Hubble constant

The expansion of our Universe was discovered by Hubble in 1929. He observed that
galaxies in all directions were receding from the Milky Way, with increasingly larger
velocities for larger distances. The famous Hubble law is the result of that observations:

v = HI, (3.11)

where v is the recession velocity, [ is the proper distance to the object and H is
the Hubble constant. Its present day value is conveniently parametrized with the
dimensionless parameter h.

Hy = 100 h kms ™' Mpc™* (3.12)
Using (3.3) we can relate the Hubble constant to the expansion factor a(t)

o(t) = = =ra(t) = gz O] (3.13)

a(t)

Note that unlike what the name is implying the Hubble constant is time-dependent.
The dependence of H on the expansion factor in a matter-dominated, flat universe is
given by

H*(a) = HZ[Qp + Qna ™ + Qa™ — (2 —1)a™ ] (3.14)
where 24, €2, and €2, are the contributions to the overall energy density €2 due to the
cosmological constant, matter and radiation. In the matter dominated phase we neglect

the contribution of radiation, and for a flat universe {2 — 1 = 0. The present day best
fit value for the Hubble constant is h = 0.731003 (Spergel et al. 2007).

3.1.3 Redshift
The redshift of an object is defined as

Z:)\O_)\e
= )\e

(3.15)
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where )\ is the observed wavelength at a time ¢y and A, is the emitted wavelength at
some earlier time ¢,. This redshift is not due to a Doppler shift, like Hubble interpreted,
but is a result of cosmic expansion. The relation between expansion factor a(t) and
redshift z will be derived in the following.

Consider a wave package of frequency v, emitted between cosmic times t. and
te + At.. This package is received by the observer in the interval ty to ty + Atp.
Radiation travels along a null geodesic from the source to the observer, i.e. ds?> = 0. If
we further consider radial propagation (d© = 0, d® = 0) integration of (3.2) yields:

/ % - /0 % (3.16)

The end of the wave package must travel the same distance in units of comoving
distance

to+Atg dt r d
/ cdt_ / _ar (3.17)
totat, al(t) 0o V1—kr?
For small At, and Aty we can combine the left hand sides of the last two equations to

/to cdt n cAty B cAt, /to c;dt (3.18)
e alt) alt) alte) Sy, at) '

Since a(ty) = 1, we find that

At
Aty = ° 3.19
0 a(te) ( )
Using At, = v, Aty = v, ' and equation (3.15) we arrive finally at
1
1) = . 3.20
alt) = 1 (3.20)

Thus the redshift of a galaxy tells us directly how much the Universe has expanded
since the light we now observe was emitted.

3.2 ACDM model

Throughout this work we assume the A-Cold Dark Matter concordance model to de-
scribe a flat A-dominated universe seeded by nearly scale-invariant adiabatic Gaussian
fluctuations. It is described by six primary parameters:

e Hubble Constant H,
Like mentioned in section (3.1.2) the Hubble constant measures the local expan-
sion rate of the Universe. Recent measurements of standard candles (e.g. SNIa)
predict an increasing expansion rate (Riess et al. 1998; Perlmutter et al. 1999).
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e matter density ,,h°
The matter density indicates the contribution of matter, dark matter as well as
baryonic, to the overall energy density of the Universe.

e baryon density Q,h?
Baryon density quantifies the part of the matter density that is due to baryonic
matter €, = Q% + Qam.

e amplitude of fluctuations oy
The og parameter represents the amplitude of fluctuations within spheres of 8
h~'Mpc radius as predicted by linear theory when extrapolated to the present
day. The actual value of og is of significant interest since it corresponds to the
mass fluctuations from which a rich cluster forms.

e optical depths 7
This parameter specifies the optical depth to electron scattering to the last scat-
tering surface, it provides information about the reionization history of the Uni-
verse.

e slope for the scalar perturbation spectrum n,
The parameter n, stands for the slope of the power spectrum of density fluc-
tuations. A value of ny, = 1.0 would mean that the fluctuations are totally
scale-invariant. The observations of the CMB (Spergel et al. 2003, 2007; Ko-
matsu et al. 2010) validate the predictions of inflationary models that n; is close
to but not exactly 1.0.

The values for these parameters are obtained through the combination of the results
of various astronomical surveys. E.g. The large-scale measurements of the Cosmic Mi-
crowave Background by the Wilkinson Microwave Anisotropy Probe (WMAP) (Spergel
et al. 2003, 2007; Komatsu et al. 2010), small-scale CMB measurements, analysis of
large-scale galaxy clustering, large samples of high redshift supernovae, analysis of weak
lensing data, number counts of galaxy clusters, small-scale clustering of Ly« forest and
measurements of the local expansion rate conducted by the Hubble Space Telescope
(HST). The present day composition of the Universe as well as the contributions of the
different forms of matter at the epoch of recombination are depicted in Fig. 3.1.

3.3 Jeans Limit

In the following section we want to discuss the properties of density fluctuations that
can grow by gravitational attraction. Therefore we examine the evolution of adiabatic
perturbations in the linear regime, i.e. the amplitude of the density fluctuations are
smaller or at most comparable to the mean density, for a flat Universe with a dominant
non-relativistic CDM contribution. The cosmological constant A is neglected in the
following. For a detailed analysis see e.g. Peacock (1999).
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Atoms

Dark
4.6% Energy
72%
Dark ’
Matter
23%
TODAY
Neutrinos Dark
10% Matter
63%
Photons
15 %
Atoms
12%

13.7 BILLION YEARS AGO
(Universe 380,000 years old)

Figure 3.1: Illustrating the contributions to the energy density of the Universe as
predicted by the ACDM concordance model at the present day (top panel) and at the
epoch of last scattering (bottom panel). The different energy densities add up to be
equal to the critical density making the global geometry of the Universe flat (Source:
NASA)
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We start with the Euler-Lagrange equations of hydrodynamics:

Dv Vp

Eul tion — = —— -V 3.21
uler equation ) Vo, (3.21)

: . Dp =
Equation of continuity Dt = —pV - U, (3.22)
Poisson equation V?® = 47G)p, (3.23)

where D/Dt = 8/9t+-V is the usual convective derivative, p(x, t) is the density, #(z, t)
is the velocity field, p(x,t) is the pressure and ®(x,t) is the gravitational potential.
We assume that we know the equilibrium solution for the perfect homogeneous case
(subscript 0)
dpo = dl_)b 1

— = —po(Vth), —— = Vpo — V&, V2B, = 47Gpp.
dt Po

This equilibrium solution is now perturbed by small quantities in all variables
T=1+00, p=po+0op, p=po+dop, &=+

For sufficiently small perturbations we can neglect terms containing products of
perturbations, thus we get after inserting into the hydrodynamic equations and sub-
tracting the equilibrium solution:

d . Vép = e

07 = —Fp—vacp—(av-vm, (3.24)

d .

26 = —V.o7, (3.25)
V3 d = 4nGpyo, (3.26)

assuming that ﬁpo = 0 and ﬁpo =0,

where
o6 = 5—/) and
Po
d o . =
a = ooV

the time derivative for an observer comoving with the unperturbed expansion of the
universe

As the universe is expanding the equilibrium solution is time dependent. The
relation between proper distance  and comoving distance 7 is

#(t) = alt) - 7(t)

. Therefore we get
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L0 oalt) LN pre | s
U= = a(t)r(t) + a(t)r(t) = @x(t) +a(t)u(t) = HT 4 00 (3.27)

where the term %f(t) is representing the Hubble expansion and the term a(t)u(t) is
the peculiar velocity. Inserting into the Euler equation yields

= ——— — Vb — (atiV) - aF (3.28)

With

0 0 1o 1
Ve = or (aé’r +r5a)twnst T adr Evr

the last term becomes
IRES e . s =L
(auV)ar = (au—V,)aud = urV,a + uaV,m = ua
a
We thereby receive Euler’s equation in comoving coordinates
. l = =
a— + 2au = ——V,.0p — —=V,.6D. (3.29)
ap a
Using
= -, 1 — R N
Vv = =V, (au) = V,u
a
we obtain the continuity equation in comoving coordinates
—§ = —V,i. (3.30)

To eliminate the peculiar velocities we take the comoving divergence of Euler’s
equation and the time derivative of the continuity equation

L. - 1 1
Vil + 25V, = ———V25p — — V250, (3.31)
a a’p, a?
d? S -

Furthermore, we assumed that the perturbations are adiabatic, i.e. perturbations
in pressure and density are related via the sound speed:

6p = c26p (3.33)
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together with (3.26) we then obtain a wave equation for the density fluctuations

d*6  _ads *_,
ﬁ -+ 25% = ?VT(S + 47TGp05 (334)

This equation describes the evolution of small density fluctuations in a perfect
fluid in an expanding (or contracting) universe without a cosmological constant. Any
solution can be expressed by its Fourier transform, i.e. by a superposition of plane
waves:

S(r,t) = or(t)e™, (3.35)

with the inverse

O(t) = %/5(7’, tye Frrddy, (3.36)

In the linear regime of fluctuations, each wave-component evolves independently
and thus we can write:

d*6y, a doy,

) + 25% = (47Gpy — A2K*)6),  with k? = a®k*. (3.37)
For a non-expanding universe (@& = 0) we can solve this immediately with the Ansatz
O (t) = 0 oe ™ (3.38)
and obtain the dispersion relation
w? = k* — 4G py. (3.39)

This means we have an oscillating solution if the right hand side is positive and an
exponentially growing (or decaying) solution if it’s negative. For the latter case, the
gravitational attraction is stronger than the pressure when

47Gpy > k* (Jeans criterion). (3.40)

We can describe this as well in terms of a critical length scale, the so called Jeans
length

2 r \"*
)\>)\»:—:cs(—) . 3.41
J kj GpO ( )

This length defines the limit between standing sound waves that have a shorter

wavelength than A; and the long-wavelength fluctuations that can grow through grav-

itational attraction. In an expanding universe the Jeans-length is time-dependent,

though, i.e. a given perturbation may switch between periods of growth and stasis.
The corresponding Jeans Mass of a fluctuations able to collapse is

i, AR

MJ:?pO J:3G3/2p(1)/2. (342)
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3.4 Growth of density fluctuations

In this section we want to discuss how primeval density fluctuations could form struc-
tures through gravitational attraction in an expanding universe. From observation of
the CMB we know that the Universe at z ~ 1100 is rather homogeneous (AT /T ~
1079), so how could superclusters, clusters and galaxies that correspond to overdensi-
ties ranging from 10 for superclusters to 10° for galaxies develop?
As we are only interested in structures that actually grow we just regard fluctuations
that are much larger than the Jeans length, i.e. 47Gpy > c?k*. Equation (3.34) then
simplifies to:
9 .

i—fj + 2%%’“ — 472G pody. (3.43)
We want to solve this for a matter dominated universe for two limiting cases. Where
a(t) is given by the solution of the Friedmann equations:

3
0: a= (§H015)2/‘3
0:

case 1: Q,=1

A
case 2: O, — 0 A

a = H()t

Together with the scaling relation ¢ oc a?/? for the matter-dominated phase we
obtain the following wave equation for case 1:

d*6, 4 doy, 2

a2 Taiar e ( ’ ) (3.44)
and for case 2:
d?6, 2 ddg
2R 270k 0O A =0). 4
il (2 —=0,A=0) (3.45)

This two equations can both be solved with the Ansatz 6, = at™, the growing mode
solutions are

St xacx (14270 (Q=1,

8,7 = const. (Q—0, (3.46)

We see that in an expanding matter-dominated universe the density doesn’t grow
exponentially, as in a static medium, but just linearly, or if the density is much lower
than the critical density, it doesn’t grow at all.

We assume that the temperature fluctuations in the cosmic microwave background
are adiabatic and that photons and baryons are coupled before recombination via
Thomson scattering. The temperature fluctuations are then related to the density
fluctuations at that time through:

O _ opy _ 9r8
T L0,y Po,B '
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From the CMB measurements we know:

AT
= = 107° =465 <5-107°.

Since this fluctuations can at best grow by a factor of (z+4 1) ~ 1100, we would expect
53(15 = f}o) < 0.1.

This means, in a purely baryonic universe we cannot explain how galaxies and clusters
could have formed until today. Once again dark matter solves this problem. As long as
our universe has been radiation dominated the rapid expansion prevented the growth of
structure. After matter-radiation equality (a.q, t.,) perturbations with A > \; started
to grow as seen in equation (3.46) with a rate of § o a.

(3.47)

Spar o { constant (¢ < teq)

This is only valid for dark matter since the baryons and photons remain tightly
coupled to each other via Thomson scattering until the time of decoupling tg.. at
Zdgee ~ 1100. During this period the sound speed is approximately that of a photon gas:

|0 1
Cs = 8_Zp) with p:§p02

C
=g = —.

V3

This high sound speed prevented all fluctuations with M < M;(t < tge.) ~ 10 M
from growing, i.e. fluctuations of smaller sizes were just oscillating. After the decou-
pling of the baryons from the photons the sound speed is just the velocity dispersion
of a gaseous mixture of hydrogen and helium and the Jeans mass drops by a factor of
~ 107 and the perturbations can grow with the usual matter-dominated growth rate
of 6 xa

constant (t < teq)
dp o< ¢ constant (feq <t < tgec) (3.48)
a (t > tdec)

During the time from ¢., to ¢4 the perturbations in dark matter would have grown
by factor of ~ 3 and after the decoupling from the photons the baryons will experience
the perturbed gravitational potential of the dark matter and ’fall into’ the potential
wells created by dark matter. Hence dp will encounter a phase of increased growth
after decoupling until reaching the value of dp,s, from that point on both components
will grow as § o< a (see Fig. (3.2)).
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Figure 3.2: Evolution of density fluctuations (Longair 1998): This picture shows
the amplitude of density fluctuations 6(= A) plotted against the expansion factor
a(= R). Between the time of matter-radiation equality and the time of recombination
the baryon fluctuations are just oscillating (Ap, dashed-dotted line) whereas the dark
matter fluctuations are still growing (Apyy, solid line). After recombination the bary-

onic fluctuations experience an epoch of increased growth until they are similar to the
dark matter fluctuations
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3.5 Zeldovich approximation

To follow the development of gravitational instabilities in the non-linear epochs (§ > 1),
one has to rely on numerical simulations. There are some useful special cases and
approximations, though, e.g. The Zeldovich Approzimation (Zel’Dovich 1970) and
The Top-Hat spherical collapse that will be described here.

The Zeldovich approximation is a first-order Lagrangian perturbation theory using
a kinematical approach to the formation of structure. In this approach, at first the
initial displacement of particles is worked out, the particles are then assumed to move
on this initial direction. The proper coordinate of a given particle can then be written
as

x(t) = a(t)q + b(H)f(q), (3.49)

where x is the comoving Fulerian position, q is the Lagrangian position pointing at
the original position of the particle and b(t) is a function scaling the time-independent
displacement field f(q). The Eulerian density can be obtained using the Jacobian of
the transformation between x and q, this yields

GO

where (—a, —f3, —7v) are the eigenvalues of the strain tensor 0f; /Jdg;. This expression
describes the deformation of an infinitesimal cuboid, where collapse takes place first in
the direction of the axis specified by the largest negative eigenvalue, this corresponds
to the shortest axis. This means Gravity aggravates spherical asymmetry, leading to
flattened structures known as pancakes.

The main advantage of this first-order Lagrangian perturbation theory is that it
yields results that are comparable in accuracy to Eulerian theory with higher-order
terms included. The Zeldovich approximation works so well mainly because the scheme
for extrapolating peculiar velocities is exact in one dimension. Like mentioned before
structures tend to first collapse into sheet-like structures, the so called pancakes. This
means that the final stages of the collapse are nearly one dimensional and are therefore
well described by the Zeldovich approach.

The Zeldovich approximation is commonly used for creating quasi-linear initial con-
ditions for cosmological N-body simulations (Efstathiou et al. 1985). All the initial
conditions used for simulations for this thesis have been created this way.

As the Zeldovich approach is describing a collapse of structure where asphericity is
accentuated it works least well in situations of exact spherical symmetry. This case is
described in the following section.
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3.6 Top-Hat spherical collapse

The collapse of an overdense sphere in a matter-dominated Universe is a very useful
nonlinear model, as it behaves exactly like a closed k = +1 Friedmann universe. The
perturbation doesn’t need to be a uniform sphere, but spherically symmetric. The time
evolution of a shell of the sphere will be the same as if the sphere inside the shell would
be uniform with the same amount of mass. Therefore, in the following density refers
to the mean density inside a given sphere. The equations of motion are the same as
for the scale factor and can be obtained by standard techniques from

For a matter-dominated Universe we find the following parametric cycloid solution for
the proper radius and time

r=A(l — cosO) (3.51)
t = B(© — sinO) (3.52)

with A> = GMB? and © being the development angle. From this we can derive an
expression for the overdensity for the collapsing sphere as a function of © (© # 27)
(see e.g. Padmanabhan (2000))

(O — sin®)?

5= 2O = sinO)
~ 2 (1 — cos©)3

(3.53)

Expanding these relations up to order ©° for small ¢, we recover the the matter-
dominated linear growth law & oc t/3 just like in section (3.4).

B

5~ 2—30@2; t~ E@3 (3.54)
3 /6t\**?

= 0~ 50 (E) (3.55)

We take a closer look at three interesting stages in the evolution of the spherical
collapse model:

1. Turnaround: At © = 7, t = 7B the overdense sphere is separating from
the general expansion of the Universe and reaches its maximum radius. The
overdensity at that point is § = 5.55 from equation (3.53), in contrast to the
prediction of linear theory which is just d;;, ~ 1.06 from equation (3.55).

2. Collapse: If gravity would be the only active force, the sphere would collapse
to a singularity at © = 27, t = 27 B corresponding to a linear overdensity of

Oiin = 1.60.
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3. Virialization: Obviously, collapse to a singularity won’t happen in reality.
Phase mixing of particle orbits will convert kinetic energy into random motions
and the collapse will come to a halt. Once the sphere has collapsed by a factor
of two, the kinetical energy K is related to the potential energy by V = —2K,
the condition for equilibrium, according to the wirial theorem. This occurs at
© = 37/2 in a non-dissipative collapse, resulting in an overdensity of § ~ 147
and 0y, =~ 1.58, respectively. Commonly this virialized state is assumed to be
eventually achieved only at the collapse time of © = 27 where the overdensity
is 0 ~ 178. Often this number for the required overdensity for virialization is
approximated by a value of 9,;. = 200.

In general, linear theory is assumed to be valid until d;, is equal to some ¢, a
little greater than unity. For values greater than that virialization is deemed to have
occurred.
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Chapter

NUMERICAL METHODS

All the simulations for this work have been performed with the help of the cosmological
Tree-SPH (smoothed particle hydrodynamics) code GADGET2. In this chapter, we
will summarize the most important numerical details and physical modules used for
our simulations. See Springel & Hernquist (2002) and Springel (2005) for a complete
discussion of the numerical methods used in the code.

4.1 Gravitational N-body Problem

If the spatial extend of a set of gravitational interacting objects is small compared to
the mean distance of the objects the system may be treated as a simple gravitational
N-body system. This is true for many structures in astronomy, e.g. the motion of
galaxies in a cluster or the motion of single stars in a galaxy or star cluster. The
trajectory of each member of the system is then set by the sum of the gravitational
forces exerted by all other objects. The acceleration a; of particle i is then given by
Newton’s law:
ij
a, = — r,—1T; 4.1
-, (11)

where G is the gravitational constant, m; is the mass of particle j, r; and r; are the
positions of particles ¢ and j, respectively, which are separated by a distance r;; =
|I'j — I'Z‘|.

