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1. Introduction

New telescopes like ALMA will allow a very detailed observation of the cold and
molecular gas content of elliptical galaxies. Already existing observations like ATLAS3D

already indicate that a large fraction of elliptical galaxies contain a significant
amount of cold gas. In this thesis we want to study the origin of this cold gas
by using re-simulations of elliptical galaxies at very high resolution within a cosmo-
logical framework.

In chapter 2 we will present the selection of the four halos from the parent sim-
ulation, explain the generation of the initial conditions for the re-simulations and
discuss numerical issues that need to be taken into account when re-simulating the
halos with Dark Matter and Gas particles at high resolutions. The scientific results
of our analysis of the present-day properties of those re-simulated galaxies, their
mass accretion and star formation histories, their circularity-evolution and finally
the origin of their cold gas content at z = 0 are presented in chapter 3. A summary
and discussion of our results is provided in chapter 4.

1.1. Cosmological background and galaxy formation

In recent years, modern cosmology developed a concordance model of the large scale
structure and dynamics of the universe. It assumes that the gravitating matter in
the universe consists only to a small fraction of visible, baryonic matter. The dom-
inant part is Dark Matter (DM), which interacts only gravitationally, but has been
detected with several indirect methods, e.g. through its influence on the velocity
profile of spiral galaxies (Clemens, 1985).

Another important ingredient of this model is Hubble’s discovery of 1929 (Hubble,
1929) that there is a linear velocity-distance relation

v = H0r (1.1)

for galaxies, with H0 known as the Hubble constant. It implies that, on average, any
two galaxies move away from each other at a speed v that is proportional to the
distance r between the objects. This is a natural consequence if the space between
them expands over time. An observable effect of this is that the wavelength of light
gets longer, and therefore red-shifted, as it travels through the expanding space. The
fraction by which the emitted wavelength λe is longer than the observed wavelength
λo is called redshift z

z =
λo − λe
λe

(1.2)
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1. Introduction

Figure 1.1.: A high resolution map of the CMB temperature variations over the whole
sky as observed by the WMAP satellite (Bennett et al., 2013). These fluctuations have
grown over time and eventually led to the cosmic structure observed today. Image courtesy
of the NASA / WMAP Science Team.

and is a dimensionless measure of time. As the universe is expanding, it is assumed
that it started as a Big Bang and H−1

0 sets a timescale for its age. Modern observa-
tions of Type 1a supernovae (Riess et al. (1998), Perlmutter et al. (1999)) and the
Cosmic Microwave Background (CMB) radiation (Komatsu et al., 2011), an echo
of the very early universe, even give strong indications that the expansion of the
universe is accelerating. This led to the introduction of a cosmological constant Λ,
usually associated with the yet little understood Dark Energy, often interpreted as
vacuum energy fluctuations (Longair, 2008, p. 207).

The resulting best fit model is called ΛCDM, which assumes a homogeneous and
isotropic universe with a flat curvature, where todays total energy density is domi-
nated by the energy density of dark energy ΩΛ = 0.73, and which contains a signifi-
cant amount of DM with energy density ΩDM = 0.23. It is described by a small set
of cosmological parameters, that can be fitted by observations of the CMB (Hinshaw
et al., 2009).

Detailed studies of the power spectrum of the CMB reveal that the universe
was indeed very isotropic and homogeneous at very early times, as assumed in the
cosmological model. But it also had small density fluctuations of the order of 10−5

around the mean (see figure 1.1). The fact that we can observe these perturbations
on very small scales implies that DM must have been dynamically cold (CDM) at
the time of recombination, because the alternative of hot DM would imply that
fluctuations on the smallest scales would be smeared out as the hot DM would have
high velocities and could escape from small potential wells.

These early fluctuations are considered the seeds of todays structures like galax-
ies, clusters, and the cosmic web. They grow in a hierarchical order where, after an
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1.2. Elliptical galaxies

Figure 1.2.: The distribution of galaxies on a scale of 600Mpc as observed by the 2dF
Galaxy Survey (Colless et al., 2001). The cosmic web is visible as a large scale structure
with filamentary high density regions enclosing voids of low density. Image courtesy of
the 2dFGRS team.

initial linear growth of the density perturbations by self-gravity, the smallest scales
collapse first and then form larger and larger structures. Simulations that predict
this formation process (e.g. Millenium by Springel et al. (2005)) are in good agree-
ment with observations of the local cosmic web (Colless et al. (2001), see figure 1.2).
This web is formed by thin sheets or filaments with a relatively high density of
galaxies. The filaments are attracted towards the local potential well where they
contribute to the accretion of the locally most massive object. Since this web is
essentially self-similar, this happens on many scales. At places where the density
is highest, clusters of galaxies can have hundreds of members, but in the low den-
sity environment of a void between large filaments, single galaxies can be the local
attractor and be fed by streams along small filaments.

The much smaller baryonic mass of the universe follows this structure formation
and falls into the local potential wells created by the DM where it forms, through
various physical processes, the galaxies we can observe today.

1.2. Elliptical galaxies

Galaxies are very complex and dynamical objects that exist in a large variety of
shapes and their formation and evolution are difficult to understand. Before the ad-
vent of modern, precise astronomical instruments, they were classified purely based
on their morphological appearance. The classical scheme called the Hubble sequence

9



1. Introduction

Figure 1.3.: The Hubble sequence of early and late type galaxies. Image courtesy of
NASA, ESA, M. Kornmesser.

(see figure 1.3) was introduced by Hubble (1936) and distinguishes between two
main classes, elliptical and spiral galaxies.

Hubble’s original idea was that the roundish and rather smooth ellipticals would
evolve into the more structured spirals, so he called them early-type (ETG) and late-
type (LTG) galaxies, respectively. ETGs also include a transitional element between
ellipticals and spirals, the lenticular galaxies (S0). They are shaped like (often
thick) disks without prominent spiral arms but have otherwise similar properties to
ellipticals. The definition as early- and late-type galaxies is still in common use even
though we nowadays assume that their evolution is usually the other way around.