The corresponding equations of motion are given by 3 N first-order ordinary dif-
ferential equations:

dI'Z‘
— — Vi, 42
dVZ'
T = Ay, 43

where v; and r; are the velocity and the position of particle i, and the acceleration a;
is given by Eq. 4.1.
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Unlike, e.g. the electromagnetic force which can be balanced by opposite charges
so that the net effect over large distances is nullified, the range of the gravitational
force is infinite. This implies a high dynamic range to the problems and the equations
of motions are highly non-linear where analytical solutions only exist to some very
contrived problems (see section 3.6). In most cases the only way to study the evolution
of such systems is with the help of numerical simulations, where the first-order differ-
ential FEqgs. 4.3 and 4.3 are replaced by linear differential equations and the positions
r; and velocities v; are only re-evaluated at discrete time intervals. GADGET utilizes
the commonly used "leapfrog" integration scheme in the "kick-drift-kick" (KDK) form
(see Quinn et al. 1997) to advance particle positions and velocities in time:

1

2 = i VIAL (4.4)

Vit = v At A (4.5)
0 1

prl = ri+1/2+§vf+1At’f, (4.6)

where At? is the particle’s time step from n to n+1. The gravitational accelerations are
calculated at the beginning of each time-step and constitute the most time-consuming
part in any modern N-body simulation code.

In order to reduce computational time while preserving accuracy GADGET uses
individual timesteps for the particles. The frequency at which a the gravitational forces
on a particle is updated is indirectly proportional to the gravitational acceleration itself:

e\ V2
At; = min | Atpax, - : (4.7)
|aj]

where 7 is an accuracy parameter (throughout this work we adopted a value of n =
0.02), ¢; is the gravitational softening length of the particle (see Section 4.2), and Aty
is the maximal allowed timestep as given by the user (see Springel 2005).

4.2 Gravitational Softening

In simulations of galaxy formation it is and will be in the foreseeable future impossible
to simulate the motion of single stars in massive galaxies in a reasonable amount of time.
Additionally, we want to simulate the evolution of the smoothly distributed gaseous
and dark-matter component of galaxies under the influence of gravity. Therefore we
use tracer particles which are rather massive in the simulations that are assumed to
be a Monte-Carlo representation of the underlying, smoother mass distribution. To
avoid the singularities in the gravitational potential that arise at the particle positions,
simulation codes in general use some kind of softening to mimic their actual spatial
extend. This helps to prevent the forces from diverging which would result in unfeasible
short timesteps and unphysical behavior. The gravitational potential ® at the position
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r is can be approximated e.g. by Plummer softening (Aarseth 1963)

m;

P =G R e

whith a softening length € or spline softening (Monaghan & Lattanzio 1985)
O(r) = —G Y m; g(lr — ), (4.9)
J

where g(r) = —+Wa(r, h) with softening length h. For example in GADGET W is given

by 2 3 1
¢ (166 0sE<
W(th):ﬁ 2(1-14%)7, 1< <, (4.10)
, 7> 1

The advantage of the spline softening is, that the forces become exactly Newtonian
for r > h, while the Plummer softening is only slowly converging towards Newton’s
law. In cosmological simulation it is common to use a comoving softening length e.,,,
the physical softening length is then growing with the scale factor a as €pnys = a€com.-

To find an optimal value for the softening length is a non-trivial problem and there is
plenty of literature about this issue (e.g Merritt 1996; Athanassoula et al. 2000; Dehnen
2001). The problem is that too large a value result in a loss of spatial resolution whereas
a softening length that is choosen too small will lead to small scale fluctuations in the
forces due to the finite representation of the actually smooth density distribution.

4.3 Tree Codes

The most naive, yet the most exact way, to calculate the gravitational forces would be
the summation of Eqn. 4.1 over all particles in the system ("direct N-body method").
However, modern simulations like the upcoming Millenium XXL simulation (Angulo
& White 2011) use more than 10'! particles and since the computation time of this
method scales with ~ N? this would yield unfeasible long computation times even on
the most powerful computer clusters available today.

A solution to this problem is in using so called "hierarchical tree-codes" (Barnes
& Hut 1986; Dehnen 2000). The idea is to use direct summation of the gravitational
forces only for the particles in close proximity while for particles farer away only a low-
order multipole expansion (or in the case of GADGET just the monopole expansion)
of the combined gravitational potential of a group of particles is used. This results
in scaling of the computation time of merely ~ Nlog(N). To achieve quick access
during the force calculation to single particles or group of particles they are sorted into
a hierarchical structure called a tree.

The most commonly used methods for this hierarchical structuring are the so called
"binary-trees" and the "oct-trees". Since GADGET uses the latter method we refer to
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the literature for a description of the former (see e.g. Makino 1990 and references
therein). In an "oct-tree" the whole simulation volume (root-cell) is divided into 8
equally large cubes, the first 8 nodes of the tree. Each of this cubes is itself divided
into 8 sub-cells or nodes and so on until a cube only contains a single or no particle at
all. To decide whether for the calculation of the gravitational force onto a particle the
combined gravitational potential of a branch of the tree is used or whether the "tree
walk" has to continue to the sub-branches we need an opening criterion. In GADGET
this is given by:

M: /1L \?
G () =k (4.11)

TZ-QJ» Tij
where M; and [; are the mass and spatial extend of the tree node under consideration,
r;; is the distance of the particle i to the node j, af'® the acceleration of the particle
in the last time step and « is an accuracy parameter. The benefit of this definition is,
that it is adaptive to the local dynamics allowing for better force accuracy in regions
where the gravitational forces are strong.

Although the sorting of the particles in this way produces some overhead the overall
decrease in computation time is quite significant, since compared to the direct summa-
tion approach the scaling of the number of needed calculations drops from O(N?) to
O(Nlog N).

4.4 Smoothed Particle Hydrodynamics

In the presence of baryonic matter we have to consider the hydrodynamic forces in
addition to the gravitational attraction. This is usually accomplished either with a
grid based method where the hydrodynamic equations are solved for the bounding
faces of the grid cubes or with the help of smoothed particle hydrodynamics (SPH,
see e.g. Lucy 1977; Gingold & Monaghan 1977; Monaghan 1992) which uses tracer
particles to represent the continuous density distribution similar to the method used to
calculate the gravitational forces which is why this method can make use of the "oct-
tree" that was already built for the gravity calculations (see Section 4.3). GADGET
uses the latter method, therefore again we refer to other work for a description of grid
codes (Berger & Oliger 1984; Khokhlov 1998).

The particles used for SPH are - similar to the gravitational force calculations -
best be thought of discrete fluid particles with a position r;, velocity v; and mass m;
"smeared out" over some finite volume. The thermodynamic quantities are then deter-
mined by interpolating over nearby particles. The smoothing kernel used is the same
one as used for the gravity calculations (see Eqn 4.10) but whereas the softening length
for the gravitational forces is fixed in GADGET for a certain particle type the smooth-
ing length for SPH is given by the distance in which a certain number of neighbouring
particles (we use 40 + 5) can be found. Thus SPH is inherently an adaptive method
where high-density regions are treated with the highest level of accuracy and only a
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small fraction of the computational time is spent for the low-density regions. In the
case of freely adapting smoothing lengths, this implementation of SPH in GADGET is
strictly entropy and energy conserving (see Springel & Hernquist 2002; Springel 2005).

In the conventional implementation of SPH (Monaghan 1992), the density esti-
mate for particle 7 is obtained by computing the weighted sum over all N neighboring
particles:

N
pi = ijW(|rij|ahi)a (4.12)
j=1

where rj; = r; — 13, h; is the adaptive smoothing length of particle ¢ and W (r, h) is the
SPH kernel as defined by Eqn. 4.10.
The pressure P, is related to the density using the equation of state of an ideal gas,

where 7 = 5/3 is the adiabatic gas index and A = P/p” is the "entropic function".
GADGET uses the entropy or to be precise A = A(S) instead of the thermal energy
as the independent thermodynamical variable in order to achieve both entropy and
energy conservation (see full discussion in Springel & Hernquist 2002). The internal
energy per unit mass related to A via

A
- -1 4.14
w= g (11
The discretized form of the equations of motion of the SPH particles - without the
effects of gravity is given by

d’UZ' N PZ P]
dt :_ij fi?vZ‘VVij(hi)+fj?viM/ij(hj) , (4.15)
Jj=1 ¢ J

where the coefficients f; are defined by

-1
ha 8”1} , (4.16)

fi= [” 30: O,

and the abbreviation W;;(h) is a short notation for W (|r;—r;j|, h). The above equations
fully define reversible fluid dynamics, where without external heat sources the entropy
of each particle stays constant. However, to account for dissipative effects, which
convert kinetic energy into heat (e.g. shocks) and thereby increase the entropy of the
system an additional viscous force is introduced. In GADGET it has the following form:

dvj
dt

N
= — Z ijijViWij s (417)
j=1

visc
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with W,; being the arithmetic mean of the two kernels W;;(h;) and Wi;(h;). The
viscosity is given by
o [ + ¢j — 3w wy;

Hi’ = - ’
’ 2 Pij

(4.18)

where ¢; and ¢; are the sound speed of particle ¢ and j, respectively, and w;; =
vij - Iy5/|r35] 1s the relative velocity of the two particles projected onto the separation
vector. Viscosity only acts on converging particles, i.e. in the case of vjj - rj; > 0 the
viscous force is set to 0. For the artificial bulk viscosity constant @ we chose a value of
0.75.

The signal-velocity approach imposes another time step criterion onto the SPH
particles. It ensures that information is not propagated further than a fraction C' of
a particle’s smoothing length during one time step (Courant et al. 1928). The longest
allowed timestep that fulfills the Courant condition is given by

At(hyd) _ Ccourant hz (419>
! max; (Ci —+ Cj — 311}2])

where the maximum max; of the signal velocities vy}’ = ¢; +¢; —3w;; (Monaghan 1997,
see also Eq. 4.18) is determined with respect to all neighboring particles. Throughout
this work we adopted a value of Ceourant = 0.15. The timestep used for an SPH particles
is then finally determined as the minimum over the timestep criterion imposed by the
gravity computation as defined in Eq. 4.7 and the Courant condition.

Additionally a viscosity limiter is used to prevent the spurious transport of angular
momentum in shear flows (Balsara 1995; Steinmetz 1996). This is accomplished by
multiplying the viscous tensor with (f; + f;)/2, where

Ji= IV 3, + |V x 7,

(4.20)

is a simple estimate for the relative amount of shear in the flow around particle ¢
(Monaghan 1992).

4.5 Additional Physics

On top of the self-consistent implementation of the gravitational and hydrodynamic
forces there is a variety of modules by several authors for the treatment of different
physical processes that are relevant for galaxy formation. We will give an overview of
the models used in the simulations that are presented in this thesis.

The code implements radiative cooling, following Katz et al. (1996), for a primor-
dial composition of hydrogen and helium, where the cooling rates are computed under
the assumption that the gas is optically thin and in ionization equilibrium. Addition-
ally, the simulations include a spatially uniform redshift-dependent UV background
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radiation field, which is assumed to arise from active galactic nuclei and star-forming
galaxies, with a modified Haardt & Madau 1996 spectrum, where reionization takes
place at z ~ 6 (Davé et al. 1999) and the UV background radiation field peaks at
z ~ 2 — 3. For a recent detailed investigation on the effects of varying the background
radiation field on the evolution of galaxies, see e.g. (Hambrick et al. 2011).

For the star formation and feedback prescription we use the self-regulated, sub-grid
supernova feedback model of Springel & Hernquist 2003. This models treats the inter
stellar medium (ISM) as a two-phase medium (McKee & Ostriker 1977; Johansson &
Efstathiou 2006) where clouds of cold gas are embedded in the hot gas phase at pressure
equilibrium. Stars are allowed to form out of the cold gas phase and the associated
supernovae feedback is assumed to effectively heat and pressurize the surrounding ISM.
This model attempts to describe star formation on scales that are not resolved in the
simulation. Following McKee & Ostriker (1977), the gas is assumed to develop a
run-away cooling instability once the gas density exceeds a certain density threshold,
p > pg. Stars will then form on a characteristic timescale ¢, out of the cold gas, whereas
the massive short-lived stars are supposed to instantaneously explode as supernovae of
type II (SNII). This will lead to evaporation of the cold gas clouds and immediately
returns a fraction of the stellar mass to back to the ISM. In this work we assumed a
Salpeter initial mass function (IMF, Salpeter 1955), where a mass fraction of g = 0.1
of the newly formed stars exceed the mass limit (M, > 8M) for SNII. For the energy
released to the ISM we adopt the canonical value of 10%lerg per supernova explosion.
The star formation rate (SFR) is given by

dpe  pe Pe Pe
_ Pe_gPe _ 1 _ pPe 4.21
dt t* t* ( /8) t* ( )

where p, and p. are the densities of stars and cold gas, respectively, and ¢, is the star
formation time scale for which we assume a value of t, = 2.1 Gyr chosen to recover the
observed Kennicutt-Schmid relation (Kennicutt 1998; Springel & Hernquist 2003).
The constant mass and energy transfer between the two phases leads to self-regulated
star formation. The ambient hot gas feeds the cold gas clouds by radiative cooling. Star
formation and the associated supernovae feedback will lead to the evaporation of the
cold gas , reducing the cold gas density which will result in lower star formation rate.
The mass transfer between the phases is represented by the respective rate equations

dpc Pe Pe 1— f

= 2 _AB= Apet (pn, up), and 4.22
dt e — +(pn, tp), an (4.22)
dph Pe Pe 11— f
— = [f—=+ Af— — Avpet (Pn, un), 4.23
i Bt* + Bt* —— ¢(Pn, un) (4.23)

where pj, is the density of the hot gas and A oc Agp~*/® describes the cloud evaporation.
The first term on the right hand side in each of this equations describes star formation
and feedback, the second cloud evaporation, and the third the growth of clouds due
to radiative cooling of the gas, where u. and wuj, are the thermal energy per unit mass
of the hot and cold component, and the net cooling function in the presence of an
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external UV radiation field is given by A,e(p, u). The thermal instability that leads to
the growth of the cold clouds is assumed to be operating (f = 0) in regions where the
gas density surpasses the density threshold p;, otherwise f is set to 1.

The supernovae feedback description will act as an additional source of pressure
resulting in an effective equation of state of the form

Peg = (v — 1)(prun + peue). (4.24)

This equation of state provides pressure support from the sub-grid model and leads to
the self-regulation of star-formation.

With the temperature of the cold gas fixed at T.,4 = 1000 K, a supernovae tem-
perature’ of Tsy = 10% K and the cloud evaporation A = 1000 the number density
threshold for star formation is set by the code to ny, = 0.227 to ensure that the equation
of state is continuous at the onset of star formation.

4.6 Simulations

To study the formation and evolution of galaxies we performed more than 60 cosmolog-
ical 'zoom-in’ simulations with all the physical modules included that are explained in
section 4.5. In order to prevent spurious star formation at high redshift the cosmological
simulations additionally to the physical density threshold require a local over-density
of A > 55.7 for star formation to set in. The regions of interest for resimulation are
identified using a dark-matter-only simulation described in section 4.6.1. In section
4.6.2 we explain the zoom-in resimulations.

4.6.1 The large-scale dark matter simulation

To find candidate dark matter halos for later refinement we performed a dark matter
only simulation of a cosmological volume with a comoving side length of 72Mpch™!
including 512° dark matter particles with individual masses of m, = 2 x 103Myh™".
The box is large enough to provide a representative piece of the universe and the
mass resolution fine enough to allow us to reliably find dark matter halos with ~ 103
particles being more massive than ~ 10" M h~t. The initial conditions were created
using GRAFIC1 and LINGERS (Bertschinger 1995), assuming a ACDM cosmology
with nearly scale-invariant initial adiabatic fluctuations. This software package uses the
Zeldovich approach (see section 3.5) to produce the initial conditions. The cosmological
parameters are based on the 3-year results from WMAP (Spergel et al. 2007) with
05=0.77, €,,=0.26, Qx=0.74, h = 0.72 (= Hy=100h kms 'Mpc~!) and the initial
slope of the power spectrum is n,=0.95. The initial conditions were then evolved from
a redshift of z ~ 43 to z = 0 using GADGET-2 (Springel 2005) with a fixed comoving
gravitational softening length of 2.52kpch™!. The simulation data was stored in 95

snapshots separated by Aa = 0.01 beginning at a cosmological expansion factor of
a=0.06 (z ~ 43).
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Figure 4.1: Dark matter mass Function (solid) of the (72h~*Mpc)? box at z=0 (red)
and z=2 (blue). The dashed lines show the prediction of Sheth et al. (2001).

At z=0 we identify halos with a friends-of-friends algorithm and determine their
centers using the shrinking sphere technique (Power et al. 2003). We then use the
radius where the mean density drops below 200 times the critical density of the universe
(Tyir = T200) to measure the halo mass therein (my; = mogo). This results in a complete
halo catalogue (nya0s = 41313) for halos more massive than 2 x 101 M h~! which have
properties typical for this kind of simulation (see Moster et al. 2010 for additional
analysis of this simulation). In brief, we show the dark matter halo mass function at
z=0 and z=2 in Fig. 4.1 along with the analytical prediction from Sheth et al. (2001)
where we find small variations at the high mass end due to the limited boxsize. The
corresponding distribution of the dimensionless spin parameter

N /

= S (4.25)

defined by Bullock et al. (2001), is shown in Fig. 4.2. Here J is the total angular
momentum within 7., and V. is the halo circular velocity V2 = Gm /7w The
distribution of angular momenta is consistent with previous simulations (Bullock et al.
2001; Vitvitska et al. 2002) and can be fitted with a log-normal distribution

P(\) = X(\];%a exp (—%) (4.26)

with best-fit values A\, = 0.038 and o = 0.58.
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Figure 4.2: Spin parameter distribution for the dark matter box. The green line
shows the log-normal-fit with best fit values A\j = 0.038 and o = 0.58.

4.6.2 Refined Simulations

For the higher resolution re-simulations of individual halos we trace all dark matter
particles that are closer than 2 X ryy to the center of the halo at z—=0. Following
the halo back in time we include all particles in the tracing process which are within
2 X 1900 of the halo center at any given snapshot. This ensures that halo encounters
during the assembly of the halo of interest are always resolved. We found this to
be an efficient mechanism to reduce contamination with massive boundary particles.
The traced particles define the region for which we have to generate higher resolution
initial conditions. For the cuboid enclosing this region we compute the short wavelength
modes of the perturbation spectrum using GRAFIC2 (Bertschinger 2001). Based on
the new spectrum we replace the low resolution dark matter particles with dark matter
as well as gas particles at higher resolution (£2,=0.044, €4,,—0.216). We only consider
coherent regions within the cuboid that actually contain traced particles. Other regions
as well as a "safety margin’ of 1Mpch~! around the high-resolution cuboid are populated
with particles from the original initial conditions. To approximate the long range tidal
forces, particles from the original simulation being further away from the center are
merged, with the particle masses increasing as the square of the distance from the
region of interest. This and the inclusion of periodic boundaries ensures that tidal
forces from distant regions are accurately included in the computations.

We obtain amoeba shaped initial conditions (see Fig. 4.3) for which, on average,
approximately 30% of the high resolution dark matter particles end up inside the virial
radius at redshift z = 0 (see Power et al. 2003 and in particular Jenkins 2010 for
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alternative ways of creating high resolution initial conditions). The particle number
in the boundary region is kept low enough to perform the simulations in a reasonable
time. For example the most massive halo #0040 which has a total mass msgg of
2.7x 108 Myht at 2 = 0 took ~ 23000 CPU-hours to evolve (3.8 x 10° high-resolution
particles in dark matter and gas each). In the re-simulations the particles in the high
resolution regions have a gas and star mass of m, g,s = 4.2 x 105Moh™! (we spawn one
star per gas particle) and a dark matter mass of mg,, = 2.5 x 10"Myh~! which is 8
smaller than in the original simulation. The comoving gravitational softening length for
the gas and star particles is 400pc h™! and 890pc h™! for the high resolution dark matter
particles, scaled with the square root of the mass ratio (Dehnen 2001). Compared to
some other recent cosmological zoom simulations (Scannapieco et al. 2009; Governato
et al. 2009; Piontek & Steinmetz 2009; Feldmann et al. 2010) the resolution level of
our simulations at Mg, ~ 10'2M, is slightly lower. But while these simulations are
limited to a few halos in a small mass range we performed a significantly larger number
of re-simulations of halos spanning a mass range of almost two orders of magnitude.
The present-day properties of our re-simulated galaxies can be found in Table 5.1.
Finally, we also performed a number of re-simulations at higher resolution, i.e. with
particle masses 8 times lower and half the softening length. While increasing resolution
can slightly change the individual accretion histories of the galaxies, the global trends
found in this work remain unchanged.

4.6.3 The baryonic mass budget

Using similar parameters for zoom simulations has been shown to result in galaxies with
reasonable present day properties (Naab et al. 2007, 2009; Johansson et al. 2009b).
However, the employed star formation prescription favors efficient star formation at
early times resulting in preferentially spheroidal systems with old stellar populations,
due to the strongly self-regulated feedback which does not produce the supernova driven
winds that are often observed in star-forming galaxies. Fig. 4.4 shows the conversion
efficiency of the simulated galaxies at the present day f. = m./(fb * Muyirdark) Where
m, is the stellar mass within 10 % of the virial radius, f, = Q,/Q4, = 0.20 is the
cosmic baryon fraction and 1y dorr is the dark matter mass within the virial radius
of the galaxy. Therefore f, * Myir dorr is the amount of total baryonic matter available
in each halo and f, the fraction thereof that is converted into stars in the central
galaxy. This fraction declines in a roughly linear fashion with the logarithm of the
halo mass from f, ~ 0.5 for the smallest halos (=~ 10"9M,) to f. ~ 0.15 for high
mass halos (= 10¥ M) , still over-predicting by a factor of 2 the estimation from
recent models (see however Shankar et al. (2006) who find higher efficiencies for high
mass galaxies) that are tested by matching observed luminosity functions to simulated
halo mass functions (Moster et al. 2010; Guo et al. 2010b; Conroy & Wechsler 2009;
Behroozi et al. 2010) or weak lensing observations (Mandelbaum et al. 2006). Note
that a Salpeter initial mass function would increase the "observed’ conversion efficiency
by approximately a factor of two (van Dokkum & Conroy 2010).
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Figure 4.3: Central region of the initial conditions for halo #0408 at z=43. The
innermost region consists of the high-resolution gas and dark matter particles (red
and blue). The green particles are dark matter particles taken from the original dark-
matter-only run. The outermost dark matter particles have increasing mass depending
on the distance, with sufficient resolution to represent the long range tidal forces.
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Figure 4.4: Fraction of baryons that is converted into stars at redshift zero. The
vertical dotted lines indicate the separation into the different mass bins. The solid
black line shows the results of Guo et al. (2010b), the dashed line those of Moster et al.

(2010).
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The physical processes probably responsible for this discrepancy are well studied
and it has been argued that feedback from SNII is important for low mass systems (e.g.
Larson 1974; Dekel & Silk 1986; Guo et al. 2010a) and feedback from supermassive
black holes dominates for high mass systems (Croton et al. 2006; Di Matteo et al.
2008). Although this issue is relatively well understood and many idealized calculations
have shown how these feedback processes can expel the baryons from galaxies, there
have been only a few high resolution galaxy formation calculations, using cosmological
initial conditions, beginning to master the physics well enough to match either the
winds seen in forming galaxies or the final metal distribution between galaxies and
the IGM (Scannapieco et al. 2008; Sawala et al. 2010). Some other calculations do
successfully allow for winds and for the consequences these winds have on the galaxies
and the surrounding ISM (Springel & Hernquist 2003; Oppenheimer & Davé 2008;
Oppenheimer et al. 2010a; Cen & Chisari 2010; Wiersma et al. 2010a; McCarthy et al.
2010a). Our computations do not generate significant winds at high redshift (e.g.
Steidel et al. 2010) and thus overestimate, by roughly a factor of two, the condensed
baryon fraction of massive galaxies (Guo et al. 2010b; Moster et al. 2010). This becomes
worse if we extend the sample to lower masses where the halo occupation models
predict a sharp drop off the conversion efficiency f,. This is probably due to the fact
that ejective supernovae wind feedback, which is not included in the present study, is
most effective in this regime. We are currently working to implement physically valid
feedback implementations to address this problem.



Chapter

THE TWO PHASES OF GALAXY
FORMATION

Cosmological simulations of galaxy formation appear to show a two-phase’
character with a rapid early phase at z=>2 during which ’in-situ’ stars are
formed within the galaxy from infalling cold gas followed by an extended phase
since z<3 during which ’ex-situ’ stars are primarily accreted. In the latter
phase massive systems grow considerably in mass and radius by accretion of
smaller satellite stellar systems formed at quite early times (z > 3) outside
of the virial radius of the forming central galaxy. The importance of stellar
accretion increases with galaxy mass and towards lower redshift. In our simu-
lations lower mass galaxies (M, < 9 x 101°Myh™1) accrete about 60 per cent
of their present-day stellar mass. High mass galaxy (M, = 1.7 x 10" Moh™1)
assembly is dominated by accretion and merging with about 80 per cent of
the stars added by the present-day. In general the simulated galaxies approx-
imately double their mass since z=1. For massive systems this mass growth
is not accompanied by significant star formation. The majority of the in-situ
created stars is formed at z > 2, primarily out of cold gas flows. We recover
the observational result of ’archaeological downsizing’, where the most massive
galaxies harbor the oldest stars. We find that this is not in contradiction with
hierarchical structure formation. Most stars in the massive galaxies are formed
early on in smaller structures, the galaxies themselves are assembled late. The
results presented in this chapter have been published in Oser et al. (2010).
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Our understanding of galaxy formation has made great advances in the last two
decades driven - primarily - by technological progress. Both ground and sky based mea-
surements have allowed direct observation of various phases of galaxy formation and
evolution over cosmic time with some detailed information now available at redshifts
z > 2 (e.g. Steidel et al. 1999; Pettini et al. 2001; Genzel et al. 2006; Forster Schreiber
et al. 2006; Trujillo et al. 2007; Kriek et al. 2008; van Dokkum et al. 2008; Marchesini
et al. 2009; Forster Schreiber et al. 2009). Simultaneously with a quite definite cosmo-
logical model (ACDM, e.g. Spergel et al. 2007, Komatsu et al. 2010) having gained
wide acceptance, we can, with increasing accuracy, simulate the evolution of galaxies
from realistic initial conditions, with numerical resolution (in mass, space, and time)
and physical modeling approaching the necessary degree of refinement (e.g. Sommer-
Larsen et al. 2003; Springel & Hernquist 2003; Springel 2005; Nagamine et al. 2005;
Naab et al. 2007; Governato et al. 2007; Piontek & Steinmetz 2009; Scannapieco et al.
2009; Sawala et al. 2010; Agertz et al. 2010; Schaye et al. 2010)

The overall results are reassuring, with simulations and observations agreeing -
in gross outline - as to the time evolution of star/galaxy formation (e.g. Nagamine
et al. 2006; Schaye et al. 2009) as well as the global attributes of the galaxies such as
luminosity distribution and spatial organization (e.g. Cen & Ostriker 1999; Kauffmann
et al. 1999; Somerville & Primack 1999; Springel et al. 2005b; Keres et al. 2009a; Guo
et al. 2010a). Understanding the development of the internal structures of galaxies has
been far more difficult to achieve with respect to the galactic stellar mass fractions
(e.g. Keres et al. 2009a; Guo et al. 2010b) as well as kinematics and morphologies (e.g.
Abadi et al. 2003; Governato et al. 2010; Feldmann et al. 2010).

The terms with which we might usefully describe such development are still con-
troversial (e.g. Meza et al. 2003; Naab et al. 2007; Governato et al. 2007; Piontek &
Steinmetz 2009). In a hierarchically organized universe it has been natural to focus on
overdense 'lumps’ of dark matter gas or stars and to follow the merger history of these
lumps. A recent paper by Hopkins et al. (2009a) shows how useful this picture can
be. But this is not the only description of galaxy formation. For example Keres et al.
(2005, 2009b) and Dekel et al. (2009b) have focused on how convergent cold streams of
gas lead to early star bursts and the formation of the cores of massive galaxies. Naab
et al. (2007, 2009), Joung et al. (2009) and others have used high resolution hydro
simulations to explore this phase in greater detail (see also Meza et al. (2005) for the
accretion histories of stellar halos of disk galaxies).

One fundamental and useful distinction is to examine if a given star in the final
galaxy was made (from gas) close to the center of the final system or, alternatively, near
the center of some other, distant system and accreted in stellar form to the final galaxy.
This distinction is useful, e.g. for understanding the size evolution of massive galaxies
(Khochfar & Silk 2006a; Naab et al. 2007, 2009; Bezanson et al. 2009; Nipoti et al.
2009a; Hopkins et al. 2010b; Feldmann et al. 2010). In the simulations presented here
we find that most stellar particles in massive galaxies are formed at high redshift either
far inside the virial radius (< 3 kpc) near the forming galaxy center or, alternatively
in small systems outside the virial radius of the galaxy at a given cosmic time. We
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characterize the first category of stars as made ’in-situ’ and the second as accreted or
formed ’ex-situ’. In-situ stars are made (by definition) near to the galactic center over
an extended time period. They are made from dissipative gas and, for massive systems,
probably have relatively high metallicity (Zolotov et al. 2010). The peak rate of star
formation for this category may be relatively early and in fact is very early (z ~ 4) for
the most massive systems.

On the contrary, the accreted stars are typically made at quite early times as well,
outside the virial radius, but added to the parent galaxy late in its evolution. They
are added typically at radii larger than the effective radius, r > r.g, and are expected
to be metal poor, since they originated in lower mass, lower metallicity systems (Naab
et al. 2009). The ex-situ stars accrete via an energetically conservative process and
their final binding energy is transferred to other phases (gas, stars, and dark matter)
rather than simply radiated away (Johansson et al. 2009b).

This alternative way of envisioning galaxy formation has many corollaries and makes
many observed facts easier to understand. In massive systems we expect considerable
growth in mass and radius at late times but little star formation, with the late forming
stellar envelopes comprised of stars which are typically older than the stars in the bulk
of the galaxy. Further we find systematic trends with galaxy mass. As one considers
systems of lower mass, the in-situ component becomes increasingly dominant and the
period of in-situ star formation is stretched out from being a small fraction of the
Hubble time to a large fraction thereof.

This chapter is organized as follows. In section 5.1 we examine the dependence of
the ratio of in-situ formed to accreted stars on the galaxy stellar mass along with its
implications. We go on to analyze the half-mass radii of the different stellar components
of our simulated galaxies in section 5.2. Finally, in section 5.3 we summarize our
findings.



Table 5.1. Central Galaxies
ID | mago®  7T200® M Mgast Mins/m’ S b e tso? Ngas™ n, Nhalo™
0040 | 2676 486 36.0 4.13 0.231 10.8 990 11.1 2.73 579933 440633 2096930
0069 | 1775 424 35.6 3.13 0.218 10.8 866 11.4 6.37 354378 306742 1378352
0089 | 1064 358 37.7 2.58 0.163 11.0 991 11.2 4.75 214528 182465 826895
0094 | 1004 351 34.5 3.46 0.258 109 9.10 11.6 7.67 210596 164402 780411
0125 | 917 340 31.2 294 0.224 11.1 959 11.6 8&8.31 200865 146889 716832
0162 | 630 300 26.2 2.64 0.129 10.8 8.49 11.2 2.58 134454 106554 494315
0163 | 689 309 253 1.73 0.150 10.5 9.11 10.8 4.75 139297 119486 536504
0175 | 699 311 26.5 1.29 0.270 11.3 9.74 11.8 9.56 127745 117170 530274
0190 | 511 280 22.7 1.71 0.146 10.3 839 10.6 3.81 103075 98844 405894
0204 | 538 285 19.3 142 0.156 10.8 877 11.2 8.31 102722 99548 419003
0209 | 595 295 14.4 0.656 0.337 109 9.71 115 9.26 118459 97601 457580
0215 | 505 279 199 1.14 0.352 11.0 993 11.5 &8.15 100251 87072 391385
0224 | 478 274 179 2.06 0.200 10.3 7.69 11.0 6.20 89336 91799 373489
0259 | 437 266 14.3 1.23 0.262 109 898 11.6 9.72 83945 81751 341491
0300 | 365 250 134 1.63 0.201 10.4 8.64 10.8 5.88 72180 64276 283964
0329 | 350 247 154 0.696 0.341 10.9 9.55 11.6 9.10 65296 63583 270652
0380 | 328 242 12.3 0.634 0.491 10.9 10.0 11.8 10.6 58842 56464 249316
0408 | 253 221 12.8 1.90 0.300 10.1 7.09 11.3 8.31 49561 50348 200794
0443 | 268 226 16.6 1.91 0.277 10.3 6.55 11.7 &8.31 50289 52800 210493
0501 | 230 215 11.7 0.93 0.361 10.8 10.0 11.2 8.79 48521 40463 181178
0549 | 216 210 8.38 0.450 0.262 10.7 871 11.4 9.41 39034 39605 165346
0616 | 189 201 9.38 0.455 0.367 10.6 9.88 11.0 9.72 34520 37188 147962
0664 | 179 197  7.48 0.558 0.343 10.7 9.06 11.6 9.41 34393 30862 138039
0721 | 147 185  9.63 0.629 0.536 8.88 7.07 11.0 6.69 22910 34776 116680
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Figure 5.1: Stellar origin diagram for all stars within 1o at 2 = 0 in galaxy M0125.
Every grey dot indicates the time when a stellar particle was born and the distance,
in units of the virial radius of the main galaxy at that time, where it was born. The
contours enclose 90% (purple), 80%(turquoise), 60% (blue), 40% (green), 25% (orange)
and 10% (red) of the stars, respectively. The blue and red vertical lines show the virial
radius and 10% of the virial radius, respectively. There is a clear distinction between
stars initially formed in the galaxy and those formed outside the galaxy and are accreted
later on (78 percent of all stars).

5.1 The two phases of galaxy formation

The stellar particles ending up in the simulated galaxies at z = 0 are of two different
origins. Some fraction of the stars are made in-situ, within the galaxies, from accreted
gas and some fraction of the stars are made ex-situ outside the galaxies and are accreted
later on (Naab et al. 2007; Johansson et al. 2009b). The relative amount of in-situ and
ex-situ stars is found to vary systematically with galaxy mass. Two typical stellar
origin diagrams indicating this behavior are shown in Fig. 5.1 and Fig. 5.2.

To construct these diagrams we follow every star that ends up within 10% of the
present-day virial radius of a simulated galaxy back in time. We use 10% of the virial
radius, r19, as a fiducial value for the extent of the stellar component of a simulated
final galaxy inside its dark matter halo. Then we mark the time when a star was born
as well as its distance from the galaxy center in units of the virial radius (at this time)
with a grey dot. The values are discrete in time representing the discrete snapshots.
The contours in these plots encompass the smallest number of bins that include 10, 25,
40, 60, 80 and 90 per cent of the stars, respectively. In Fig.5.1 we show the stellar origin



Table 5.1—Continued

7 10 11

9 12
t50 Ngas Ty Nhalo

1 2 4 5 6
ID 1M200 7200 e Mgyas Myins /m* t* tz’ns tacc

0763 | 150 18 9.85 0.177 0.197 104 9.19 10.8 6.37 25283 34151 119180
0858 | 139 181 10.3 0.790 0.355 8.92 549 108 6.69 21022 33759 110365
0908 | 125 175 9.67 0.708 0.458 8.84 6.55 10.8 7.50 19927 33080 102025
0948 | 121 173 6.64 0.442 0.308 10.6 9.38 11.2 9.56 22627 23147 94475
0959 | 120 173 6.05 0.399 0.371 10.1 9.46 10.5 941 23591 23027 94670
0977 | 944 159 4.55 0.464 0.496 910 7.21 11.0 8.63 16592 20916 75143
1017 | 106 166 6.39 0.736 0.584 10.0 892 11.5 9.87 21049 20634 83999
1061 | 103 164 5.18 0.439 0.335 998 872 10.6 8.15 19196 20400 81076
1071 | 106 166 7.79 0.610 0.317 9.66 7.06 109 815 18696 24045 84818
1091 | 112 169 7.53 0.416 0.280 9.24 537 10.7 6.20 18487 26210 89119
1167 | 93.0 159 7.37 0.659 0.331 9.32 588 11.0 6.85 15966 22371 75141
1192 | 78.0 150 4.36 0.157 0.442 104 954 11.0 9.56 13041 15792 60404
1196 | 954 160 7.73 0.99 0.490 9.23 696 11.4 7.67 16839 20987 75883
1646 | 71.3 145 5.38 0.509 0.480 890 6.23 11.4 831 11143 16557 56264
1859 | 70.0 144 4.52 0.340 0.429 982 7.86 11.3 9.56 12355 16458 56488

Note. — all masses in units of 104! M, timescales in Gyr. in kpc/h, 3stellar mass inside 71
, *gas mass inside 7y, Sratio of in-situ to ex-situ created stars, ®mean stellar age , “mean stellar age
of in-situ created stars, ®mean stellar age of ex-situ created stars, *lookback time where 50 per cent
of the final stellar mass is in place, *®number of gas particles inside 799, 'number of star particles
inside ro09, ?total number of particles inside 7.
The horizontal bars indicate the separation into small, intermediate and high mass galaxies used
throughout this chapter

(474
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Figure 5.2: Same as Fig. 5.1 but for the low mass galaxy M1646. There is significant
in-situ star formation at the center even at low redshift and significantly less accretion
of stars. In this case only 52 per cent of the stars are accreted.

diagram for a massive system with a halo mass of ~ 10¥M h~!. At redshifts z > 2
there are two separate peaks of star formation: one inside ry, which is in-situ star
formation and another one outside the virial radius of the system at that time. This
indicates that a significant fraction of the stars in the present-day galaxy was made
outside the galaxy and has been accreted later on. For this system the in-situ star
formation decreases towards lower redshifts. Although there is ongoing star formation
until z=0 the contribution to the final galaxy is negligible, since the contoured regions
include 90 per cent of all stars in the galaxy. For a lower mass system with a halo mass
of 7.1 x 10" Myh~! the same analysis is shown in Fig. 5.2. In this case the fraction of
stars forming ex-situ is lower and the contoured regions extend up to the present day,
i.e. in-situ star formation continues at a significant level towards lower redshift.