Today, ETGs are often associated with having dominantly red optical colors due
to their old stellar populations, a relative lack of cold gas, dust and young stars,
and a lower metallicity, when compared to spiral galaxies which appear blue due to
more recent star-formation. This difference in the two types of galaxies can best be
seen in a color-magnitude-diagram like the one from the Sloan Digital Sky Survey
(SDSS) of galaxies shown in the left panel of figure 1.4. There is a clear dichotomy
between ETGs and spirals. The early type galaxies have dominantly red colors and
thus reside mainly in the upper part of the diagram in a red sequence. The spirals
are generally bluer and are therefore located in the lower part of the diagram and
form the blue sequence. The low number of galaxies in the so called green valley
between the two types of galaxies indicate that the transition from the blue to the
red sequence must be rather rapid. From a dynamical point of view, the elliptical
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1.2. Elliptical galaxies

Figure 1.4.: Left : Figure 3 of Gavazzi et al. (2010). Color-Magnitude-diagram of the
galaxies in the Coma supercluster color-coded by their Hubble type: red = early-type
galaxies; blue = disk galaxies; green: bulge galaxies. Right : The observed morphology-
environment relation for four types of galaxies, as presented in figure 12 of Goto et al.
(2003). The dashed red line shows that the fraction of ETGs is low in low density envi-
ronments and gets larger at the highest densities.

galaxies have mainly unordered stellar orbits with a high velocity dispersion, whereas
the spirals are rotationally supported against gravitational collapse.

Elliptical galaxies are found in all kind of environments even though they are
relatively rare in the field where the density of galaxies is low, and are seen more
often in the dense environment of clusters of galaxies, as shown by Goto et al. (2003)
from observational data (see right panel of figure 1.4). This increase in the fraction
of elliptical galaxies with increasing environmental density together with the strong
decrease in the fraction of disk type galaxies with increasing environmental density
gave further indication for a morphological transition of late type galaxies into early
type galaxies through merging, as the likelihood for mergers strongly increases with
environmental density.

Elliptical galaxies cover a large range of masses. The smallest are dwarf ellipticals
like M32, a prominent companion of the Andromeda galaxy, with a mass of 1.3 ×
109M� (Richstone and Sargent, 1972). The largest ellipticals are the most massive
galaxies in the universe with stellar masses around M? = 1− 3× 1012M� (Kravtsov
et al., 2014), which are located in the center of galaxy clusters and are therefore
called brightest cluster galaxies (BCG). For comparison, NGC 1961, one of the most
massive known spiral galaxies has a stellar mass of about 3× 1011M� (Rubin et al.,
1979; Anderson and Bregman, 2011). Most BCGs are dominated by an old stellar
population with higher metallicities than field ellipticals (Loubser et al., 2009). They
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1. Introduction

have round shapes and they show basically no evidence for cold gas or dust. But
there are also some BCGs with strong cold flows, for example in the Phoenix cluster,
where the BCG has a starburst of 800M�/yr and contains currently a molecular gas
mass of M(H2) = 2.2× 1011M� (McDonald et al., 2014). These BCGs are normally
in the centers of cool core clusters where the cold gas that fuels the starformation
most likely cooled rapidly out of the very dense hot intracluster medium (Fabian
and Nulsen, 1977; McNamara et al., 2006; McDonald et al., 2012).

1.2.1. Formation and evolution

There are several known mechanisms for the formation of elliptical galaxies. In the
following we describe some of those considered most dominant in a cosmological
context.

The fact that the probability of finding elliptical galaxies is highest in regions
of high density and at high masses suggests that they formed through merging of
smaller objects, in accordance with the picture of hierarchical growth. This would
also explain several of the properties stated above, e.g. their relative lack of internal
structure. Simulations of idealized mergers (Hernquist, 1992; Naab et al., 2006;
Johansson et al., 2009) showed that if two galaxies with similar masses get close to
each other, although they do not collide due to their sparse distribution of stars, they
merge and get heavily disturbed, but then settle into a new equilibrium relatively
fast through a process called violent relaxation (Lynden-Bell, 1967). The strong
interactions lead to heavy phase mixing of stellar orbits and a complete redistribution
of their potential energies. This new equilibrium is then dominated by random
motion and the high velocity dispersion that is observed in ellipticals. The gas that
the initial galaxies brought is collisional, however, and can distribute its energy very
efficiently, thereby looses most of its angular momentum and gets funneled to the
potential minimum in the center of the new system. Physical mechanisms like the
energetic feedback from a burst of starformation or an active galactic nucleus (AGN)
can then heat up the gas and even eject it from the galaxy. If this happens efficiently
it can quench starformation and leave the newly formed elliptical gas-poor. Due to
the limited lifetime of the bright and massive blue stars, the galaxy gets dominated
by red stars on the order of 1 − 10 Gyrs if it can not form sufficiently more new
stars.

Observations find clear indications for major mergers at low redshifts, so this is a
still ongoing process of formation of ellipticals. Outstanding examples of interacting
galaxies are the mice galaxies (NGC 4676A+B) and the atoms-for-peace galaxy
(NGC 7252) (see figure 1.5). The latter is also a good example of the shell structures
that develop in late, gas poor dry mergers as predicted by Hernquist and Quinn
(1988).