In Fig. 5.3, we have stacked all simulated galaxies of our sample into three mass
bins (indicated by the horizontal bars in table 5.1) with the same number of objects
(13), every star particle is weighted according to the total number of stars in its host
galaxy, so that every galaxy has an equal weight. The low mass bin contains galaxies
with halo masses in the range 7.0 x 10" — 1.3 x 10"2Myh~"! (panel a), intermediate
mass galaxies have 1.3 x 102 — 4.5 x 10'2M h~! (panel b) and high mass galaxies
have 4.5 x 102 — 2.7 x 10 Myh™! (panel ¢). These plots again demonstrate in a
more statistical sense that the stars ending up in the final galaxies form in two distinct
phases, namely in-situ in the galaxy and ex-situ outside the virial radii of the galaxies
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Figure 5.3: Same as Fig. 5.1 but for all galaxies in low mass halos in the mass range
7.0 x 101 — 1.3 x 10h~'M,, (panel a), for intermediate halo masses in the range
1.3 x 102 — 4.5 x 102h~* M, (panel b), and for all high mass halos with 4.5 x 10 —
2.7 x 1013h~' M, (panel ¢). The contours show the same percentiles as in Figs. 5.1
and 5.2. The stars form in two phases, either inside r19 or outside r;, as can be seen
in panel d. Galaxies in low mass halos have ongoing in-situ star formation (see Fig.
5.6) at relatively high specific rates until the present day, whereas in the highest mass
group most star formation is complete by z=2.
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Figure 5.4: Stellar mass assembly histories (solid lines) for low mass (top), inter-
mediate mass (middle) and high mass (bottom) galaxies. The assembly is separated
into in-situ stars (dotted line) and ex-situ stars that are accreted onto the galaxy later
on (dashed line). The assembly of higher mass galaxies is more dominated by in-situ
formation at high redshift, however, the total fraction of accreted stars by z=0 is higher
(~ 80%) for massive systems than for low mass systems (= 60%).
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Figure 5.5: Average ratio of in-situ created stars that formed inside the bins indicated
by the vertical dotted lines out of gas that was accreted cold to the total mass of in-situ
created stars (dashed line). The solid line shows the ratio of the stars created in-situ
out of cold gas to the total stellar mass growth, this includes in-situ star formation as
well as accretion. The error bars correspond to the lo-dispersion.
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Figure 5.6: Star formation histories for low mass (upper panel), intermediate mass

(middle panel) and high mass galaxies (lower panel) for all stars that end up inside the

galaxy at z = 0. The solid black line shows the formation of the in-situ created stars,

the red dashed line the formation of the ex-situ stars and the green dotted line shows

the accretion rate of the ex-situ stars onto the galaxy. The arrows on top indicate the

time at which half the stars are formed /added. The arrow at the bottom indicates the
time at which 50% of the final galaxy mass is assembled.
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Figure 5.7: From top to bottom: Fraction of in-situ stellar mass vs total stellar mass
inside 719, halo concentration and stellar density inside R;/; at z = 0. There is a
clear trend that galaxies with less in-situ star formation are more massive, have less
concentrated halos and lower density central regions.
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(red vertical dashed lines). The spatial division line between these two phases of star
formation is at about 10% of the virial radius indicated by the vertical blue dashed lines
in Fig. 5.3. In addition, there is a clear trend that low mass galaxies have relatively
more in-situ star formation at low redshift z < 1 than higher mass galaxies. For the
most massive galaxies the contribution from late in-situ star formation is relatively
small. Panel d shows a histogram for the formation radii for all stars in all simulations.
For this analysis we use 45 logarithmically evenly spaced bins. We see two peaks,
for the in-situ created stars at log(r/ryi;) &= —2.5 and for the ex-situ created stars at
log(r/ryir) = 0.6, respectively. A third peak appears between rig and r;, that is due to
infalling substructure that is still star-forming.

In Fig. 5.4 we show the average mass accretion histories for the stellar particles
in the three mass bins separated into in-situ and ex-situ/accreted stars depending on
whether they have formed inside or outside 10% of the virial radius. The galaxy growth
is dominated for all three mass bins by in-situ star formation until z ~ 2, when the
mass of accreted stars equals the mass of in-situ stars. By z = 0 about 41 + 9% (we
give mean values and the lo-dispersion of the 13 galaxies) of the stars in the low mass
sample (top panel) have formed in-situ, the rest were accreted. For the intermediate
mass galaxies (middle panel) the fraction of in-situ stars is lower than for the low mass
sample of ~ 33 £ 10%, and 67% of the stars were accreted. With 78 7% the fraction
of accreted stars is even higher for the massive galaxies. On average only 22% of the
present-day stellar mass is formed in-situ which is the dominant mode until z ~ 2 but
thereafter contributes very little to the stellar mass growth.

Following Keres et al. (2005) and Keres et al. (2009a) we examined whether the
gas out of which the in-situ stars are formed in our galaxies was ever heated above
Thot > 2.5 x 10°K throughout the simulation. The results can be seen in Fig. 5.5.
The dashed line shows, that up to redshift 2, where in-situ star formation is still
dominating over accretion, almost all of the in-situ stars are formed out of gas that
was accreted cold. Only at later times (0 < z < 2), when stellar accretion is the
primary source of stellar mass growth, in-situ stars are forming out of cooling hot halo
gas. At lower redshift the contribution of in-situ star formation out of cold flows to
the total stellar mass growth becomes almost negligible (dotted line in Fig. 5.5). The
interpretation of the results does not change when we instead of a fixed temperature cut
use a temperature threshold related to the current halo virial temperature (see Keres
et al. (2005)). This is in agreement with the previous results of numerical simulations
(Keres et al. 2009a) and analytical predictions (Dekel & Birnboim 2006) that galaxy
growth at high redshift (z > 2) is dominated by cold accretion.

Fig. 5.6 illustrates the star formation and assembly histories for the galaxies in the
three mass bins. The red dashed line shows the archaeological star formation history of
the accreted stars computed from the mass weighted ages of the accreted stars at the
present day. All curves show a steep increase towards the peak at z ~ 4 at values of
~ 25Moyr~!, ~ 55Moyr—t, and ~ 150M.yr~! for the low, intermediate and massive
bin, respectively. This is followed by an approximately exponential decline towards
2z = 0. The red arrow on top indicates the time when half of the accreted stars are
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formed. In all cases, i.e. at all masses this is at z &~ 3. The green dotted line shows
when these stars are accreted onto the galaxies. As this happens in mergers, the curves
show peaks. On average the rates increase towards z = 2 and then stay relatively flat
with average rates of ~ 3.6 Moyr—!, ~ 8.2Myyr~!, and ~ 17TM,yr—!. The green arrow
on top indicates when half of the present-day mass in ex-situ stars is accreted onto
the galaxies. This happens around z=0.7-1.2 and therefore significantly later than the
formation of these stars at z=3-4. The black solid line shows the formation history
of the in-situ stars in the galaxies. This is most closely related to the star formation
rate that would actually be observed in these galaxies. All curves peak at z > 3.5
at rates between ~ 5 and ~ 20M,yr~!. Independent of galaxy mass all rates drop
to ~ 2 — 3Moyr—! at z = 1 and stay constant to the present day similarly to the
observations of massive galaxies by Juneau et al. (2005). This results in a specific star
formation rate of 0.31£0.15, 0.18 0.15 and 0.053 £0.071 x 10~ yr~! for the different
mass bins. According to the definition by Franx et al. 2008 (SFR/m. < 0.3/tinu)
the galaxies in the high mass bin would correspond to quiescent galaxies. The time
when half of the in-situ stars are formed is indicated by the top black arrows. This
changes systematically with galaxy mass from z=1.4 to z=1.9 and z=2.1, i.e. the in-
situ component is oldest for the most massive systems. The black arrow at the bottom
of the panels indicates the time when half of the final galaxy was assembled. For all
galaxies this is around redshift z ~ 1. Therefore all galaxies double their mass since
then. For low mass systems the low redshift growth is dominated by in-situ formation
whereas for high mass systems it is dominated by accretion of small stellar systems
(Tiret et al. 2011).

In summary, at high redshift the assembly of galaxies at all masses is dominated
by in-situ star formation fed by cold flows. The larger the galaxy mass the smaller
is the late contribution of in-situ star formation. At low redshift, z < 1, the growth
of low mass galaxies continues by in-situ star formation and stellar accretion whereas,
massive galaxies grow predominantly by accretion of ex-situ stars (see e.g. Feldmann
et al. 2010; Naab et al. 2009).

In Fig. 5.7 we show interesting correlations of galaxy and halo properties with the
fraction of in-situ stars indicating that this quantity is an important tracer of galaxy
assembly. Essentially, this ratio, m;,s/m., is a dimensionless measure for the degree to
which the galaxy was formed by a dissipational versus a dissipationless process (Lackner
& Ostriker 2010). The fraction of the stellar galaxy mass formed in-situ m,s/m. is
highest, up to 60%, for low mass galaxies and declines almost linearly (despite some
scatter) with increasing galaxy mass down to ~ 13% for the most massive systems in
our simulations which are the central galaxies of massive groups (top panel of Fig. 5.7).
This trend is very similar to semi-analytical predictions (Khochfar & Silk 2006a) and
constraints based on halo occupation models combined with isolated merger simulations
(Hopkins et al. 2009¢). In the central panel of Fig. 5.7 we show the fraction of in-situ
mass versus the concentration parameter ¢ of the dark halo which is defined as the
ratio between 1999 and 7, where 7, is the scale radius for an NFW fit (Navarro et al.
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Figure 5.8: Mean age of the stars inside r19 as function of galaxy mass. High mass
galaxies consist of older stars than the low mass galaxies, recovering the phenomenon
usually referred to as ’archaeological downsizing’ (f,eqn o log ML6).
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Figure 5.9: Redshift when the galaxies have assembled 50% of their present-day stellar
mass as function of galaxy mass at redshift zero. Although the stars in the massive
galaxies are typically older (see Fig. 5.8) there is a trend that the massive galaxies
are assembled later (250 oc log M_33). This is consistent with the global picture of
hierarchical structure formation.
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1997) of the density profile:

o 5cpcrit
o) = Gyt )

(5.1)

For the fit we binned the halo into 32 spherical shells equally spaced in logyo(r) between
900 and logyo(r/T200) = —2.5 similar to Grossi & Springel (2009). We see a continuous
change of the dark matter halo concentration. As expected from the effect of adiabatic
contraction galaxies with significant in-situ star formation, i.e. more dissipation, live
in more concentrated halos (Blumenthal et al. 1986; Dubinski 1994; Jesseit et al. 2002;
Debattista et al. 2008; Gnedin et al. 2004; Abadi et al. 2010; Auger et al. 2010). The
concentration of more massive halos does not increase significantly as the matter is
added predominantly in stellar form and cannot dissipate (see e.g. Johansson et al.
2009b and references therein), i.e. the adiabatic contraction approximation cannot be
applied for massive galaxies. The bottom panel in Fig. 5.7 shows the stellar density
inside the spherical half-mass radius versus the ratio of in-situ created stars of the
galaxies. The two properties are correlated in the sense that galaxies with a large
fraction of accreted stars have lower central densities, a well known property of elliptical
galaxies (e.g. Bender et al. 1992).

Fig. 5.6 gives a clue to the paradox of ’downsizing’. The initial expectation was
that in a hierarchical universe, since more massive halos statistically are formed later
than less massive ones, the same should be true of galaxies. But we know that this is
not true observationally (Nelan et al. 2005), giant ellipticals are older - not younger -
than lower mass systems (see e.g. Thomas et al. 2005). Our simulations give the same
result as can be seen from Fig. 5.8, the most massive systems are made out of the
oldest stars. The inclusion of galactic winds would probably lead to less efficient star
formation at high redshifts and leave more gas for late in-situ star formation especially
in the lower mass systems, rendering these galaxies even younger. This would lead
to an even steeper relation than the one shown in Fig. 5.8. The explanation of the
paradox is obvious: The accreted stars are typically made in smaller systems and
these small systems are in fact made at early times (dashed red curves in Fig. 5.6).
Massive galaxies are more dominated by the accreted stars and so by z=0 they contain
primarily old stars, although the galaxies themselves are assembled late. This effect
can be seen in Fig. 5.9, here we show the redshift at which for the first time 50% of
the final stellar mass is assembled in the most massive progenitor as a function of the
present-day galaxy mass. We find that the most massive systems actually form last
as predicted by the bottom-up structure formation paradigm. De Lucia et al. 2006
obtain the same result with their semi-analytic model. This way the expectation from
hierarchical structure formation is satisfied. Both our simulations and the observations
of van Dokkum et al. (2008) agree: even at late times massive galaxies continue to
grow in mass and size.
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Figure 5.10: Left panel: Stellar mass inside 10% of the virial radius vs. spherical
half-mass radius of accreted (green diamonds), in-situ (black triangles) and all stars
(red squares), respectively. The dashed lines show the results of a linear fit for the
respective components (r/2 o log M, with o = 7.5, 6.1 and 1.1 for the accreted,
total and in-situ stars, respectively). While the half-mass radius of the accreted stars
strongly increases with mass, the half-mass radius of the in-situ formed stars shows
only a weak dependence on galaxy mass. The mass-size relation is driven by the by
the accreted stars. Right panel: This plot shows the spherical half-mass radii of the
galaxies as a function of the ratio of accreted to in-situ created stars. The size increase
of the galaxies is roughly linear dependent on this ratio (ry 2 0 0.97 % My, [Mipns).
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Table 5.2: The assembly of stars in massive galaxies

In-situ Accreted
Epoch 62222 322>0
Baryonic mass source | cold gas flows minor & major mergers
Size of region 172 ~ 2kpc 12 ~ Tkpc
Energetics Dissipational Conservative

5.2 Galaxy sizes

The left panel of Fig. 5.10 shows the present-day spherical half-mass radius for the
different components of our galaxies. The size of the in-situ component shows a very
weak trend with galaxy mass. For the low mass galaxies the half-mass radii of the
in-situ and the accreted stars are of similar size. While the in-situ component does
not get larger than ~ 3kpch™!, the half-mass radius of the accreted stars is strongly
increasing with galaxy mass and since the fraction of accreted stars rises with galaxy
mass as well, the global half-mass radius of the galaxies follows this trend. In our
simulations the majority of the in-situ created stars are formed in the bulges of the
galaxies. Stronger feedback mechanism would probably lead to more star formation in
galactic disks resulting in larger radii of the in-situ component. The half-mass radius
of the accreted stars should not be affected by this. The right panel of Fig. 5.10 shows
the galaxy radii versus the ratio of accreted to in-situ created stars. We find an almost
linear trend. Fig. 5.10 shows, that stellar accretion is the dominant mechanism for
the size growth of massive galaxies. For most of our systems the accretion of stars is
significant at low redshifts, as seen in Fig. 5.6, especially for the high mass galaxies.
Half of the total accreted stellar mass is added to the galaxies between redshift one
and the present day which leads to considerable size increase at late times. Consistent
with this pictures are the observations from e.g. van Dokkum et al. (2008) and others
that show a significant growth between redshift z = 3 and z = 0 for quiescent early
type galaxies. A detailed analysis of this effect will be presented separately. We give,
in Naab et al. (2009) a simple argument based on the virial theorem showing how
late accretion of low mass satellites ('minor mergers’) will lead to the rapid growth in
galactic size.

5.3 Summary and Discussion

We present results from 39 cosmological re-simulations of dark matter halos including
gas and star formation covering a mass range of almost two orders of magnitude in virial
mass. In the study presented here we used the simulations to investigate fundamental
formation and assembly processes, i.e. how and when do galaxies get their gas and
stars, and how does this influence the present day galaxy properties.

We have shown that it can be useful, at a very basic level, to distinguish between
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stars that are created inside the galaxies themselves (in-situ) and those that are created
outside (ex-situ) and are accreted later on. The division into these two separate phases
is quite clean (see Fig. 5.3) with the in-situ stars typically formed closer than 7 /r,;. ~
107, i.e. within the galaxy, and the ex-situ stars formed outside the galaxy at r /7 ~
10%° to 10. Independent of galaxy mass we find that the formation of the accreted
stars peaks at redshift z ~ 4. The in-situ star formation as well has an early peak but
extends over a longer period of time. The ratio of stars that are created in-situ to the
accreted stars, however varies strongly for galaxies of different masses. We find that
for massive galaxies (~ 1.9 —3.6 x 101 h~1 M) the contribution of in-situ and accreted
stars becomes comparable early (z &~ 2) and the accreted stars can account for up to
87% of the final stellar mass. The lower mass galaxies (~ 4 —10x 1094~ M) still can
have a high fraction of in-situ formed stars up to 60% at the present day. They show a
significant amount of in-situ star formation throughout the whole simulation time. The
large difference in time when those accreted stars are actually formed and when they
are finally assimilated by their host, together with the trend shown of the ratio of in-situ
formed stars explains the phenomenon of ’downsizing’ (see also (De Lucia et al. 2006)
for semi-analytical simulations). The more massive galaxies consist mainly of accreted
and therefore old stars leading to the dependence of mean stellar age to galaxy mass
shown in Fig. 5.8. The massive galaxies in our sample assemble about half their mass
below a redshift of z=1. This mass increase, caused by stellar accretion and merging,
is not accompanied by significant star formation, can be a significant contribution to
the observed increase of stellar mass in the early-type galaxy population since z—1 (see
e.g. Brown et al. 2007; Faber et al. 2007).

We find that the accreted stars are primarily responsible for the low redshift size
increase in massive galaxies (see e.g. Hyde & Bernardi 2009). When looking at the
half-mass radii of the galaxies and the half-mass radii of the in-situ created and ac-
creted components, we find that the half-mass radius of the in-situ created stars is only
weakly dependent on the galaxy mass and is quite small (< 3kpch™!). This compo-
nent forms at redshift z > 2 and makes the compact cores of the galaxies (see e.g. van
Dokkum et al. 2008 and references therein). The larger sizes of galaxies with larger
mass are mainly due to the accreted stars creating an outer envelope with half-mass
radii exceeding 8kpch™.

Our simulations overestimate the stellar mass of the galaxies by roughly a factor of
2. This is probably due to the lack of ejective and preventive feedback mechanism in
our simulations. The stars that are accreted as well as the early formed in-situ stars
are generated in small systems where winds are most effective and lead to lower star
formation rates and therefore lower accretion rates at lower redshifts. The late in-
situ star formation should be diminished by AGN feedback particularly in the massive
systems. It will be worthwhile to investigate whether and how the inclusion of those
processes could influence the presented balance of in-situ star formation to stellar
accretion.

The description of galaxy formation as a two phase process followed in a seem-
ingly natural way from our detailed hydro simulations and is organized into a coherent
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scheme in Table 5.2. It is not intended as a rival to other ways of seeing galaxy forma-
tion but rather as a framework within which the physical processes can be understood
in a straightforward way. Early, in-situ star formation is clearly similar to that resulting
from the "cold flow’ picture (Dekel et al. 2009a; Keres et al. 2005) or the earlier descrip-
tive term ’dissipative collapse’. In fact the in-situ phase bears an uncanny resemblance
to the 'monolithic collapse’ model (Eggen et al. 1962; Partridge & Peebles 1967; Larson
1969; Searle et al. 1973; Larson 1975). The late assembly phase of massive galaxies
has many aspects similar to the 'dry merger’ paradigm investigated by many authors
(Khochfar & Burkert 2003; Khochfar & Silk 2006b; Naab et al. 2006; van der Wel et al.
2009; Bezanson et al. 2009; Nipoti et al. 2009b) with the added qualification that most
of the accreted stellar systems are low in mass compared to the final assembled i.e.
minor mergers dominate. There appears to be recent archaeological (Coccato et al.
2010) and direct observational for this scenario. van Dokkum et al. (2010) conclude
that massive compact galaxies at z=2 (the end of the in-situ phase) have increased
their mass at radii » > 5kpc by a factor of ~ 4 since z=2 with the mass at smaller radii
being essentially unchanged.
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Chapter

SIZE AND VELOCITY DISPERSION
EVOLUTION OF MASSIVE EARLY-TYPE
GALAXIES

The results presented in this chapter are drawn from the 40 most massive
halos, that have been re-simulated for this work. We analyze the individual
massive central galaxies with present-day stellar masses of M, > 6.3 x 10*°M,
forming in the simulations, in order to investigate the physical origin of the
observed strong increase in galaxy sizes and the decrease of the stellar velocity
dispersions since redshift z ~ 2. At present 25 out of 40 galaxies are quiescent
with structural parameters (sizes and velocity dispersions) in agreement with
local early type galaxies. At z=2 all simulated galaxies with M, > 101 M (11
out of 40) at z=2 are compact with projected half-mass radii of ~ 0.77 (+0.24)
kpc and line-of-sight velocity dispersions within the projected half-mass radius
of & 262 (+28) kms™! (3 out of 11 are already quiescent). Similar to observed
compact early-type galaxies at high redshift the simulated galaxies are clearly
offset from the local mass-size and mass-velocity dispersion relations. Towards
redshift zero the sizes increase by a factor of ~ 5 — 6, following Ry /5 o< (1+2)®
with o = —1.44. The velocity dispersions drop by about one-third since z ~ 2.
On average, the dominant accretion mode is stellar minor mergers with a
mass-weighted mass-ratio of 1:5. We therefore conclude that the evolution
of massive early-type galaxies since z =~ 2 and their present-day properties
are predominantly determined by frequent 'minor’ mergers of moderate mass-
ratios and not by major mergers alone. The results presented in this chapter
have been published in Oser et al. (2012)
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There is growing observational evidence for the existence of a population of massive
galaxies (=~ 10™ M) with small sizes (=~ 1 kpc) and low star formation rates at redshift
z > 2. These galaxies are smaller by a factor of three to five compared to present-day
ellipticals at similar masses (e.g. Hyde & Bernardi 2009) and their effective stellar
densities are at least one order of magnitude higher (Daddi et al. 2005; Trujillo et al.
2006; Longhetti et al. 2007; Toft et al. 2007; Trujillo et al. 2007; Zirm et al. 2007,
Buitrago et al. 2008; van Dokkum et al. 2008; Cimatti et al. 2008; Franx et al. 2008;
Saracco et al. 2009; Bezanson et al. 2009; Damjanov et al. 2009, 2011). Deep observa-
tions down to low surface brightness limits (H ~ 28 mag arcsec™?) show no evidence
for faint, previously missed, stellar envelopes (Carrasco et al. 2010; Szomoru et al.
2010) and measurements of higher velocity dispersions seem to independently confirm
previous high mass estimates (van der Wel et al. 2005, 2009; Cenarro & Trujillo 2009;
van Dokkum et al. 2009; Cappellari et al. 2009; Martinez-Manso et al. 2011).

Quiescent (red & dead) galaxies make up about half of the general high redshift (z
~~ 2) population of massive galaxies and most of them (90%) are found to be compact
(Kriek et al. 2006; van Dokkum et al. 2006, 2008; Williams et al. 2009). In the local
Universe, galaxies of similar mass and size are extremely rare (Trujillo et al. 2009) or do
not exist at all (Taylor et al. 2010). This indicates that present-day early-type galaxies
were not fully assembled at z &~ 2 and underwent significant structural evolution until
the present day. Observations of the growth of massive galaxies since z ~ 2 selected at
constant number density (van Dokkum et al. 2010) indicate that they grow inside-out.
A quiescent - without significant in-situ formation of new stars - build-up of extended
stellar envelopes can originate from minor mergers and was predicted from cosmological
simulations (Naab et al. 2007, 2009; Oser et al. 2010) and recently, for the first time
such minor mergers at high redshift might have been directly observed (van Dokkum
& Brammer 2010; Carrasco et al. 2010).

A simple picture of high redshift monolithic formation or, similarly, a binary merger
of massive very gas-rich disks at z 2 2 - which has been suggested as a reasonable
formation mechanism for compact high-redshift galaxies (Wuyts et al. 2010; Ricciardelli
et al. 2010; Bournaud et al. 2011) - followed by passive evolution can be ruled out (Kriek
et al. 2008; van Dokkum et al. 2008; Trujillo et al. 2009) unless the increase in size of
ellipticals can be explained by secular processes such as adiabatic expansion driven by
stellar mass loss and/or strong feedback (Fan et al. 2008; Damjanov et al. 2009; Fan
et al. 2010). This process seems to be disfavored by observations (e.g. Hopkins et al.
2010b; Trujillo et al. 2011) and the absence of a significant young stellar population
would indicate that such hypothesized secular processes would need to occur without
significant star formation.

Based on high-resolution cosmological simulations of individual galaxies, Naab et al.
(2007, 2009) and Oser et al. (2010) provide an explanation for the size growth and the
decrease in velocity dispersion, which is consistent with the cosmological hierarchical
buildup of galaxies. The compact cores of massive galaxies form during an early rapid
phase of dissipational in-situ star formation at 6 2 z = 2 fed by cold flows (Keres et al.
2005; Dekel et al. 2009a; Oser et al. 2010) and/or gas rich mergers leading to large
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stellar surface densities (Weinzirl et al. 2011). At the end of this phase the observed
as well as simulated galaxies are more flattened and disk-like than their low redshift
counterparts (van Dokkum et al. 2008; Naab et al. 2009; van der Wel et al. 2011). They
are already massive (=~ 10" M) but have small sizes of =~ 1 kpc and velocity dispersions
of &~ 240 kms™! (see also Joung et al. 2009), in general agreement with observations.
The subsequent evolution is dominated by the addition of stars that have formed ex-
situ, i.e. outside the galaxy itself (Oser et al. 2010). These accreted stars typically
settle at larger radii (see also Coccato et al. 2011). The early domination of in-situ
star formation and the subsequent growth by stellar mergers is in agreement with
predictions from semi-analytical models (Kauffmann 1996; Khochfar & Silk 2006a; De
Lucia et al. 2006; De Lucia & Blaizot 2007; Guo & White 2008; Shankar et al. 2010a,b)
and the assembly scenario discussed in Kormendy et al. (2009).

In the absence of gas, stellar (i.e. collisionless) accretion and ’'dry’ merging in
general is an energy conserving process in the sense that none of the gravitational and
binding energy in the accreted systems can be radiated away during the merging event.
Therefore, while the galaxies grow in mass, they must significantly increase their sizes
and, eventually, decrease their velocity dispersions during this phase, in particular if
the stars are accreted in minor mergers. In massive galaxies that are embedded in
a hot gaseous halos some fraction of the gravitational energy can be radiated away
(Johansson et al. 2009b). Cole et al. (2000), Naab et al. (2009) and Bezanson et al.
(2009) presented the simple virial arguments for why minor mergers lead to a stronger
size increase and a decrease in velocity dispersion than the more commonly studied
major mergers (Naab et al. 2006).

In Oser et al. (2010) we investigated this two phase scenario in more detail with a
larger sample of re-simulations and found a connection between galaxy mass, size, and
the assembly history (see also Khochfar & Silk 2006a; De Lucia & Blaizot 2007; Guo
& White 2008; Hopkins et al. 2009¢; Feldmann et al. 2010). More massive present-
day systems contain a larger fraction of accreted stars (up to 80 per cent) which, over
time, build an outer envelope and increase the size of the systems (Naab et al. 2009;
Hopkins et al. 2009b; Oser et al. 2010; Feldmann et al. 2010). This scenario receives
support from recent observational findings that massive galaxies have increased their
mass at radii » > Hkpc by a factor of ~ 4 since z=2 with the mass at smaller radii
being essentially unchanged (van Dokkum et al. 2010). It is also the favored model
to explain observed kinematics (Arnold et al. 2011) and metallicity gradients (Forbes
et al. 2011) of globular cluster populations in nearby elliptical galaxies.

In this chapter we analyze a subset of massive galaxies from the simulations de-
scribed in chapter 4 with a particular focus on the evolution of sizes and velocity
dispersions since z &~ 2. This chapter is organized as follows: The results on the evo-
lution of size and velocity dispersion are presented in sections 6.2 and 6.3. The stellar
merger histories of the resimulated galaxies are reviewed in section 6.4. We conclude
and discuss our results in section 6.5.
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6.1 High resolution simulations of individual galaxy
halos

The results presented in this chapter are drawn from the ’zoom-in’ resimulations of
the 40 most massive systems in our sample. The simulated halo masses cover the
range 7 X 10" Moh™t < My, < 2.7 x 108 Moh™! and the central galaxy masses are
between 4.5 x 101°Moh™ < M, < 3.6 x 101" Moh™! at z = 0. The selected galaxies
all have present-day masses larger than M, ~ 6.3 x 101°M,, for direct comparison with
observations. These galaxies are well resolved with ~ 1.5 x 10° —3 x 10° particles within
the virial radius (R = Rago, the radius where the spherical overdensity drops below
200 times the critical density of the universe at a given redshift). Using the simulation
parameters as described in section 4.6 for zoom simulations have been shown to result
in galaxies with reasonable present-day properties (Naab et al. 2007; Johansson et al.
2009b; Naab et al. 2009; Oser et al. 2010). However, the fraction of available baryons
converted into stars, f,, for galaxies in this mass range is typically 2 times higher
(see Fig. 4.4) than estimates from models that are constructed by matching observed
luminosity functions to simulated halo mass functions (Guo et al. 2010b; Moster et al.
2010; Behroozi et al. 2010and references therein).

6.2 Redshift evolution of sizes

In the left panel of Fig. 6.1 we show the projected half-mass radii of the simulated
galaxies as a function of their stellar mass at z—0 (blue circles), as well as the sizes and
masses of their most massive progenitors at z—1 (red triangles), z=2 (green triangles),
and z=4 (purple stars). We determine the center of the galaxies using the shrinking
sphere technique described in Power et al. (2003), starting at redshift 0 with a sphere
that contains all the stellar particles. In all the previous snapshots the center of the
most massive progenitor is found with the same technique starting with a sphere of a
radius of at least 25 kpc that encompasses the 50 innermost particles identified in the
last processed snapshot. The sizes indicated here are the mean values of the half-mass
radii of all stars within 0.1 X Ry, = Rga (considered the central galaxy) projected
along the three principal axes of the main stellar body. We always show the median of
the sizes of the galaxies that we compute from the snapshot at the target redshift as
well as the two snapshots before and after this one to avoid outliers caused interacting
systems. We separate the sample into quiescent galaxies (solid symbols) with specific
star formation rates sSFR < 0.3/ty (Franx et al. 2008), where ty is the age of the
Universe at each redshift. Star forming galaxies are indicated by open symbols and
have sSFR > 0.3/ty. The dashed black line shows the z=0 linear fit to the SLACS
sample of local early-type galaxies (Nipoti et al. 2009a) with the observed scatter given
by the dotted lines, which is in good agreement with the simulated galaxy sizes. Other
published local mass-size relations have slightly different slopes and offsets (see e.g.
Hyde & Bernardi 2009; Guo et al. 2009; Williams et al. 2010) which does, however, not
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Figure 6.1: Left: Projected stellar half-mass radii of the simulated galaxies versus
stellar masses for redshifts z=0 (blue circles), z=1 (red triangles), z=2 (green trian-
gles) and z=4 (purple stars). Quiescent galaxies with low specific star formation rates
(sSFR < 0.3/ty) have solid symbols, other galaxies have open symbols. Since z &~ 2
all galaxies evolve rapidly in size. The dashed line indicates the observed size-mass
relation for early-type galaxies of (Nipoti et al. 2009a) with the one-sigma scatter in-
dicated by the dotted lines. The z—0 mass cut of M, > 6.3 x 10°M, for the galaxy
sample is indicated by the vertical dashed line. Right: Projected stellar half-mass radii
of galaxies with stellar masses M, > 6.3 x 101°M, (see arrow on the left plot) as a
function of redshift. The black symbols indicate the mean sizes at a given redshift
with the error bars showing the standard deviation. The star forming galaxies (open
symbols) and mean values are offset by 0.1 in redshift for clarity. The black lines show
the result of a power law fit for all (dotted line) and quiescent (solid line) systems,
respectively in good agreement with observed relations. Observational estimates from
different authors are given by the solid star symbols where the dotted error bars show
the observed scatter (see van Dokkum et al. 2008; Cenarro & Trujillo 2009) with the
exception of the observation by van de Sande et al. (2011). Since this is a single object,
here the error bars indicate the uncertainty of the measurement.. By z=3 all progenitor
galaxies drop below our mass limit.
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Figure 6.2: Projected stellar half-mass radius of the simulated galaxies at different
redshifts (see Fig. 6.1) versus the fraction of stellar mass accreted (in major mergers,
minor mergers and accretion events), M, .., to the stellar mass formed in-situ, M, i,
in the galaxies. The black bordered symbols indicate systems more massive than
M, > 6.3 x 10'°°M,. At z > 2 galaxies with a higher fraction of accreted stars have
larger sizes indicating that accretion of stellar systems drives the size evolution of
massive galaxies.
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Figure 6.3: Stellar density as a function of radial distance to the galactic center
at redshift 0 (blue) and 2 (green) averaged over the most massive systems (M, >
2 x 10"M, at 2 = 0). The arrows indicate the average half-mass radii at a given
redshift. At z = 2 we find that the stellar mass profile inside the half-mass radius is
still dominated by stars that have formed in-situ (dotted lines). At z = 0 the half-mass
radii of our galaxies have significantly extended due to accreted stars (dashed lines)
which dominate the total density (solid lines) at larger radii.
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affect our general conclusions. At z=4 all progenitor galaxies are very compact with
similar sizes (=~ 300 pc) independent of their mass. During this phase the formation
of the proto-galaxies is dominated by gas dissipation and in-situ star formation (Naab
et al. 2009; Joung et al. 2009; Oser et al. 2010). By z=2 a clearly visible mass-size
relation has already developed. At this epoch the most massive galaxies of our sample
have experienced the most rapid size growth with half-mass radii up to ~ 1.3 kpc for
galaxies with 101! M, in stellar mass, in good agreement even with the most recent
observations (e.g. Ryan et al. 2010; van der Wel et al. 2011; Cassata et al. 2011).
Towards z=0 the simulated galaxies continue to grow in size as well as mass. The
descendants of galaxies that are already massive (> 6.3 x 101°M) at z=2 (green
symbols to the right of the vertical dashed line) increase their mass by a factor of 3.5
(77 £10% of the accumulated mass is due to stellar accretion) and their projected half
mass radii grow by a factor of 6.5. On average, all simulated galaxies more massive
than 6.3 x 101°M, at any given redshift grow by a factor of 2.1 in mass (see e.g. Faber
et al. (2007)) and a factor of 4.6 in radius since z=2. This already indicates that the size
growth cannot be the result of equal-mass dry mergers, since the ensuing size growth
should be, at most, directly proportional to the mass increase (Nipoti et al. 2003, 2009a;
Naab et al. 2009). Overall, the size growth is differential, i.e. the most massive galaxies
show the strongest size increase and the tilt of the mass-size relation increases towards
lower redshifts. Fitting all galaxies with R/ oc M? we find § =~ 0.4640.056 at z—2 and
d ~ 0.69+0.064 at z=0. For quiescent galaxies (with worse statistics) we find no trend
for differential size growth with § ~ 0.67 4+ 0.069 at z=2 and ¢ ~ 0.65 £ 0.090 at z=0.
This is in qualitative agreement with recent observations by Williams et al. (2010) who
do not find observational indications for a differential size growth of quiescent galaxies.

Observed sizes of massive galaxies are found to evolve as (1+2)®. Depending on the
selection criteria (specific star formation rate, concentration etc.) and observed redshift
range the observed values of « for massive ellipticals range from a = -0.75 (Newman
et al. 2010) to o = -1.62 (Damjanov et al. 2011). Franx et al. (2008) find o ~ —0.8 for
all galaxies in this mass range (M, = 10 M) whereas for quiescent massive galaxies
the observed size evolution is faster with —1.09 < a < —1.22. Cassata et al. (2011)
obtain values from a = -0.87 to a = -1.42 depending on stellar mass. van der Wel
et al. (2008) find a value of a & -0.98, when they include results from previous surveys
this changes to o &~ -1.20. A similar trend (o &~ —1.11) is found for UV-bright galaxies
(Mosleh et al. 2011).

In the right panel of Fig. 6.1 we show the size evolution of galaxies more massive
than 6.3 x 101°M,, (see Franx et al. 2008) since z=2. At z—=4 all progenitor galaxies
drop below the threshold mass, but are still resolved by ~ 10* particles. We added the
results from Naab et al. (2009), which were obtained with the same simulation code
but with a softening length fixed in physical units. The size evolution in this case is
very similar to the simulations that uses a fixed comoving softening length. We also
included various observational results which find slightly larger sizes at a given redshift
but with a very similar evolution in time. On average there is a strong evolution
in galaxy sizes: for the Ry, o (1 + 2)* power law fit to all (dashed line) and only
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the quiescent (solid line) simulated galaxies we find a value of @« = —1.12 + 0.13 and
a = —1.4440.16, respectively. This is in good agreement with observed values - which
are possibly a bit offset to higher values - and despite our statistical limitations we
consider this trend robust. Possible simple explanations for an offset in size within a
semi-analytical framework are discussed in Shankar et al. (2011).

To demonstrate the physical origin for the size growth in the simulated galaxies we
show in Fig. 6.2 the projected half-mass radii presented in Fig. 6.1 at different redshifts
as a function of the ratio of stars accreted onto the galaxy M, ,.. to the stars formed
in-situ in the galaxy, M, ;,s at the same redshifts. We consider a star particle in the
simulation as formed in-situ in the galaxy if it is created inside Ry (= 0.1 x Ry;,). Black
bordered symbols indicate galaxies with stellar masses larger than 6.3 x 101°M,, whose
size evolution is plotted in the right panel of Fig. 6.1. There is a clear correlation
between the relative amount of accreted stars and in-situ stars not only at redshift
zero (Oser et al. 2010) but also at high redshifts (z ~ 2). This indicates that stellar
accretion drives the size evolution of the systems as soon as the accreted stars start
to dominate the total mass (M, acc/Miins > 1) at z = 2 as also predicted from semi-
analytical modeling (Khochfar & Silk 2006b). At earlier times the stellar mass growth
is dominated by in-situ star formation (Oser et al. 2010), i.e. the stars form out of
cold gas that was able to radiate away a large fraction of its gravitational energy and
thus leading to compact systems. The binding energy of the accreted stars, however,
is retained and will increase the total energy content of the accreting galaxy, both
by shock-heating the gas - which then can cool radiatively - as well as expanding the
existing dark matter and stellar components (Johansson et al. 2009b). This in general
leads to more extended systems.

In Fig. 6.3 we compare the density profiles of a subsample of massive galaxies
(M, > 2 x 1011 M) at redshift 2 and the present day. In agreement with Naab et al.
(2009) we find that within the half-mass radius the high redshift systems are dominated
by stars that formed in-situ while the contribution of accreted stars to the inner mass
profile is small. At the present day the stellar mass inside the effective radius is
dominated by accreted stars added at radii larger than > 1kpc . This accretion is
responsible for the strong size increase (Oser et al. 2010) and is in agreement with
the results from stacked imaging for massive galaxies at a constant number density

that also show an increase in surface densities predominantly in the outer regions (van
Dokkum et al. 2010).

6.3 Redshift evolution of velocity dispersions

In the left panel of Fig. 6.4 we show the central stellar line-of-sight velocity dispersions
for the simulated galaxies as a function of the stellar mass at redshift z—4 (purple stars),
z=2 (green triangles), z=1 (red triangles) and z=0 (blue circles). The line-of-sight
velocity dispersions have been calculated within 0.5x Ry, along the three principal axes
and then averaged. The mass-dispersion relation from Nipoti et al. (2009a) for galaxies
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Figure 6.4: Central (within 0.5 R;/;) projected velocity dispersion as a function
of stellar mass at z=0 (blue circles), z=1 (red triangles), z=2 (green triangles) and
z=4 (purple stars). The relation for local galaxies from Nipoti et al. (2009a) are
shown by the dashed line with the dotted lines indicating the scatter of the observed
galaxies. At a given mass the velocity dispersion decreases significantly from z=4 to
z=0. The mass limits used for the right plot are indicated by the vertical dashed lines.
Right: Central projected velocity dispersion of the simulated galaxies with masses in
the range of 6.3 x 101°M, < M, < 1.6 x 10" M, at any given redshift as a function
of redshift. Solid symbols represent star forming galaxies and empty symbols show
quiescent systems (offset by 0.1 in redshift for clarity). Observational estimates from
different authors are given by the solid star symbols (see Cenarro & Trujillo 2009; van
de Sande et al. 2011; Martinez-Manso et al. 2011) with the observed scatter given by
the dotted error bars, where available. The black lines show the result of a power
law fit for all (dashed line) and the quiescent (solid line) galaxies, respectively. The
simulations indicate a mild dispersion evolution from ~ 262 kms™! at z—2 to ~ 177
kms~! at z—0, in agreement with observations.
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more massive than M, ~ 10 M, is indicated by the dashed line. It is evident that
at a given mass range the velocity dispersions of the galaxies systematically increase
with redshift. This is illustrated in the right panel of Fig. 6.4 where we show the
evolution of the projected velocity dispersion for galaxies with masses in the range
of 6.3 x 101'M, < M, < 1.6 x 10?M,, (indicated by the vertical lines in the left
panel) as a function of redshift. In this mass range the velocity dispersions drop from
262 £ 28kms~! at z—2 to 177 £ 22kms~! at z—0, a decrease of roughly a factor of 1.5.
The evolution is statistically significant but weak (see also Hopkins et al. 2009¢c). The
black lines show a fit for the average velocity dispersions for all (dashed line) and the
quiescent (solid line) galaxies only. As for the sizes, we fit the redshift evolution of the
velocity dispersions like 0y/2 o< (14 2)”. Again we find a slightly stronger evolution for
the quiescent systems (8 = 0.44) than for all galaxies in our samples (f = 0.37). van
de Sande et al. (2011) obtain a similar value of 5 = 0.51+0.07. Depending on selection
criteria Saglia et al. (2010) find values for § ranging from 0.59 £+ 0.10 to 0.19 + 0.10.
Following Cenarro & Trujillo (2009) we compare to observations of local ellipticals and
measurements at higher redshift (di Serego Alighieri et al. 2005; van der Wel et al.
2005, 2008; Cenarro & Trujillo 2009). In general we find a good agreement with the
observations.