If the merging happens at high redshifts z ∼ 1.5, the progenitors are likely to
be rich in gas. In some cases the gas fraction can be as high as 50% − 65% at
that redshift (Daddi et al., 2010). The result of such an early, wet merger is not
necessarily an elliptical galaxy but can also be a spiral, possibly with a spherical
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1.2. Elliptical galaxies

Figure 1.5.: Left panel: the two colliding galaxies NGC 4676A+B as seen by the ACS
camera on the HST (Credit: ACS Science & Engineering Team, NASA). Right panel: the
shell structures formed by a recent merger in NGC 7252 as seen by the Wide Field Imager
on the MPG/ESO 2.2-metre telescope at ESO’s La Silla Observatory in Chile (Credit:
ESO).

bulge component as not all the cold gas gets consumed or destroyed but can settle
again into a disk.

Especially in low density environments, it is possible that an object already merged
or gravitationally bound all neighboring systems at high redshifts, and does not ex-
perience any further significant merging later on, but only grows due to smooth
accretion in size but not significantly in mass. Ponman et al. (1994) observed rem-
nants of such systems called fossil groups and find that they also have old stellar
populations and relax dynamically over the course of a few 109 yrs into massive
elliptical galaxies.

Major mergers are not the only way of forming massive galaxies as observational
results by van Dokkum et al. (2008) and van de Sande et al. (2013) and cosmological
simulations (Naab et al., 2009; Oser et al., 2010) indicate. They find a significant
amount of compact massive galaxies with stellar masses M? ∼ 2 × 1011M� and
effective radii reff ∼ 0.9kpc at z & 2. As M? is already of the order of the most
massive ellipticals observed today, but their sizes are a factor 5 smaller, they suggest
a growth mechanism via multiple minor mergers, which tend to puff up the galaxy
to the correct size by adding mass preferentially to the outskirts without increasing
the mass as much as a major merger would.

1.2.2. Dynamical properties

Recently, a new survey of local elliptical galaxies was done by the ATLAS3D project
(Cappellari et al., 2011a). It is as a complete, volume-limited sample of 260 nearby
morphologically selected early-type galaxies with stellar masses M? & 6 × 109M�.
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1. Introduction

The ETGs were observed in a broad range of wavelengths and also have detailed two-
dimensional kinematics of the stellar population and of cold atomic and molecular
gas, and of ionized gas. Emsellem et al. (2011) find a distinction of ETGs into
different classes based on their stellar kinematics, that is likely correlated to their
formation history. Fast rotators are often nearly oblate and resemble thick, gas-
poor disks that where probably not assembled in a major merger event. This is the
dominant class especially among less massive systems. The more massive galaxies
tend to be slow rotators with a more spherical shape and kinematic properties that
indicate a more violent past, e.g. with major mergers (see Cappellari et al. (2011b)).

1.3. Gas in elliptical galaxies

Elliptical galaxies are known to have a predominately old stellar population, little
atomic and molecular gas, and thus little ongoing starformation. Since all objects
where gas-rich at high redshifts, the ellipticals must have removed most of the cold
gas during their evolution. There are different mechanisms to deplete the cold gas
reservoir of a galaxy. They include gravitational interactions, like the major merger
scenario described above, that increase the starformation rate, but also energetic
feedback from AGN or supernovae that destroy the cold gas and heat it to high
temperatures, and a combination of these effects. Massive ellipticals especially in
dense cluster environments often have a halo of hot gas that is observable at X-ray
wavelengths. It can shock-heat infalling gas to its high temperature, thus preventing
further accretion of cold gas.

However, beginning in the early 1990’s, several ellipticals have been detected in
various tracers of cold, molecular gas, e.g. CO (Lees et al., 1991). This shows that
todays early-type galaxies are not completely devoid of cold gas, even though they
are relatively poor in cold gas when compared to spirals. The recent large survey
of massive elliptical galaxies by the ATLAS3D project revealed that a surprisingly
large fraction of at least 22 ± 3% contain a significant amount of cold gas (Young
et al., 2011). In the most recent publications of the project they find an even higher
fraction of at least 40% (Young et al., 2013). The origin of this cold gas is not yet
well understood.

It could come from internal stellar mass loss as discussed e.g. by Mathews and
Brighenti (2003). They propose that the cooling times of the gas that is lost by
evolving stars can be short especially in the centers of massive ellipticals. Massive
stars can return approximately half of their mass back to the interstellar medium
over their lifetime, so this might be enough to generate significant amounts of cold
gas. This scenario is similar to a chase where the central gas of a massive hot halo
starts to condensate and cool due to its high density, which is recently observed in
cool core clusters (McDonald et al., 2012).

The cold gas could also be acquired from external sources such as stripping or
merging with other galaxies, or via a more smooth accretion along filaments (Dekel
et al., 2009; Nelson et al., 2013). In contrast to the first considerations of this
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1.4. SPH-Simulations

scenario in the early 1980’s, that assumed that all such infalling gas gets shock-
heated to the virial temperature of the halo T ∼ 106K , Kereš et al. (2005) find in
simulations that also cold mode accretion is important. It is named so because the
gas never gets shocked and stays colder than T < 105K. The cold mode dominates
in the low mass regime for halo masses Mhalo . 1011.4M� and occurs often along the
direction of filaments. The classical hot mode is more common for massive galaxies
and usually spherical. This indicates that galaxies with less massive hot halos can
only shock a fraction of the cold, dense gas that is transported in filaments, which
makes this a viable method for cold gas accretion.

The origin of the cold gas can be distinguished observationally via its kinematic
trace, as done by Davis et al. (2011) for the ATLAS3D sample. Gas of internal origin
must have a similar angular momentum orientation as the stars. External gas can
have a random angular momentum orientation and is likely misaligned. Davis et al.
(2011) find a strong dependence of the alignment with the environment. Ellipticals
in a dense environment have predominantly aligned molecular gas, indicating an
internal origin, whereas roughly half of the field ellipticals show indications for an
origin from mergers and accretion.

Young et al. (2011) report from the ATLAS3D sample that the detected masses
of cold gas in the early-type galaxies range from 107 − 109M� and are relatively
independent of internal properties of the galaxies. The largest cold gas masses of
109M� are similar to that of the Milky Way which is somewhat unexpected for ellip-
tical galaxies. Their host galaxies tend to lie is relatively low density environments,
indicating that external accretion is an important way for them to acquire cold gas.

There is clear observational evidence for significant masses of cold gas in a sur-
prisingly large fraction of elliptical galaxies. We want to understand the origin of
this cold gas, as this might allow important insights into the formation process of
todays massive ellipticals. This is the main motivation for this thesis.

1.4. SPH-Simulations

Numerical simulations are a very powerful tool to study cosmology and the evolution
of galaxies in the chaotic, non-linear phase of the collapse of structures. The general
approach is to model dark matter (DM) and stars as perfect, collisionless fluids as
the collision-timescales at feasible resolutions are assumed to be longer than the age
of the universe. The diffuse baryonic gas that is composed mainly of hydrogen and
helium is treated with the hydrodynamical equations applicable to a collisional fluid
under gravity.

This has been implemented with two different numerical techniques. One is based
on the Eulerian approach to discretize the fluid onto a spatially fixed grid and
to solve the fluid equations for each grid-point. This method is called adaptive
mesh refinement (AMR; Teyssier (2002)). The other numerical technique uses the
Lagrangian approach to follow the fluid by to discretizing it into moving particles.
The hydrodynamical equations are then solved by averaging over nearest neighbors.
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1. Introduction

This is called smoothed particle hydrodynamics (SPH; Monaghan (1992)) and is our
method of choice. It has been implemented in the GADGET-code by Springel et al.
(2001b); Springel (2005) together with an intrinsically energy-conserving formalism
that allows to solve the gravitational N-body problem very precisely and efficiently.
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2. Simulations

A cosmological simulation box provides a large volume of self-consistent cosmological
environment but can only be simulated at moderate spacial resolutions to keep
computational costs reasonable. To achieve high resolutions within a cosmological
framework, we focusing on a smaller region within this volume. These “zoom-in
simulations”, or “re-simulations”, are useful to study the detailed formation history
of one object of interest at a time.

This chapter describes the selection of objects in section 2.1, the generation of
their high resolution initial conditions in section 2.2, the re-simulations that were
done during the course of this thesis are introduced in section 2.3, and the problems
encountered in those steps are discussed in section 2.3.4.

2.1. Object selection

The main goal of this thesis is to understand the origin of the cold gas that can
be observed in some of todays elliptical galaxies. Therefore , we need simulations
of spheroidal galaxies that have sufficient resolution to resolve the gas in their very
center. The very first step to achieve this is to find a way to select objects that are
likely to be ellipticals that contain cold gas at z = 0.

2.1.1. The parent simulation

The objects of interest for this study were selected from a cosmological N-Body
simulation called DIANOGA described by Borgani and Viel (2009). It is based on
a flat Λ cold dark matter (ΛCDM) cosmological model with cosmological parame-
ters ΩΛ = 0.76 the cosmological constant density parameter, Ωm = 0.24 the matter
density parameter, Ωbar = 0.04 the fraction of baryons, h = 0.72 the Hubble param-
eter, σ8 = 0.8 the rms matter fluctuations, and ns = 0.96 the spectral power-law
index. We use the usual convention of writing the present day Hubble constant
as H0 = 100h kms−1Mpc−1. DIANOGA was performed with the TreeSPH code
GADGET-3, an updated version of the GADGET-2 code by Springel (2005), to sim-
ulate a periodic dark matter (DM) only box with a comoving size of LBox = 1h−1Gpc
per side, and NBox = 10243 particles of mass mDM,Box = 6.2× 1010h−1M�. We call
this the “parent simulation”.

17



2. Simulations

Object Mvir rvir deff dCluster Selection
name [1013h−1M�] [h−1kpc] [h−1Mpc] [h−1Mpc] Method
Bat 1.085 492.5 18.2 41.3 2nd

Frogout 1.265 480.5 18.3 34.2 2nd

Pig 1.042 451.4 3.3 69.3 1st

Frog 1.253 487.1 10.8 43.4 3rd

D1 1.253 492.6 4.5 52.5 1st

Table 2.1.: The target objects chosen with our different methods. deff = min(d/(rvir +
rvir,neigh)), dCluster is the distance to the next nearest cluster of galaxies.

2.1.2. Galaxy selection

In this thesis we focus on objects with a dark matter halo mass in the range of
MHalo = 1 − 1.5 × h−11013M�, which ensures to find an object of this shape. We
chose a very large box as the parent simulation because it samples a considerable
volume of the observable universe and therefore includes large structures and large
voids which are more uncommon in smaller boxes. These low density regions can
contain very isolated ellipticals which we select as our zoom targets, because they
are usually cheaper to re-simulate due to the fact that the volume that has to be
re-simulated with high resolution is smaller for isolated objects then for objects
in dense environments. In addition, the likelihood for an elliptical galaxy to still
contain a significant amount of cold gas is higher in less dense environments because
the probability for violent interactions that destroy the cold gas content is lower.

In order to find the target candidates in the parent simulation, we used the ha-
los identified by the halo-finder SUBFIND ((Springel et al., 2001a)) integrated in
GADGET (Springel, 2005) and applied the above mentioned mass cut for MHalo.
In order to find the most isolated objects in this mass range we used three different
selection approaches. The selected halos are listed in table 2.1.