6.4 Stellar Merger histories

Similar to Cole et al. (2000), Naab et al. (2009) and Bezanson et al. (2009) demon-
strated, using the virial theorem, how the size growth of a galaxy after a dissipationless
merger event can be predicted. Assuming energy conservation and parabolic orbits
(Benson 2005; Khochfar & Burkert 2006) the final gravitational radius of the system
is given by

ngf — (]' + 77)2’ (61)

Ry (1+mne)
where R,; and R, are the initial and final gravitational radii (before and after the
merger event) which we assume to be proportional to the spherical half mass radii
(Naab et al. 2009). Here, n = M,/M,; is the fractional mass increase during the merger
and € = (v,?)/(v;?) is the ratio of the mean square speeds of the accreted satellites and
the initial system. This estimate implies that the accretion of weakly bound stellar
systems (e < 1) results in a particularly efficient size increase. To test the validity
of this simple estimate in our full cosmological simulation we follow the stellar merger
histories of our simulated galaxies. We identify every satellite merging with the most
massive progenitor of the central galaxy using a FOF-finder with a minimum number
of 20 stellar particles (&~ 1.2 x 108M,). At z = 2 all galaxies in our sample are more
massive than ~ 1010/, i.e. we resolve mergers at least down to a mass-ratio of
~ 1 : 100. For the satellites as well as the host we compute the mass and the total
internal velocity dispersion and with this information and Eqn. 6.1 we estimate the
size evolution since z=2. In Fig. 6.5 we show the estimated size growth for all galaxies
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Figure 6.5: The size growth predicted by equation 6.1 in combination with the stellar
merger histories compared to the actual size growth in the simulations of the galaxies
more massive than M, = 6.3 x 10°M, at z=2. The green triangles indicate the
evolution between z=2 and z=0 the red triangles the evolution between z=1 and z=0.
The simple virial estimate is a good predictor for the actual size evolution.
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Figure 6.6: Left: The average mass-weighted stellar merger mass-ratios (since z=2)
as a function of present-day galaxy mass (blue dots). The black diamonds show the
binned averages within 0.2 dex in stellar mass with the one sigma error bars. Trends
with galaxy mass are statistically not significant. The mass growth is dominated by
minor mergers with a mass ratio of & 1:5. Right: The average number-weighted merger
mass-ratio (for all stellar mergers since z=2) as a function of present-day galaxy mass.
There is a weak trend for more massive galaxies to experience relatively more minor
mergers. On average most stellar mergers have mass-ratio of ~ 1 : 16.
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exceeding the z=2 mass limit of 6.3 x 101°M, since redshift 2 (green triangles) and
1 (red triangles), respectively. We compare this estimated size growth to the actual
size growth that we directly measure from our simulated galaxies. Considering the
simplifications used in Eqn. 6.1 - homologous, one-component systems merging on
zero energy orbits - the predicted and actual growth agree notably well. This confirms
earlier findings (Naab & Ostriker 2009) that the simple formula is a good predictor
even in a full cosmological context. This approximation however can only be valid if
the assembly history for z < 2 is not dominated by dissipational processes which is
the case for the massive systems presented here (see Oser et al. 2010 for the relevant
analysis).

To better understand the dominant assembly mechanism of our simulated massive
galaxies we have computed the average mass-weighted merger mass-ratio for every
galaxy since z=2. In the left panel of Fig. 6.6 we show the average mass-weighted
merger mass-ratio as function of present-day stellar galaxy mass (blue dots). The
dependence on galaxy mass is weak. The average values in bins of 0.2 dex in mass
are shown by the black diamonds with one sigma errors bars. Overall the average
mass-weighted merger mass-ratio is ~ 0.20 & 0.10. This makes 'minor mergers’ with
mass ratios of 1:5 the dominant assembly mode, on average, for the massive simulated
galaxies (see Hirschmann et al. 2011 for a representation of a typical merger tree).
The tendency of this ratio to change with the mass of the host system cannot be
determined by our calculations with any statistical certainty (the slope of the fitted
curve is 0.05 £+ 0.18). However, we anticipate that for very low mass galaxies major
mergers would become more important. If the slope of the mass function for satellites
were d(InN)/d(InM) ~ —v, then the expectation would be that the mass-weighted
merger ratio would be (2—+)/(3 —+) ~ 0.44 if dynamical friction were not a dominant
process and (3 —v)/(4 — ) ~ 0.64 if it were dominant. Thus, for low mass parent
galaxies, we would anticipate that the typical merger would be relatively 'major’ with
the ratio of parent to satellite being ~ 1 : 2. Here we note that a significant number of
the simulated galaxies (7 out of 40, ~ 18 per cent) do not experience any merger with
a mass ratio larger than 1:4, e.g. they have experienced no major merger since z=2
at all. Estimates of merger rates for massive galaxies due to observations of disturbed
systems (Jogee et al. 2009; Kaviraj et al. 2011; Lotz et al. 2011), as well as semi-analytic
models lead to similar results. E.g. Khochfar & Silk (2009), Hopkins et al. (2010a)
and Shankar et al. (2010a) find, that massive early-type galaxies on average encounter
less than one major dry merger since their formation epoch. This confirms previous
suggestions motivated by the dearth of compact galaxies in the nearby Universe, that
a highly stochastical process like major mergers cannot be the main driver for the
observed size evolution (Bezanson et al. 2009; Trujillo et al. 2009; Taylor et al. 2010).
However, major mergers do happen and will have an impact on the early-type galaxy
population. They can contribute significantly to the final stellar mass with minor
mergers still dominating the size growth (Shankar et al. 2010b, 2011). The observed
merger rates, which are difficult to determine, are in the range of only ~ 1 major merger
since z = 2 (Bell et al. 2006; Bluck et al. 2009; Naab et al. 2006) which is consistent
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with our interpretation.

In the right panel of Fig. 6.6 we show, the more conventionally defined, average
number-weighted merger mass-ratio. The merger history since z=2 is clearly dominated
by minor mergers with mass-ratios smaller than 1:10. Those mergers, however, do on
average not add most of the mass to the systems. There is a slight trend for more
massive galaxies to experience a larger relative number of minor mergers. Over the
full mass range the average number-weighted merger mass ratio is ~ 0.062 £ 0.043,
indicating that the typical merger was indeed very minor (1:16).

6.5 Conclusion & Discussion

In this chapter we use a sample of 40 cosmological re-simulations of individual massive
galaxies to investigate the evolution of galaxy sizes and velocity dispersions with red-
shift. The simulated galaxies form in a two phase process (Oser et al. 2010) where the
first phase at redshifts of z 2 2 is dominated by a dissipative assembly. This formation
phase is driven by in situ star formation resulting in compact galaxies having small
sizes of r < 1.3 kpc. The subsequent evolution of the galaxies at redshifts of z < 2 is
dominated by accretion of stars in satellite stellar systems. Naab & Ostriker (2009)
and Oser et al. (2010) have shown that the accreted stellar systems preferentially settle
into the outer parts of the galaxies, resulting in a gradual increase in their sizes until
the simulated galaxies closely follow the present-day mass-size relation. Between red-
shift 2 and 0 our simulated galaxies grow on average by a factor of ~ 5 — 6, whereas
recent semi-analytical models find a smaller size increase of ~ 2 — 4 (Khochfar & Silk
2006a; Guo et al. 2011; Covington et al. 2011). At the present day 25 out of the
40 simulated galaxies are quiescent (sSFR < 0.3/ty) and have structural parameters
in agreement with observed local early-type galaxies. The underlying physical reason
for the size growth for our simulated galaxies is stellar accretion, as can be seen in
the strong positive correlation between the projected stellar half-mass radii and the
fraction of accreted stellar material (Fig 6.2). Our detailed analysis presented in this
chapter confirms that the stellar material is predominantly accreted through minor
mergers (Naab et al. 2009), with typical galaxy mass-ratios of ~ 1 : 5. By number the
merger history is dominated by even more minor mergers with mass-ratios of ~ 1 : 16.
A significant fraction (18 per cent) of the galaxies experience no major merger with
mass-ratios larger than 1:4 since z=2 confirming previous suggestions, motivated by the
lack of compact galaxies in the nearby Universe, that a highly stochastical process such
as major mergers cannot be the main driver for the observed size evolution (Bezanson
et al. 2009; Trujillo et al. 2009; Taylor et al. 2010). Semi-analytical models also find
significant stellar mass growth due to minor mergers. These models, however, predict
that for the most massive galaxies major mergers are becoming increasingly important
(e.g. Baugh et al. 1996; De Lucia et al. 2006; De Lucia & Blaizot 2007; Guo & White
2008). This is a result of the sharp drop-off in the galaxy mass function due to AGN
feedback, which is not followed in our simulations.
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For galaxies with masses above 6.3 x 10'*°M, our simulated size evolution is in
very good agreement (Fig 6.1) with the observed size evolution of galaxies with similar
masses at redshifts of z < 2 (e.g. Franx et al. 2008). The evolution of the sizes can
be well described by Ry, o< (1 + 2)* with o = —1.12 for all galaxies and o = —1.44
for quiescent galaxies only. The size growth measured from the simulations is in good
agreement with simple estimates from the virial theorem assuming energy conservation
during dissipationless merger events (Naab et al. 2009).

The projected velocity dispersions for simulated galaxies with masses around =~
101 M, decrease systematically towards lower redshifts from ~ 262 kms™! at z—2 to
177 kms ™! at z = 0, again in good agreement with observations (e.g. Cenarro & Trujillo
2009). Assuming an evolution as oy, oc (1 + 2)¥ we find 8 = 0.37 for all galaxies and
£ = 0.44 for quiescent galaxies. Future observations might confirm this prediction.

We conclude that in the absence of dissipation and associated star formation a
growth scenario dominated by minor stellar mergers, with less bound stars, is a viable
physical process for explaining both the observed growth in size and the decrease
in velocity dispersion of massive early-type galaxies from z ~ 2 to the present-day.
Accretion of systems not gravitationally bound to the central galaxy causes, as noted,
substantial size growth. But it has another, dramatic, concomitant effect. As this
mass becomes gravitationally bound, it releases a large amount of gravitational energy.
This process, which has been measured in our simulations (Khochfar & Ostriker 2008;
Johansson et al. 2009b) , and termed ’gravitational heating’ can add ~ 10°*%ergs (i.e.
~ 10%erg/s) to the parent systems, causing heating of the ambient gas and reducing
the central dark matter component.

Despite these successes some obvious caveats concerning our simulations remain.
Most importantly our simulated galaxies are overly efficient in transforming gas into
stars (Hirschmann et al. 2011) and consequently the conversion efficiency of baryons
into stars, even at z=2, in the massive galaxies in our simulated sample is overesti-
mated by roughly a factor of &~ 2 compared to predictions from halo occupation models
(Behroozi et al. 2010and references therein). This discrepancy is most probably due to
the fact that our simulations neither include strong supernova-driven winds nor AGN
feedback from supermassive black holes and would be enhanced if metal-line cooling
was included. Observations and modeling have shown that strong galactic winds gen-
erating significant outflows are ubiquitous at high redshifts of z ~ 2 — 3 (e.g. Steidel
et al. 2010; Genel et al. 2010) and in our simulations this aspect is missing by con-
struction. The effect of supernova driven winds and AGN feedback is differential with
respect to the masses of galaxies, with the former primarily affecting smaller galaxies
(Oppenheimer et al. 2010b) and the latter being increasingly important for more mas-
sive galaxies (Kormendy et al. 2009). The proper inclusion of all the above mentioned
physical effects would certainly lower the overall total stellar masses (both the in-situ
and the accreted component). Still, the relatively simple two-phase formation scenario
provides a viable model to physically explain the observed growth in size and decrease
in velocity dispersion. However, this is an issue clearly deserving further studies on the
effect of AGN feedback (e.g Sazonov et al. 2004; Di Matteo et al. 2005; Springel et al.
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2005a; Johansson et al. 2009a; Booth & Schaye 2009; Debuhr et al. 2010; Ostriker et al.
2010; Schaye et al. 2010), radiative feedback from stars (e.g Oppenheimer & Davé 2006;
Petkova & Springel 2009; Hopkins et al. 2011) and feedback from supernovae type II
(e.g Scannapieco et al. 2008; Schaye et al. 2010; Sales et al. 2010) and Ia (e.g Ciotti
& Ostriker 2007; Oppenheimer & Davé 2008). Preferentially this will be investigated
with the help of a large sample of zoom simulations with better statistics, as presented
here, with the aim of studying how these processes would affect in detail the resulting
size growth and velocity dispersion evolution of massive galaxies.
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Chapter

Stellar Kinematics

We perform the first detailed two-dimensional stellar dynamical analysis of cos-
mological hydrodynamical simulations of individual galaxies. Kinematic maps
of the stellar velocity, velocity dispersion, and higher-order Gauss-Hermite
moments h3 and hy are presented in this chapter. The velocity and velocity
dispersion fields of the simulated galaxies show a similar diversity to observed
kinematic maps of early-type galaxies in the ATLAS3P survey. This includes
fast, slow, and misaligned rotation, hot spheroids with embedded cold disk
components as well as galaxies with counter-rotating disk-like components.
We quantify the amount of rotation using the A\g-parameter. In general, the
most massive and round simulated galaxies are slow rotators, as observed.
These galaxies grow to a significant degree by collisionless late accretion of
stars, predominantly in more minor mergers with average mass-weighted mass-
ratios of 1:5. The role of major mergers for the formation of slow rotators in
a cosmological context is ambiguous. We find fast as well as slow rotating
remnants with late major mergers. The galaxy most consistent with the rare
class of non-rotating ellipticals grows by minor mergers alone. This might indi-
cate the importance of accretion of weakly bound stellar systems during their
formation. The mass assembly of fast rotators is dominated by dissipative
in-situ star formation. In agreement with previous theoretical studies and ob-
servations the fast rotating components of these galaxies also have asymmetric
line-of-sight velocity distributions with steep leading wings, i.e. a velocity-hs
anti-correlation. The results presented in this chapter will be published as part
of the ATLAS3P project.




78 STELLAR KINEMATICS

Observationally, the AT LAS3P survey (Cappellari et al. 2011a) provides the most
complete panoramic view on the properties of 260 local early-type galaxies (ETGs) in a
volume limited sample covering different environments (Cappellari et al. 2011b). This
includes a complete inventory of the central and extended baryonic galactic building
blocks such as stars (Emsellem et al. 2011; Duc et al. 2011), molecular gas (Young et al.
2011; Davis et al. 2011), neutral gas (Serra et al. 2011, in preparation) and ionized
gas (Davis et al. 2011, in preparation), as well as high-density gas tracers (Crocker et
al. 2011, in preparation). This is combined with unique two-dimensional information
about the stellar (Krajnovié¢ et al. 2011; Emsellem et al. 2011) and gaseous (Davis et al.
2011) kinematics as well as photometry (Krajnovié et al. 2011) within the main body
of the galaxies.

The theoretical effort within the survey is twofold. Based on the observed pho-
tometry and kinematics we aim at understanding the underlying three-dimensional
dynamical structure (Emsellem et al. 2011; Krajnovi¢ et al. 2011, Cappellari et al.
2011, in preparation) and the chemical composition, the ages of the stellar populations
(McDermid et al. 2011, in preparation), as well as a combination of both (Scott et
al. 2011, in preparation; Kuntschner et al. 2011, in preparation). With a - backwards
- archaeological approach we can then put constraints on the formation histories of
ETGs. Based on semi-analytical models (Khochfar et al. 2011) and simulations we
investigate possible - forward - formation scenarios and check their success in pre-
dicting the observed present day galaxy properties. The simulations cover different
levels of complexity: idealized high-resolution simulations of mergers between two or
more galaxies including (or not) star formation (Bois et al. 2010, 2011), simulations
of model realizations of observed galaxies (Bournaud et al. 2011, in preparation), and
simulations of the entire formation history of galaxies in a full cosmological context as
presented in this work. One of the striking results from ATLAS3P, which is in the
focus of this chapter, is that the majority (86%, 224/260) of ETGs shows significant
(disk-like) rotation with regular velocity fields. Only a small fraction (12%, 32/260) of
the galaxies rotate slowly with no indication of embedded disc components (Krajnovié
et al. 2011; Emsellem et al. 2011). Galaxies with corresponding properties were coined
fast rotators and slow rotators, respectively, by the preceding SAURON survey (Bacon
et al. 2001; de Zeeuw et al. 2002; Emsellem et al. 2004) based the Ag-parameter (Ag >
0.1 = fast rotator, A\g < 0.1 = slow rotator), which gives an approximate measure of
the angular momentum of a galaxies from its two-dimensional line-of-sight velocity field
(Emsellem et al. 2007). Fast rotators dominate the low- and intermediate-mass field
population (Cappellari et al. 2011b) and form a quite homogeneous family of flattened,
oblate systems with regular velocity fields. Typical slow rotators dominate in high
density environments, are among the most massive round galaxies, and have peculiar
properties like kinematic twists and kinematically decoupled components (Krajnovié
et al. 2011; Emsellem et al. 2011).

Given the above kinematical characteristics theorists (and observers) might wonder

(or not) in how far the properties of fast and slow rotators are consistent with popular
formation scenarios for ETGs. Interestingly, one of the first formation scenarios for
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Figure 7.1: Left panel: Schematic 'merger-tree’ representation of a binary disk merger
simulation. Two gas-rich (blue) stellar (yellow) disks with little hot gas (red) merge
at z ~ 1 and form an elliptical galaxy. Right panel: Computed merger tree for the
formation of halo (0175) and its galaxy within the concordance cosmology. Black circles
indicate the dark matter halo mass at every redshift with the symbol size proportional
to the square root of the normalized halo mass at z = 0. The yellow stars indicate
stellar mass, the blue and red filled circles show the cold and hot gas mass within
the virial radius (Hirschmann et al. 2011). It is evident that almost continuous infall
of matter in small and large units is an important characteristic of the assembly of
massive galaxies (see e.g. (De Lucia & Blaizot 2007)). The galaxy shown (0175) has
no major merger since z &~ 3. Others galaxies can have 1-3 major mergers. The growth,
however, is always accompanied by minor mergers (see Section 7.3)
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ETGs, before the advent of modern hierarchical cosmologies, was motivated by, back
then, new measurements of the kinematics of stars in the outer halo of the Milky Way.
The radial orbits of old, non-rotating, halo stars were explained by their rapid forma-
tion in collapsing protogalactic cold gas streams, followed by the formation of stars
on circular orbits in a thin cold gas disk (Eggen et al. 1962). If this simple formation
scenario were true for all old spheroidal systems they would consist of a spherical bulge
with stars on radial orbits and a thin rotating disk component whose relative mass
would depend on the efficiency of star formation (i.e. gas consumption) during the col-
lapse and on the ability of the gas to cool. The amount of "turbulent viscosity", caused
by large inhomogeneities in the in falling gas clouds, and the angular momentum of the
in falling gas determine the predicted galaxy properties such as isophotal shapes, ro-
tation, age and metallicity gradients, and even the formation of disk-like substructures
in elliptical galaxies which have successfully been computed decades ago (Partridge &
Peebles 1967; Larson 1969, 1974; Searle et al. 1973; Larson 1975). In simple words, the
pre-merger-scenario and pre-ACDM model for the formation of fast and slow rotators
was as follows: the bulk of the stars in slow rotators form in rapidly collapsing gaseous
systems with efficient star formation and efficient gas heating, fast rotators in settled
systems with inefficient star formation in the absence of strong heating processes.