The first method is to calculate for each target candidate the minimum distance
dobj to the nearest heavier object with mass Mobj > 2 × 1013h−1M� and also the
minimum distance dcluster to the nearest cluster with Mcluster > 1014h−1M�. The
left panel in figure 2.1 shows these values for all candidates with dcluster > 10Mpc.
We then chose the most extreme outliers, labeled in the figure, as re-simulation
targets D1 and Pig (see table 2.1). This simple method is designed to ensure that
the target object dominates the local potential well, while being far way from the
influence of the nearest cluster. However, it did not proof to be sufficient to reliably
find isolated ellipticals, because it does not account for nearby objects that are only
slightly less massive than the target galaxy. The apparently most isolated object in
this figure, marked in orange and called D1, had to be discarded later because it
turned out to be a group of smaller galaxies rather than a single galaxy (see lower
left panel of figure 2.3.

The second method overcomes this difficulty by calculating distances deff =
min(d/(rvir + rvir,neigh)) in units of the virial radius rvir of a halo and it’s neigh-
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2.1. Object selection

Figure 2.1.: Halo selection criteria: Left: The distance to the next cluster with Mclust ≥
1014h−1M� versus the distance to the next halo with more than Mobj > 2 × 1013h−1M�
for all halos in the mass range of 1 − 1.5 × 1013h−1M�. Colored symbols mark the five
different halos chosen with the different methods. Right: Same as left panel but for deff
instead of dobj

bor. This penalizes large and heavy neighbors which have a large region of influence
rinfl ≈ 3–4 rvir that could blow up the required Lagrangian region, making the
simulation more expensive. The right panel in figure 2.1 shows the distribution of
deff of all halos. There is a tail of a few outliers with very high values of deff . We
selected the two objects with the largest values as re-simulation targets, called Bat
and Frogout.

The third method is based on direct void detection. In his Bachelor thesis, F.
Stecker used the void finder ZOBOV to identify voids in our parent simulation. He
found that our targets are located at the edges of voids, which can be seen in the
right panels of figure 2.2. For one object, Frogout, which is located at the edge of a
large void with a diameter dvoid ≈ 100Mpc, he found another candidate halo with a
mass of M ≈ 1013M� in the center of this void by visual inspection (see figure 2.2)
which we included as Frog in our sample.

Figure 2.3 shows the three orthogonal projections of the environment in a 40h−1

Mpc box around each of our sample galaxies selected with the first two methods.
The blue diamonds are objects in our mass cut range, green diamonds mark objects
with a larger mass, and red circles show the virial radius of every object found by the
FoF algorithm. Only objects within a sphere of radius r10 = 10h−1Mpc around the
central target halo, marked as black circle, are plotted in the lower right panel. As
can be seen in Figure 2.3a and 2.3b, the objects selected with the second method
are very isolated with only a few neighbors around them and no object resolved
in the parent simulation closer than r10. However, figure 2.3d shows that the first
approach fails because it can not guarantee that there is no other object of similar
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Figure 2.2.: Slice through the DIANOGA parent simulation, DM marked by white points.
Left: full box with box length of 1h−1Gpc. Marked in red is the void which has one of the
targets, Frog, in its center shown as pink point. Upper Right: A 300h−1Mpc area cut out
of the full box centered around the same void as in the left panel, marked in blue. At its
border the target object Frogout is marked as pink dot. Bottom Right: Same as the upper
panel but centered around the void (yellow area) with the target object Bat marked at its
border in pink. Image courtesy of F. Stecker.

mass in the vicinity as it is the case for the target halo D1. The other object selected
with this method (see figure 2.3c) is also not isolated but it has at least no other
object of similar mass within the r10 sphere but shows a peculiar environment where
several small objects are lined up in a string around the object, indicating that it
is the local attractor of a filamentary structure. Due to its interesting environment
we keep the halo Pig in our sample.

2.2. Zooming

After we identified the targets in the parent simulation, we re-simulated them indi-
vidually. This is an iterative process of selecting an appropriate region around the
object, running the simulation with an increased spatial and mass resolution in this
area, then checking for contamination with low resolution (LR) particles, and finally
adapting the initial region if intruders (lower mass particles) are present in the high
resolution area. The steps required for this procedure are described in the following
in detail.

2.2.1. First guess

We begin by selecting all particles in the full box at z = 0 that are inside a sphere
of radius rtr around the targeted object. For this first guess we chose a trace radius
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(a) Bat (b) Frogout

(c) Pig (d) D1

Figure 2.3.: Environments for the four halos chosen with the first two selection criteria.
Red circles: virial radii of all objects found in the parent simulation within the shown
area. Blue diamonds: Halos with 1 − 1.5 × 1013h−1M�. Green diamonds: Halos with
M > 1.5 × 1013h−1M�. Black circles: r10 = 10h−1Mpc sphere around the target halo.
The lower right plots always show only halos within r10 around the target halo, the other
three panels show the three different projection of a box of 40h−1Mpc around the target
halo.
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rtr = 4h−1Mpc, approximately 8–10 times the typical virial radius of the target
galaxies. This is a relatively large region, so it ensures that there is no contamination
with low resolution (LR) particles, which is to be avoided, and it is still cheap to
simulate at the first resolution level. A contamination with those LR particles is
problematic for the re-simulations because the intruder represents an unphysical
local potential minimum due to its higher mass and thus can cause the particles in
the simulation to clump around it, introducing substructures where none should be.
Therefore, to keep the high resolution area free of intruders is a very important step.

2.2.2. Track

Following the procedure of Tormen et al. (1997), we trace the previously selected
particles by ID to their positions in the unperturbed initial conditions (ICs) of the
parent simulation. There they occupy a Lagrangian volume VLa which is enclosed in
a cube of size LHR. We found LHR = 1/64 LBox–1/32 LBox ≈ 15.6 Mpc–31.2 Mpc
and call this the high resolution (HR) box. We find the shape of VLa by mapping
the tracked particles on a 163 3D-grid inside the HR box and marking cells which
are occupied. In a few cases it was necessary to mark additional cells by hand to fill
small holes and ensure that the selected region is compact. In our case VLa occupies
a fraction of the HR box of 10–35 per cent, with larger values if the smaller HR box
can be used. A typical slice through the center of this grid can be seen in the left
panel of figure 2.4. The colored pixels mark the chosen VLa, with blue being the
grid cells that contain tracked LR particles and red an additional buffer zone that
also makes the region more compact.

2.2.3. Zoomed Initial Conditions (ZIC)

Once we have defined a HR Lagrangian volume where we want to increase the
resolution, we can generate multi-mass initial conditions using the Zoomed Initial
Conditions (ZIC) technique (Tormen et al., 1997). In the HR region VLa, marked
as the red area in the right panel of figure 2.4, an increased number of particles
with lower mass are at first put on a regular grid. It gets surrounded by a sphere
of radius ≈ LHR of particles that have the same mass as in the parent simulation,
in order to reproduce the local force field. Outside of that, the number of particles
representing the long range tidal forces can be minimized if they are binned on a
spherical grid with constant angular resolution dθ = dφ, and dr = rdθ such that
the cells are approximately cubic. Due to that method, the number of particles
decreases and their masses increase with increasing distance from the HR region.
The total number of these LR particles is ≈ 2×106 with dθ = 1.5 ◦. The right panel
of figure 2.4 shows a projection of the initial conditions of the whole cosmological
box generated with this method.

In the next step, we then perturb this distribution by using the power spectrum of
the parent simulation. This means that the same density fluctuations appear as in
the parent simulation, recreating the original cosmological structure. Since the HR
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Figure 2.4.: Left: Occupation of the HR box. Blue squares: area occupied by HR
particles. Red squares: additional safety area around the HR region. Right: Projection of
the zoomed initial conditions of the whole 1h−1Gpc cosmological box. The low resolution
particles in black have a low density at the edges where only the information on the large
scale tidal forces is needed, and have the highest density close to the HR region in the
center for an improved resolution of the local force field. The red area in the center that
marks the HR region is very small due to the typical size of the target objects.

region now also resolves smaller spacial scales, it has to be perturbed with additional
smaller wavelengths that did not appear in the ICs before. The initial redshift of the
simulation has to be increased in order to stay in the linear regime of cosmological
evolution even for the smaller scales according to the Zeldovich approximation.

This method was used successfully for re-simulating clusters (see e.g. Bonafede
et al. (2011)), but we found some numerical limitations for zooms on galaxies in
large boxes, where large resolution jumps between parent and re-simulation can
occur. Those limitations are discussed in the following.

Limitations by resolution of the parent simulation

One relevant limitation is that there is a minimum size LHR of the HR box given
by the size and the spacial resolution ∆Box of the parent simulation. During the
generation of the additional small scale perturbations in the HR region, the LR
and the HR power spectra have to be matched. This is only possible if they have
some overlap, i.e. λBox,min < λHR,max, that is the smallest wavelength in the parent
simulation λBox,min, has to be smaller than the largest wavelength λHR,max in the
HR region. Tormen et al. (1997) therefore introduce the requirement

λBox,min
LHR

≥ 4 (2.1)

in their code, and take λBox,min = nsafe λBox,Ny = 2nsafe ∆Box with λBox,Ny the
wavelength according to the Nyquist frequency, and a safety factor nsafe = 2. For
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Figure 2.5.: The original transfer function (red line) was too short for the highest resolu-
tion run and was extended to larger k values (blue line). The deviation from the original
is relatively constant for large k values.

our simulations, this results in

LHR ≥ 8nsafe∆Box =
LBox
64

= 15.6h−1Mpc (2.2)

with ∆Box = LBox/1024 in our case. This is a rather large lower limit for zooms
on galaxies and can only be circumvented by increasing the resolution in the parent
simulation.

Maximum HR resolution

The Fourier mesh used to calculate the perturbations in the HR region must be
fine enough to reliably sample the particle distribution at the highest required res-
olution. This grid should stay fixed throughout all resolution steps to conserve the
perturbations on larger scales exactly and only add small scale perturbations. The
minimum mesh size is at the Nyquist frequency nHR,Ny = 2 × LHR/∆HR. A large
fixed LHR as in equation 2.2 and the small typical mean particle separations ∆HR

for galaxy simulations with high resolution can lead to nHR = nHR,Ny > 1024. The
code implementation of ZIC requires an indexing of n3

HR 3D grid points which has
to be done with the 8-byte integer data type for nHR > 1024, as the usual 4-bit in-
teger data type can only represent smaller numbers. This leads to a doubling in the
required random access memory (RAM) size to values > 30 GB just for indexing,
which can pose technical limitations on some machines and increases computational
cost significantly.
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Power spectrum

For reasons of consistency the same power spectrum P (k) used for the parent sim-
ulation is also used for the generation of the zoomed initial conditions. It must
therefore extend to large enough wave numbers k to resolve perturbations on the
smallest scales. This was not the case for our parent simulation, so we had to gener-
ate a new, extended transfer function using the code CAMB by Lewis et al. (2000),
with cosmological parameters as close as possible to the original ones1. We could
not reproduce the original transfer function exactly, but the new function is only
used at the largest k values where the relative error is relatively constant around
≈ 0.6%, as shown in figure 2.5. Our new T (k) is sampled at almost ten times more k
values than the original. This helps to reduce errors in the interpolation of k values
and the generation of perturbations. We compared the ICs generated with the new
and the original power spectrum and did not find any significant differences.

Initial Redshift

With increasing resolution, the ICs have to be generated at increasingly large initial
redshift zini to ensure that even the smallest resolved scales stay in the linear, non-
chaotic regime of cosmological evolution that can be approximated analytically.
Simulations only have to follow the chaotic, turbulent regime. The ZIC code uses
a very conservative estimate of the initial redshift which can be as large as zini =
180−300 in our case due to the very high resolution that we reach. Using higher order
perturbation theory of the cosmological evolution could help to mitigate numerical
integration errors at these high redshifts, but was beyond the scope of this thesis.