An alternative (or supplementary) scenario was provided by Toomre & Toomre
(1972) and Toomre (1974, 1977) who investigated tidal interactions between disk galax-
ies and the possible formation of spheroidal systems by merging spirals. This scenario
became particularly attractive as mergers play an important role during the formation
and /or evolution of every dark matter halo and almost every galaxy in modern hier-
archical cosmological models (White & Rees 1978). This scenario quickly started a
whole industry of simulations of mergers of disk with disks and spheroids with other
spheroids. FEarly simulations of spheroid mergers focused on the evolution of already
existing spheroids and were mainly used to investigate the evolution of abundance gra-
dients an the merger dynamics (White 1978, 1979b). Back then it was already shown
that major mergers can significantly flatten preexisting abundance gradients (White
1978) and the difficulty of forming slowly rotating ellipticals from mergers of ellipticals
was pointed out (White 1979a, 1980), a problem that has been confirmed with modern
high-resolution simulations (Bois et al. 2010). Later studies of spheroid mergers mainly
focused on the merger dynamics, the evolution of scaling relations, also investigating
the effect of different mass-ratios (Makino & Hut 1997; Nipoti et al. 2003; Boylan-
Kolchin et al. 2005; Naab et al. 2006; Boylan-Kolchin et al. 2006; Nipoti et al. 2009b,a;
Di Matteo et al. 2009).

A separate process that was investigated using idealized merger simulations was the
formation of elliptical galaxies by the morphological transformation of disk galaxies
in a major galaxy merger. The first self-consistent disk merger simulations clearly
demonstrated that a major merger can indeed transform a kinematically cold disk
into a kinematically hot spheroid with elliptical-like properties (Gerhard 1981; Farouki
& Shapiro 1982; Negroponte & White 1983). Simulations of isolated merger events,
however, are rather limited in reproducing the formation history of a galaxy in a
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ACDM Universe. Fig. 7.1 is comparing the schematic 'merger-tree’ of a binary merger
simulation to one that is typical for the cosmological simulations presented in this
work. We have already shown in section 6.4 the accretion history of galaxies is often
dominated by minor mergers, that are usually ignored in idealized merger simulations.

7.1 High-resolution simulations of individual galaxy
halos

The analysis presented in this chapter is based on 50 'zoom-in’ cosmological hydro-
dynamic simulations of individual massive galaxy halos selected from a larger set of
re-simulations (Oser et al. 2010; Hirschmann et al. 2011), described in section 4.6.2. We
present results from re-simulated halos in the mass range of 1.3 x 1012Moh™! < My, <
2.7 x 1013 My h~" presented in Oser et al. (2012). The halos host massive galaxies with
present day stellar masses between 6.3 x 101M At < M, < 3.6 x 1014 Mo h™! and
projected half-mass radii of 1.5 < ry/5 < 10.5kpc. All galaxies are well resolved with
~ 1.5 x10°—3 x 10° particles within the virial radius. The masses of individual gas and
star particles are m. gqs = 4.2x 10°Myh™! (we spawn one star particle per gas particle),
and the dark matter particles have a mass of mg, = 2.5 x 10"M,h~!. Compared to
some other recently presented cosmological zoom simulations (Scannapieco et al. 2009;
Governato et al. 2009; Dolag et al. 2009; Feldmann et al. 2010; Piontek & Steinmetz
2011; Feldmann et al. 2011; Scannapieco et al. 2011; Governato et al. 2010; Puchwein
et al. 2010; Guedes et al. 2011; Agertz et al. 2011; Teyssier et al. 2011; Avila-Reese
et al. 2011) the resolution level of our simulations is comparable or slightly lower. But
while these simulations were limited to a single or few halos in a narrow mass range
we performed a significantly larger number of re-simulations of halos spanning a mass
range of two orders of magnitude.

Cosmological zoom simulations using similar simulation parameters to the sample
presented here - also not including the effect of AGN feedback - typically resulted
in galaxies with photometric and kinematic properties similar to present day ETGs
(Naab et al. 2007; Johansson et al. 2009b; Naab et al. 2009; Feldmann et al. 2010).
In particular, the galaxies presented in this work agree with present day ETG scal-
ing relations and their observed evolution with redshift (Oser et al. 2012). Still, the
employed star formation prescription favors efficient star formation at early times re-
sulting in preferentially spheroidal systems with old stellar populations and we do not
produce supernova driven winds. In addition, models for feedback from central AGN
are not included. Therefore, the fraction of available baryons (in every halo) converted
into stars of the central galaxies in the simulated mass range is typically 2 times higher
than estimates from models matching observed galaxy mass functions to simulated halo
mass functions (Oser et al. 2010; Guo et al. 2010b; Moster et al. 2010; Behroozi et al.
2010; Neistein et al. 2011; Leauthaud et al. 2011). The physical processes eventually
responsible for this discrepancy are well studied. It has been argued that feedback from
SNII is important for low mass systems (Larson 1974; Dekel & Silk 1986; Governato
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Figure 7.2: Kinematic maps for edge-on projections of five simulated galaxies 0094, 0125,
0209, 408, and 0858 (from top to bottom) with characteristic features. The area shown covers
a box of 3 projected stellar half-mass radii (r;/,) side length. The contour lines show the
projected mass surface density. The halo ID, the Ar parameter (Section 7.3), the ellipticity
at r1/9, and the physical scale of 1kpe (indicated by the black bar) are given in the leftmost
panels. From the left to the right we show line-of-sight velocity (v), line-of-sight velocity
dispersion (o), a measure for the asymmetric (hs), and symmetric (hy) deviations from a
Gaussian LOSVD shape. Galaxy M0094 has a central counter-rotating component which is
also apparent in the hs map. M0125 shows very weak rotation not exceeding ~ 30kms—! but
a very high central velocity dispersion of ~ 280kms~!. The maps for hs and hy are almost
featureless. The velocity dispersion of M0209 is enhanced along the major axis, a feature that
is attributed to two counter-rotating flattened components. 0408 shows significant rotation
(up to 200kms~!) and a very regular velocity field. As observed in real galaxies, the hz values
are anti-correlated to the line-of-sight velocity indicating steep leading winds in the LOSVD.
The values for hy are slightly positive at the center indicating a more peaked than Gaussian
LOSVD. M0858 shows a very characteristic dumbbell feature (i.e. a suppression of the stellar
dispersion along the major axis) which is indicative of the presence of a kinematically cold
disk component. The maps of all galaxies can be found in the appendix.
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et al. 2010; Sawala et al. 2010) and feedback from super-massive black holes domi-
nates for high mass systems (Croton et al. 2006; Di Matteo et al. 2008; Sijacki et al.
2009; Puchwein et al. 2010; Teyssier et al. 2011; McCarthy et al. 2010b). Although the
physics is relatively well understood and many individual detailed calculations have
shown how these feedback processes can expel the baryons from galaxies, there have
been only a few high resolution galaxy formation calculations, using cosmological ini-
tial conditions, beginning to master the physics well enough to match either the winds
seen in forming galaxies or the final metal distribution between galaxies and the IGM
(Scannapieco et al. 2008; Sawala et al. 2010). Some other calculations do successfully
allow for winds and for the consequences these winds have on the galaxies and the sur-
rounding ISM (Springel & Hernquist 2003; Oppenheimer & Davé 2008; Oppenheimer
et al. 2010b; Cen & Chisari 2011; Wiersma et al. 2010b; McCarthy et al. 2010b). Our
computations do not generate significant winds at high redshift (e.g. Steidel et al.
2010) and thus overestimate, by roughly a factor of two to three, the condensed baryon
fraction of the most massive galaxies (Guo et al. 2010b; Moster et al. 2010) and we are
currently working to implement physically valid feedback implementations to address
this problem.
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Table 7.1. Table Caption

1D M* R1/2 >\R € q S Mms/M* )\H
(10°Mg)  (kpc)
(1) (2) B @ 6 6 (@ (8) (9)

M0040 49.98 8.85 0.08 0.37 0.89 0.80 0.23 0.053
MO0053 69.45 9.19 0.05 039 081 0.6 0.24 0.013
MO0069 49.41 6.42 0.13 043 0.72 0.58 0.22 0.082
MO0089 52.33 8.04 0.05 0.47 0.68 0.52 0.16 0.023
M0094 47.9 5.37 0.1 041 0.79 0.61 0.26 0.034
MO0125 43.36 6.54 0.04 032 0.73 0.69 0.23 0.035
M0162 36.44 6.58 0.04 0.54 0.59 0.49 0.13 0.039
MO0163 35.2 737 022 044 0.7 0.53 0.15 0.028
MO175 36.79 5.18 0.04 031 0.83 0.67 0.27 0.043
MO0190 31.48 495 0.06 0.56 0.55 0.41 0.15 0.045
M0204 26.86 4.73 0.07 021 09 0.73 0.16 0.046
M0209 19.96 287 0.15 04 083 0.61 0.34 0.079
MO0215 27.64 3.77 0.11 0.26 0.86 0.68 0.35 0.028
M0224 24.84 433 0.13 0.28 0.89 0.63 0.2 0.04
MO0227 30.88 5.54 021 0.32 0.76 0.63 0.13 0.057
MO0259 19.83 343 0.33 039 096 0.53 0.26 0.045
M0290 22.04 2.67 041 0.29 097 0.61 0.28 0.036
MO0300 18.65 3.36 0.22 047 0.77 0.47 0.2 0.069
MO0329 21.33 3.27 0.08 035 0.83 0.67 0.34 0.033
MO0380 17.08 3.01 036 0.37 0.66 0.44 0.5 0.038
M0408 17.71 261 038 045 0.94 0.55 0.3 0.047
M0443 23.08 213 01 029 082 0.58 0.41 0.027
M0501 16.31 3.2 0.09 038 0.79 0.59 0.36  0.051
M0549 11.64 341 035 0.29 0.85 0.55 0.27 0.056
MO0616 13.03 3.05 0.06 042 0.71 0.57 0.37  0.04
M0664 10.39 224 01 026 074 0.64 0.35 0.012
MO721 13.37 1.81 0.3 048 094 0.3 0.54 0.043
MO763 13.68 3.14 035 035 0.86 0.59 0.2 0.066
MO0858 14.26 2.19 041 047 085 0.18 0.36 0.024
MO0908 13.43 217 035 043 0.92 0.35 0.46 0.013
M0948 9.23 3.45 0.09 021 0.89 0.82 0.31 0.014
M0959 8.41 218 0.1 035 0.77 0.73 0.37  0.04

MO0977 6.32 241 031 0.55 0.76 0.46 0.5 0.085
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Table 7.1—Continued

ID M* R1/2 >\R € q S Mms/M* )\H
(10°Mg)  (kpc)

(1) (2) B @ 6 6 (@ (8) (9)
M1017 8.87 1.73 0.07 042 0.73 0.55 0.59 0.017
M1061 7.2 2.19 0.08 044 0.7 049 0.34 0.065
M1071 10.82 1.83 0.13 0.23 0.89 0.74 0.32 0.008
M1091 10.46 1.51 0.05 0.38 0.75 0.52 0.28 0.032
M1167 10.24 1.74 0.07 041 0.71 047 0.33 0.027
M1192 6.05 2.03 043 048 0.56 0.39 0.45 0.038
M1196 10.74 231 038 048 093 042 0.49 0.048
M1306 9.04 1.46 047 0.37 0.85 0.31 0.45 0.024
M1646 7.47 2.03 0.15 049 0.92 0.18 0.49 0.015
M1859 6.27 1.5 0.07 035 0.75 0.6 0.43 0.015
M2283 4.7 1.39 0.14 047 0.5 0.36 0.49 0.054
M2665 4.4 1.54 0.1 027 0.68 0.6 0.44 0.028

Note. — Column (1): ID of the galaxy. Column (2): stellar mass inside

Ryy. Column (3): projected half-mass radius. Column (4): Column (5): Column

(6): intermediate to major axis ratio. Column (7):

minor to major axis ratio.

Column (8): Ratio of in-situ created to total stellar mass. Column (9): halo spin

parameter.
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7.2 Construction of kinematic maps

So far two-dimensional velocity fields from numerical galaxy simulations have only been
constructed and analyzed for remnants of binary merger simulations which provide
the necessary resolution for a reliable analysis (Bendo & Barnes 2000; Jesseit et al.
2007, 2009; Hoffman et al. 2009, 2010; Bois et al. 2010, 2011). The high spatial and
mass resolution of modern cosmological simulations of individual galaxies makes it now
possible to extend the two-dimensional analysis to simulated galaxies that form and
evolve in a full cosmological context.

The two-dimensional kinematic maps of the cosmological galaxy simulations pre-
sented here are constructed in a similar way as described in Jesseit et al. (2007, 2009),
with a few notable differences to follow as close as possible the observers data analysis
for the galaxies in the ATLAS®? sample. In a first step we identify the central galaxy
of the simulated halos and shift all positions and velocities to its baryonic center using
a shrinking sphere technique. The stellar component of the galaxy is rotated according
to the principle axes of the moment-of-inertia tensor of the 50 per cent most tightly
bound stellar particles. As a reference measure we compute the edge-on projected
(along the minor-axis) circular half-mass radius, r;/,, within 10 percent of the virial
radius of the galaxy (Oser et al. 2012). For every projected stellar particle within a
square of two half-mass radii side lengths, centered on the galaxy, we create a set of 60
pseudo-particles with identical line-of-sight velocities and 1/60th the original particle
mass. The pseudo-particles are distributed in the plane of the sky according to a two-
dimensional Gaussian with a standard deviation of 0.4 kpc. This way we account for
seeing effects on the projected mass and velocity distribution and the limited spatial
resolution of the simulations.

All pseudo-particles are binned on a spatial grid, centered on the projected particle
position with two-half-mass radii side length and a pixel size of 277pc. The grid has
variable dimensions depending on the projected size of the galaxy. Our chosen pixel
size approximately corresponds to the spatial coverage of one lenslet of the SAURON
instrument (Bacon et al. 2001) at a distance of 20Mpe. In contrast to simulations,
real galaxies are observed with an instrument of fixed angular coverage and the spatial
coverage varies between 0.5 and 3 effective radii depending on the physical size and
distance of the galaxies (Cappellari et al. 2011a).

Using the regularly binned spatial data we group, whenever necessary, adjacent bins
into larger bins with a comparable pre-defined signal-to-noise ratio using a Voronoi
tessellation method as described in Cappellari & Copin (2003). This results in an
irregular grid structure but guarantees that all bins contain approximately the same
number of particles. From the velocity data we construct line-of-sight velocity profiles
for each Voronoi bin along the two-dimensional grid.

To get a quantitative measurement for the deviations of the LOSVD from the Gaus-
sian shape the velocity profile P(v) can be parametrized in accordance with Gerhard
(1993) and van der Marel & Franx (1993) by a Gaussian plus third- and fourth-order
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Gauss-Hermite functions (see Bender et al. 1994)

P(v) = 7@[1 + hsHs(w) + hyHy(w)], (7.1)
where w = (v —vg)/ox and
alw) = \/%e“ﬂﬂ (7.2)
Hi(w) = %(2\/5@03 — 3v2w) (7.3)
Hy(w) = i(4w4 — 12w? + 3). (7.4)

V24

Hj3 and Hj4 are the standard Hermite polynomials as defined by

<_%) a(z) = /JTH, (2/v2)a(z). (7.5)

The H; form a set of orthogonal functions, u; = exp(—w?/2) x H;(w) are the Gauss-
Hermite basis functions, and hs and hy are their amplitudes which represent the skew-
ness and the kurtosis of the velocity profile, respectively. Note that the skewness/kur-
tosis and hs/hy are not identical. The skewness and kurtosis are the normalized third-
and fourth-order moments of the LOSVD and are more susceptible to the wings of the
line profile which are ill-constrained by the observations (see van der Marel & Franx
1993). ~ is a normalization constant. If the LOSVDs deviate from a Gaussian, the fit
parameters vg, and oy correspond only to first order to the real first (v)5) and second
(010s) moment of the velocity distribution (differences of up to 15%, see Bender et al.
1994; Magorrian & Binney 1994). For h3 = 0 and hy = 0 the resulting velocity profile
is a Gaussian. For asymmetric profiles with the prograde (leading) wing steeper than
the retrograde (trailing) one, hs and vg, have opposite signs. This corresponds to a
negative hy as defined by observers (van der Marel & Franx 1993; Bender et al. 1994;
Fisher 1997)). When vg; and hg have the same sign, the leading wing is broad and the
trailing wing is narrow. LOSVDs with hy > 0 have a 'triangular’ or peaked shape, here
the distribution’s peak is narrow with broad wings. Flat-top LOSVDs have hy < 0
where the peak is broad and the wings are narrow. The kinematic parameters of the
LOSVD in each Voronoi bin (vg, 0, hs, he) are determined following the procedure
described in van de Ven et al. (2006) which is particularly suitable for our purposes.
Whenever indicated we repeat this analysis for different projections of the galaxies on
the plane of the sky.

In Fig. 7.2 we show, as an example, the two-dimensional maps for the line-of-sight
velocity (v), line-of-sight velocity dispersion (o), a measure for the asymmetric (hs),
and symmetric (h4) deviations from a Gaussian LOSVD shape, within 37/, of five
galaxies (M0094, M0125, M0290, M0408, M0858 from top to bottom). Maps for the
whole sample are presented in Figs. A.1 - A.8 of the appendix. The contour lines
indicate the projected mass surface density. The halo ID, the Ar parameter (Section
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7.3), the ellipticity at ry/,, and the physical scale of 1kpc (indicated by the black bar)
are given in the leftmost panels. In general, the quality of the maps is very good
and rotation, kinematic substructure, and higher-order kinematic features are clearly
visible, quantifiable and have similar amplitudes than observed in real galaxies.

Galaxy 0094 (top row in Fig. 7.2) is a slowly rotating galaxy with a counter-
rotating core. This feature is also apparent in the hy map. Galaxy 0125 is an example
for a galaxy with very weak rotation not exceeding ~ 30kms~!. The central velocity
dispersion is very high, at a value of ~ 280kms~! and dropping towards larger radii.
The maps for hy and hy show almost no features with values scattering around zero.
The velocity dispersion of the rotating galaxy 0209 is enhanced along the photometric
major axis, a feature that is attributed to two counter-rotating flattened components
(Emsellem et al. 2004). A galaxy with significant rotation (up to 200kms™') and a
very regular velocity field is 0408. As observed in real galaxies (Bender et al. 1994;
Krajnovi¢ et al. 2008, 2011), the h3 values are anti-correlated to the line-of-sight ve-
locity indicating steep leading wings of the LOSVD and the amplitudes in are of the
same order of magnitude. The values for hy are slightly positive at small projected
radii corresponding to a LOSVD that is more peaked than a Gaussian at the center
with broader wings, also in general agreement with observations. 0858 shows a very
characteristic dumbbell feature (i.e. a suppression of the stellar dispersion along the
major axis, see e.g. Emsellem et al. (2004)) which is indicative of the presence of a
central kinematically cold disk component

7.3 Fast and slow rotators

From the two-dimensional velocity maps we compute the Az-parameter as introduced
by Emsellem et al. (2004) according to

N RV
)\R: i=1 ZRZ|‘/Z| (76)

EﬁiplFiRi\/ ‘/;2 + 0'1-2’

where F; is the flux (here the projected mass in every bin), R; the projected radius,
v; the line-of-sight velocity and o; the line-of-sight velocity dispersion of each grid
cell. These properties are determined as explained in the previous section and we can
therefore calculate Ay as a function of radius for every galaxy from its two-dimensional
map (Jesseit et al. 2009). When computing a characteristic value of Ag we have to
consider that ATLAS3P has a finite field-of-view which typically extends to 0.3 - 3
effective radii. To take this into account we determine the half-mass radius for each
projection and sum only over the grid cells inside one effective radius. Thus we ensure
a fair comparison to the ATLAS?P data. The global values of Ay for our galaxies are
given in Tab. 7.1 as well as in the left panels of Figs. 7.2 and A.1 - A.8

In Fig. 7.3 we show the variation of A\r as a function of radius for the edge-on
projections of all simulated galaxies up to two projected half-mass radii. Galaxies with
slowly rising profiles up to the half-mass radius are mostly identified as slow rotators
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Figure 7.3: \g profiles for the simulated galaxy sample up to two half-mass radii.
Galaxies with slowly rising profiles are mostly identified as slow rotators and galaxies
with steeply rising profiles are fast rotators. The profiles of quiescent galaxies (SSFR
< 0.3/tpw) are shown in blue those of star-forming galaxies in red.The amplitude of

Ar as well as the characteristic profile shapes are in agreement with observed ETGs
(Emsellem et al. 2004, 2011).