2.3. Re-Simulations

The new ICs generated with the ZIC method described above were then evolved
with the newest version of the same code used to run the parent simulation, the
cosmological TreePM SPH code GADGET-3. This is done in two steps, first by a
purely gravitational dark matter simulation to get contamination-free initial condi-
tions, then with baryonic physics. These steps are described in detail in the next
two subsections. We encountered some difficulties with the numerical precision and
the choice of the gravitational softening length that are described at the end of this
section.

2.3.1. Simulating with DM only

As the first step we use pure dark matter (DM) physics, i.e. no baryonic physics,
to evolve the ICs to the final redshift z = 0. The targeted object is again identified
by the halo-finder SUBFIND at all redshifts and we construct a merger tree. As

1Actually not the original ones because they were not available so we reconstructed the missing
information from the power spectrum of the parent simulation.
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explained in the previous section, it is important at this point to check if there are
any intruding massive, low resolution particles in the vicinity of the target galaxy.
We require at least rclean ≥ 7 × rvir at z = 0 of cleaned region as a buffer zone in
order to avoid contamination with LR particles. We also checked that there are no
intruders within rvir at all redshifts. Otherwise the HR-box size must be increased
and the whole procedure of constructing the ICs must be repeated. However, this
criterion was usually met easily with typically rclean ≈ 8–12× rvir.

Once the simulation region is cleaned, we re-track the particles again to gener-
ate new ICs with a larger particle number, and repeat the procedure at a higher
resolution. The advantage of taking consecutive resolution steps is that a clean La-
grangian region can be found with minimal computational cost by using a relatively
small resolution to approximate the targeted region so that in the most expensive
final step the region is found after just one or two tries.

2.3.2. Simulating with baryons

We include baryons by splitting all HR DM particles that end up inside 5 × rvir
into gas and DM particles with a mass ratio according to the cosmic baryon fraction
fb = 0.15. The particles are displaced by the mean inter-particle distance while
conserving mass and momentum. Figure 2.6 shows projections of the resulting
distribution of HR particles. A large fraction of the DM particles is split, but there
is still a buffer zone of unsplit DM particles left which hinder LR particles from
entering the baryonic volume.

The code follows the baryonic physics with cooling and the standard star forma-
tion recipe by Hernquist and Springel (2003). For the highest resolution runs, level
4, we also include splitting of star forming gas particles into two particles of half the
original mass. For the first runs with low resolution we use the standard cubic-spline
kernel for SPH. For the high resolution levels 3 and 4 we use the Wendland C6 kernel
with 295 neighbors and a time-dependent artificial viscosity scheme.

2.3.3. Summary of Re-Simulations

For this work we performed simulation runs of our four halos in the highest resolution
possible, i.e. a particle mass resolution of Mpart

DM = 4 × 106h−1M� and Mpart
Bar =

6.2 × 105h−1M�. These runs are used in chapter 3 for the scientific part of this
work. Since those runs at this resolution are computationally very expensive, we
needed to find the best possible numerical parameters to use, i.e. select a softening,
test for convergence within the runs of different resolutions and solve precision issues.
Those studies were performed using the halo Bat as a test case and in the remaining
part of this chapter we present the results of these studies.

Table 2.2 lists the parameters for all simulation runs used in this work. R1 to
R4 denotes the resolution of the re-simulation, R1 has particle masses of Mpart

DM =
1 × 109h−1M� and Mpart

Bar = 1.6 × 108h−1M�, R2 has Mpart
DM = 8.4 × 107h−1M�

and Mpart
Bar = 1.6 × 107h−1M�, R3 has Mpart

DM = 4 × 107h−1M� and Mpart
Bar = 6.2 ×
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Figure 2.6.: Splitting Gas and DM particles. The upper right and the lower panels show
the distribution of the HR particles. In color are the split DM and gas particles and in
black are unsplit DM particles. The signature of the HR grid is visible. The red area in
the upper left panel shows the size of the HR region in the box (same as the right panel
of figure 2.4).
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106h−1M� and R4, as mentioned above, has Mpart
DM = 4 × 106h−1M� and Mpart

Bar =
6.2 × 105h−1M�. As mentioned in subsection 2.3.2, runs use either the standard
cubic-spline kernel, denoted as standard in table 2.2, or the more advanced Wendland
C6 kernel and include time-dependent artificial viscosity, denoted wendland+. The
more technical issues of precision and softening issues are discussed in the following
subsection 2.3.4 in detail.

As described beforehand we also performed DM-only simulations of all runs at
all resolutions to find the ICs and exclude intruder problems. Since we do not use
these DM-only simulations for any further study in this work, they are not listed in
table 2.2.

Object Resolution Version Numerical softening time
precision resolution

Bat R1 standard float large 103
wendland+ double small 103
wendland+ double large 103

R2 standard float large 103
wendland+ double small 103
wendland+ double large 103

R3 standard float small 103
standard double small 103
standard double large 103
wendland+ double small 103

R4 standard float small 103
standard double small 103

Frog R4 wendland+ double small 103
wendland+ double small 925

Frogout R4 wendland+ double small 103
Pig R4 wendland+ double small 103

Table 2.2.: List of Re-Simulations used in this work.

Time resolution

All of our re-simulations are resolved with 103 snapshots spaced almost equally in
physical time. This gives a decent time resolution for most of our analysis while
keeping computational cost and space requirements at acceptable levels. However,
the merger history of some of our objects is rather violent and we could not resolve
certain events very well. For that reason we re-ran one of the simulations, Run 4 of
frog, with a much higher time resolution of 925 snapshots. With that we were able to
see much more details and events in an animation of the projected galaxy and other
time dependent properties of the object. A comparison of the star formation rate
histories between the normal and the high temporal resolution runs can be seen in
figure 2.7. More and sharper peaks are resolved in the left panel, especially around
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(a) High time resolution. (b) Normal time resolution.