90 STELLAR KINEMATICS

and galaxies with steeply rising profiles are fast rotators. The slow rotators (Ag <
0.latr.) are mostly quiescent galaxies (specific star formation rate < 0.3/tpu, blue)
fast rotators can be quiescent or star-forming (red). The amplitude of Ag as well as
the characteristic profile shapes are in agreement with observed ETGs (Emsellem et al.
2004, 2011). Similar to observed galaxies we also find steeply rising and then falling
profiles. These particular profile shape corresponds to galaxies with rapid rotation at
their centers which almost then drops to zero in the outer parts. The clearest case is
M1646 whose kinematic map can be found in Fig. A.7 in the appendix.

The location of the galaxies in the A\p - galaxy mass plane is shown in Fig. 7.4
for all edge-on projections. The location approximately corresponding to slow (Ag
< 0.1) is indicated by the shaded area. We can see two clear trends here. At low
masses the distribution is bi-modal with a group of galaxies with low Az ~ 0.1 and
another group of fast rotators with the highest Az &~ 0.5. Towards higher masses \g
continuously decreases and the high-mass end of our sample is dominated by slowly
rotating galaxies. This trend is in remarkable agreement with the observed AT LAS3P
galaxies (see Emsellem et al. (2011), Fig. 3). However, our presentation is biased in two
ways. First, the simulated galaxy sample was randomly picked from a larger simulated
volume and is not statistically complete. Second, we show only the edge-on projection,
whereas real galaxies can be assumed to be oriented randomly on the sky. To estimate
the second effect we plot in Fig. 7.4 the results for Az for 50 random projections of
every galaxy as small dots and their average value as empty circles. The bi-modality is
less pronounced for the average values but the trend for Ag to decrease with increasing
galaxy mass is unaffected.

In Fig. 7.5 we show the A\g-parameter as a function of the projected ellipticity at
r1/2. The roundest galaxies are slow rotators. At higher Ellipticities many galaxies are
fast rotators. We again show the results of 50 random projections for all the simulated
galaxies as dots. Whereas the ellipticity decreases significantly for all non-edge-on
projections, Ar stays roughly constant over a wide range. With the projections taken
into account, we find a good agreement to observed values for A\g and ellipticities
(Emsellem et al. 2011).

We showed in chapter 5 that massive galaxies in this sample grow in two phases.
A first phase down to z ~ 2 is dominated by in-situ star formation inside the galaxy
and a second phase at z < 2, which is dominated by accretion of stellar systems that
have formed outside the galaxy and are then accreted at lower redshifts. This growth
mechanism was shown to be the most plausible growth mechanism for massive early-
type galaxies (Khochfar & Silk 2006a; Naab et al. 2009). Towards lower galaxy masses
in-situ star formation becomes more important and the stellar accretion rates drop. In
this scenario it is plausible to assume that galaxies with a more dissipative formation
history rotate faster. There is large scatter (see Fig. 7.6) in the correlation between
Ar and the fraction of in situ created stars, with the galaxy with the highest fraction
of in situ formed stars (M1017) in the sample being a slow rotator. However the trend
(linear fit represented by the dotted line in Fig. 7.6) indicates an increasing value for
Ar for an increasing fraction of stars formed inside the galaxy itself suggesting that
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Figure 7.4: Stellar mass of the simulated galaxies versus the A\g parameter measured
in the edge-on projection (filled circles). The dots show the results of 50 random
projections, the empty circles indicate the mean values for Ag for the projections.
Massive galaxies to be slow rotators. Less massive galaxies can be slow as well as fast
rotators. This is in qualitative agreement with the AT LAS3P galaxies (Emsellem et al.
2011).
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Figure 7.5: Ellipticities of the simulated early-type galaxies versus the A\g parameter
measured in the edge-on projection (filled circles). The shaded area indicates again
the limit for slow rotating galaxies. The dotted line shows the limit for slow rotators
(< 0.3 x € Y/2) as defined in Emsellem et al. (2011). Round galaxies tend to be slow
rotators whereas very elongated galaxies can be both fast and slow rotating. The
ellipticity drops fast for non-edge-on projections (dots), whereas Ar falls off only for
projections where the galaxy shape is approaching spherical symmetry.
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Figure 7.6: Fraction of stars formed in the galaxy NN, ins to those formed outside the
galaxy and accreted later-on N, . versus the A\g parameter measured in the edge-on
projection. N, ns/N, can be considered as an estimate of the importance of dissipative
processes inside the main galaxy during its formation. The dotted line represents
the linear fit to the plotted values indicating that A is increasing with an increasing
fraction of in situ created stars.
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Figure 7.7: Spin parameter of the dark matter halo, A\ versus the Ag parameter
measured in the edge-on projection. Galaxies with low halo spin tend to be slow
rotators whereas galaxies with high halo spin can host slow as well as fast rotating
galaxies.
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dissipational effects during galaxy formation are important in defining the rotational
properties.

Intuitively, the exception could be, that Ag is simply set by the total angular mo-
mentum imprinted onto the system in the initial conditions. In Fig. 7.7 we show the
dependence of A\g on the dimensionless spin parameter as introduced in section 4.6.1.
There is no obvious correlation indicating that dissipational effects are important that
lead to different evolution of the angular momentum in the baryonic matter as com-
pared to the dark matter. Halos with a small spin parameter almost exclusively host
galaxies with little rotational support whereas halos with a large spin parameter host
fast rotators as well as slow rotators. This suggests that is easier for the baryonic
components to lose angular momentum in the process of forming galaxies than to gain
it. Idealized merger simulations (Bois et al. 2010, 2011) conclude, that slow rotators
form as the result of major mergers. At lower mass fractions (below 0.5) the resulting
remnant is almost always fast rotating. We however find that the repeated accretion
of smaller systems (see Fig. 7.1) is a valid mechanism to form slowly rotation ETGs.
In Fig. 7.8 we show Ag as a function of the highest merger ratio encountered by the
galaxy between redshift 2 and 0. We find no evidence for major mergers being par-
ticularly important for the formation of slow rotators. Some of them encounter major
mergers but others do not have any major at all. The same is true for the fast rotators,
indicating that the ratios of preceding mergers are of minor importance.

In Fig. 7.9 we show the accretion history and the evolution of the specific angular
momentum for the galaxy with the lowest value for Ag in our sample. The significant
build up stellar mass between redshift 2 and the present day is not followed by an
increase of the angular momentum instead it decreases almost continuously. At redshift
0 the galaxy is a slow rotator and has a value of A\g of 0.04. In the lower panel we show
the amount of identified mergers (see section 6.4) in the same time. This particular
galaxy has no major (> 0.25) merger at all between redshift 2 and 0. We find that
major mergers are not necessary for the development of slowly rotating systems.

Fig. 7.10 shows a further example for the evolution of stellar mass and specific
angular momentum. The galaxy presented encounters two major mergers since redshift
2. While the first one at z ~ 1.3 is not followed by a significant change of the specific
angular momentum the second one at z = 0.45 leads to a steep rise in the specific
angular momentum. At the present day the galaxy is a fast rotating ETG with a value
for Ag of 0.38. Overall the role of major mergers seems to be ambiguous.

7.4 Conclusions and Discussion

We present the first detailed analysis of projected stellar kinematic properties of cos-
mological hydrodynamical simulations. The two-dimensional maps of the stellar veloc-
ity, velocity dispersion and higher-order Gauss-Hermite moments for the 45 simulated
early-type galaxies described here can be found in Figs. A.1 to A.8. We recover
the same diversity in kinematic properties as in the observations including slow and



96 STELLAR KINEMATICS

0.8

f<n= 047 . ) . ° |
0.2 .

Y

0.0 1.0

highest merger ratio

Figure 7.8: The highest merger ratio of all the mergers between redshift 2 and 0 vs.
Ar. Slow rotators form as the result of minor as well as major mergers, the same is
true for the slow rotators.
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Figure 7.9: The upper panel shows an example for the evolution of the specific angular
momentum and stellar mass between redshift 2 and the present day. In the lower panel
we show the number of identified minor (< 0.25, orange) and major (> 0.25, black)
mergers in the same timespan. The galaxy shown has no major merger - its merger
tree is depicted in Fig. 7.1. - and the build up of stellar mass is accompanied by a
steady decrease of the specific angular momentum. At redshift 0 the result is a slow
rotator with a value for Ar of 0.04.



98 STELLAR KINEMATICS

__4000F T T T T T T T T T T T 25
T r M0408 i
N E spec.taﬁg. mom. 1
E i 120
-7 3000 1
5 "
— [ ©
%1 E 715?
E 2000F =
©] R [
E A 110 w
. L B n
Q0 r B ©
c r , =
© 1000 1
o - 15
o -
A, - 1
02 r 1
Ot 10
AD T T
r Major stellar mergers > 1:4
r Minor stellar mergers < 1:4
oo
3 3F E
Q0 [
g [
9 C
E I
° 2r ]
e, [
L [
=
I
Z 1
0 ‘ ‘
0.0 0.5 1.0 1.5 2.0

Redshift

Figure 7.10: Another example (M0408) with two major mergers. The first one z ~ 1.3
has almost no effect on the specific angular momentum of the system. The second one
at z &~ 0.45 is following by a significant increase of the specific angular momentum. At
redshift 0, the galaxy is a fast rotator with a value for Ag of 0.38.



7.4 CONCLUSIONS AND DISCUSSION 99

fast rotators as well as misaligned and counter-rotating components. We use the Ag-
parameter introduced by Emsellem et al. (2004) to quantify the amount of rotation in
the simulated galaxies. Our simulations support the observed trend that a significant
fraction of early-type galaxies show a large amount of rotational support.

At lower masses (~ 10" M) we find slow (Ag< 0.1) as well as fast (Ag> 0.1)
rotators, whereas at the high mass end (> 4 x 10" M) slow rotators are dominant, a
trend that can also be found in observations. We find flat and steeply rising radial Ag-
profiles when we analyze the kinematics up to two effective radii from the center. When
we take projection effects into account in the simulations the most spheroid systems
tend to be slow rotators. Again these results follow the observed trends. Overall we
conclude that the simulated galaxies presented here are able to reproduce the kinematic
diversity observed in local early-type galaxies.

We find that dissipational effects are important for the formation of fast rotators,
with galaxies that show a high fraction of in situ (dissipational) created stars having
larger values of Ag. . The total amount of angular momentum in the halo seems to
be less important as well as the mass ratios of recent mergers. In contrast to recently
published results, in our simulations slow rotators can form as the result of several
minor mergers, major merger are neither necessary nor do they prevent the build
up of systems with little rotational support. We show an example (Fig. 7.9) of a
slowly rotating system that formed without any major mergers at redshifts below 2.
In this case the specific angular momentum of the galaxy decreases as the result of the
continuous accretion of smaller systems. The role of major mergers is ambiguous, we
find no dependence of Ar to the mass ratios of mergers encountered since redshift 2.



100 STELLAR KINEMATICS




Chapter

Conclusions & Outlook

In order to investigate the formation and evolution of massive early-type galaxies, we
performed the so far largest sample of cosmological, high resolution 'zoom-in’ simula-
tions spanning a halo mass range of nearly two orders of magnitude. Starting from a
dark-matter only simulation of a cosmological volume (100 Mpc/h)? we picked over 50
halos and resimulated them at higher resolution, including hydrodynamics, radiative
cooling and heating, star formation and supernovae feedback. This way we were able
to simulate a set of massive galaxies with properties similar to observed early-type
galaxies from cosmological initial conditions (Oser et al. 2010, 2012).

We find that galaxies generally form in a two phase process. The early phase
(z > 2) of star formation is dominated by dissipative assembly where in situ star
formation is sustained by cold gas streams (Keres et al. 2005). At later times (z < 2)
the assembly of stellar mass is driven by the accretion of stellar systems. While the in
situ created stars typically form compact systems nearly independent of their stellar
mass, the accreted stars are added to the outer regions of the galaxies establishing the
mass-size relation. We find that the dominance of accretion over in situ star formation
is mass dependent with more massive systems containing a higher fraction of accreted
stars at the present day rendering more massive galaxies larger. This also explains
the observational phenomenon usually referred to as ’archaeological downsizing’ where
the most massive galaxies are made out of the oldest stars (Thomas et al. 2005; De
Lucia et al. 2006). This seems to be in contradiction with the picture of hierarchical
structure formation in which the most massive systems are assembled last. We find
that the more massive systems indeed assemble late, they show a strong mass growth
even at low redshifts with is primarily due to accretion of stars that already formed
at high redshifts, leading to large mean stellar ages in those systems. In less massive
systems, in situ star formation is a significant contribution to the stellar mass growth
even at late times and the ratio of accreted to in situ formed stars is typically lower.
This results in overall younger stellar populations.

Furthermore we studied in detail the size and velocity dispersion evolution of the
resimulated galaxies on cosmological timescales (Oser et al. 2012). We find, that the
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strong size increase and mild drop in central line-of-sight velocity dispersions, between
redshift two and the present day, of our simulated galaxies can be explained with the
above mentioned two-phase assembly scenario. Due to the dissipative character of
early galaxy formation, the systems at high redshift (z > 3) are compact with sizes of
r < 1.3kpce. Until the present day the galaxies grow by accretion and increase their
sizes. The most massive systems show the highest fraction of accreted stars at redshift
zero and encounter the strongest size increase. The evolution of sizes and velocity
dispersion with redshift of the simulated galaxies as well as the present day mass-size
relation are in agreement with observations (see chapter 6 Figs. 6.1 and 6.4). Galaxy
surveys find a population of massive quiescent galaxies already in place at redshift 2
which is missing in the local universe (Taylor et al. 2010; van Dokkum et al. 2010).
We identified all stellar mergers that the simulated galaxies are encountering with a
mass ratio of 1:100 or higher. We find that the size growth experienced by the massive
galaxies in our simulations is the result of successive minor and major merging events
between redshift two and zero. Minor mergers are particularly efficient in increasing
galaxy sizes and we find that indeed the stellar mass that is accreted onto the galaxies
is added typically in mergers with a ratio of 1:5. In our simulations the size growth is
in agreement with simple virial predictions on the basis of the identified stellar merger
events.

We present the first detailed two-dimensional analysis of the stellar kinematics in
cosmological hydrodynamical simulations. We recover the observational result that a
large fraction of early-type galaxies show a significant amount of rotation. We divide the
sample of simulated galaxies in slow (Ag< 0.1) and fast (Ag> 0.1) rotators according
to the Ag-parameter introduced by Emsellem et al. (2004) and find its relation to
ellipticity and stellar mass in the simulations to be similar to the observed values, with
the most massive galaxies being dominated by slow rotators. The simulated galaxies
show the same diversity in kinematic properties than observed local early-type galaxies
with misaligned rotation and we even find one example of a counter-rotating central
component. We find, that dissipational effects are important for the evolution of slow
rotators: the Ar-parameter is increasing for an increasing fraction of in situ created
stars and on the other hand there is almost no correlation of A\g to the dimensionless
spin parameter (see Section 4.6.1). Contrary to recently published results we find no
dependence of the Ar-parameter on the mass fractions of the encountered mergers.
Idealized merger simulations produce slow rotators as the result of major mergers. In
the cosmological simulations presented here, slow and fast rotators form out of major
as well as minor mergers. In fact we present an example for a slowly rotating galaxy
(see Fig. 7.9) that has no major (> 1 :4) merger at all between redshift 2 and 0.

Additionally to the work presented in this thesis the simulations performed in the
course of this work have been and will be used to study various astrophysical problems.
Moster et al. 2010 used the dark matter only simulation for halo occupation models.
In Genel et al. 2010 the same initial conditions are evolved with an adapted version
of GADGET to investigate the lifetime of star-forming clumps in gas-rich galaxies at
redshift 2. A comparison of our simulations to semi-analytic models is presented in
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Hirschmann et al. 2011. Lyskova et al. (2011, submitted) utilizes the simulation
models here to test mass estimators meant to yield reliable galaxy masses from minimal
observational data.

This progress in understanding the formation and evolution of massive galaxies is
promising but we will need to improve the models used in our simulations in the future
to study the effects of galactic winds and active galactic nuclei. Our simulations on
average over-predict the mass of stars bound in the central galaxies by a factor of 2
when compared to halo-occupation-distribution models. The feedback mechanism used
here is not strong enough to produce the galactic outflows that are usually observed
in highly star-forming galaxies and therefore favors the production of old spheroidal
systems. The above mentioned feedback processes are believed to be important to
sufficiently suppress star formation in high and low mass systems. Recent simulations
(Governato et al. 2010; Brook et al. 2011) have shown that high spatial resolution is
needed in order to be able to resolve the clumpy structure of the ISM and to produce
galactic outflows - which are deemed to be imported to suppress the star formation
efficiency and to explain the enrichment of the inter galactic medium (Oppenheimer &
Davé 2006; Oppenheimer et al. 2010b). Only at this high resolution winds with high
mass loading factors form self-consistently as a result of supernovae feedback. This
high spatial accuracy is becoming feasible in simulations of massive galaxies and we
are currently implementing a new star formation model that will not rely on the multi-
phase subgrid model presented in section 4.5. A high spatial and mass resolution is
needed to resolve the multi-phase ISM in the simulations. The large amount of the
momentum released to the ISM from massive stars and SNe is added to the momentum
of neighboring gas particles instead of just increasing the internal energy of the gas
particles. First tests have shown that this model is able to produce galactic outflows
where the mass loading is several times the star formation rate in the galaxy. However
this method has yet to be implemented in the cosmological simulations.

We performed some of our simulations with the ad-hoc wind model presented in
(Oppenheimer & Davé 2006). These simulations follow the enrichment with metals and
we show one example of the metal distribution in a galaxy at the present day in Fig.
8.1. Like in this representative example we often find metal gradients in the galaxies
where the highest level of metal enrichment is reached in the centers of the galaxies.
This is where the youngest stars are created out of gas that is pre-enriched by older
generations of stars. We intend to make predictions for metal and age gradients for
direct comparison with galaxy redshift surveys (Forster Schreiber et al. 2009; Grogin
et al. 2011).
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Figure 8.1: This figure shows in the top panel the total mass fraction of metals in
stars for the galaxy M0329 at the present day. The red bar at the bottom indicates the
half mass radius, the one on top represents 1 kpc. The lower panel shows the stellar
metal distribution as function of distance to the galaxy center. The red line represents
the average value of the binned metallicities. The stars formed in the center show the
highest level of enrichment.
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Kinematic maps

Here we present the stellar kinematic maps of all the galaxies discussed in
chapter 7 for their edge-on projection. The two-dimensional maps show from
left to right the stellar velocities, velocity dispersions as well as the amplitudes
of the higher order Gauss-Hermite polynomials hs and hy (see Section 7.2).
The halo ID, the Ag-parameter (see Section 7.3), the ellipticity at 7y, and the
physical scale of 1 kpe (black bar) are given in the leftmost panels.
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Figure A.1: Kinematic maps: M0040 - M0125
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Figure A.2: Kinematic maps: M0162 - M0209
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Figure A.3: Kinematic maps: M0215 - M0300
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Figure A.4: Kinematic maps: M0329
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Figure A.5: Kinematic maps: M0616 - M0908
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Figure A.6: Kinematic maps: M0948
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Figure A.7: Kinematic maps: M1091 - M1646
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Figure A.8: Kinematic maps: M1859
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