Figure 2.7.: Comparison between the star formation rates versus time for the high and
normal time resolutions. Note the increased number and sharpness of the peaks in the left
panel (high time resolution) around the merger events that are marked by the dash-dotted
vertical lines.

the times of merger events marked by the dash-dotted lines. There are three clearly
distinguishable peaks at the event around z = 2 in the high resolution run that
are completely blurred out at normal resolution. This demonstrates the strength
of a high time resolution, but it comes at the cost of a large storage requirement
(≈ 1.3 TB) and much larger computational cost for the analysis.

2.3.4. Precision, softening and convergence tests

We encountered some numerical issues during the simulation process that will be
described in the following. All the test were done with the object bat and the other
objects confirm the results.

Numerical precision

Highly parallelized cosmological simulations are usually memory limited. The amount
of required memory per particle can be drastically reduced if most quantities like
positions are stored as 32-bit floating-point numbers (“float”) instead of 64-bit num-
bers (“double”). The main difference is that a float number can only store ≈ 6− 7
significant digits, whereas a double stores ≈ 15.

The HR region is usually placed in the center of the parent simulation. In our
case of LBox = 1h−1Gpc and code units of h−1kpc, the numerical position values
are at x ≈ 500000. Storing x as float means numerical round-off errors on the
order of ∆x = 0.1 − 1kpc. This is not problematic for simulations with relatively
low resolutions such as typical full box simulations or our first zooming steps where
the mean particle separations and gravitational softening are at least an order of
magnitude larger than ∆x. This can be seen in the upper panels of figure 2.8 where
we show the density profiles of stars (red) and DM (black) in resolution R1 and R2,
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with single precision runs as dashed and double precision runs as straight lines. The
deviations in the density profile are small and well below the resolution limits of the
runs.

But as soon as the resolution is large enough to resolve scales of order ∆x, the
round-off errors become dominant and lead to artificial cores in the stellar and DM
density that affect scales even an order of magnitude larger than ∆x. The lower
panels in figure 2.8 show the density profiles dor the runs with resolutions R3 and
R4, and demonstrate that this effect becomes more significant with resolution and
effectively reduces the resolution of these runs to > 20kpc.

We want to resolve scales of the order of kpc in a Gpc box and therefore use
double precision for all of our final simulations.

Figure 2.8.: Convergence test of numerical precision. Black and red lines show the
density profiles of DM and stars, respectively, for the same halo at increasing resolution.
Continuous lines are for simulations with double precision, dash-dotted lines are single
precision. The vertical, dotted blue line marks the minimum resolved scale (= 3× εgrav).
Note the large deviation from the expected power law profile in the highest resolution runs
with float precision.

Gravitational softening and convergence tests

The gravitational force Fg between to objects at distance r scales as Fg ∝ 1/r2 and
therefore diverges for very small r. Since a N-body code numerically treats particles
as point masses, they can get arbitrarily close to each other. However, the resulting
strong two-body encounters are unphysical as our simulation particles represent huge
numbers of objects that do not collide. It is therefore necessary to soften the force
between two particles on small scales so that the collision of computational particles
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does not cause numerical artifacts. The scale on which the gravitational force is
adapted is called the softening length ε and sets the effective spatial resolution of the
simulation. It is therefore a compromise between resolution and limiting numerical
noise that depends on the properties of the physical objects one wants to simulate.
Dehnen (2001) finds that ε should be scaled with the particle density n as ε ∝ n−1/3.
In a cosmological simulation, n changes over time and space as the simulated objects
grow. Adapting ε over time is possible. However, a spatially dependent ε changes the
equation of motion in a way that they are no longer intrinsically energy-conserving.
This property can be restored for systems where all particles have the same mass,
such as typical DM-only simulations. However, simulations that follow dark matter
as well as baryonic physics are usually set up with particles with different masses
like our simulations as described in section 2.3.2. In this case the matter density and
the particle number density are not longer the same and it is theoretically unclear
which of the two quantities should be used for the scaling (Price and Monaghan,
2007; Iannuzzi and Athanassoula, 2013).

However, the usual approach in the literature is to avoid this issue and set a
spatially fixed ε, dependent on the mass resolution m of the simulation as ε ∝ m1/3.
We define the proportionality constant ε0 using

ε = ε0

(
mDM

109h−1M�

)1/3

(2.3)

where the mass of a simulated dark matter particle mDM is scaled to the mass
resolution of our parent simulation. There is a large range of proposed values for ε0
in the literature. Some authors use the same softening length for DM and baryons
while others scale it to the respective particle mass with ε ∝ m1/3. There are also
a variations on whether or when to change the temporal dependence from fixed in
comoving coordinates to fixed in physical coordinates.

Since there is no agreement on the optimal solution yet, we tested two different
settings. One is used in re-simulations of clusters in our parent simulation described
by Bonafede et al. (2011). They use the same ε0 = εDM = εBaryons for DM and
baryonic particles and start with a relatively high value of ε0 = 15h−1kpc fixed
in comoving coordinates for z > 2, and ε0 = 5h−1kpc fixed in physical coordinates
afterwards. We refer to this as the “large” ε. The other is used by Oser et al. (2010),
as well as in the simulations used for the theoretical modeling in the ATLAS3D

project (Naab et al., 2013), and is relatively small. Here, εDM = 3.2h−1kpc and
εBaryons = 1.7h−1kpc are scaled with the respective masses of DM and baryons,
but are fixed in comoving coordinates at all times. We call this the “small” ε.
As mentioned above, improves a smaller ε improves the effective resolution and is
preferred as long as the risking of numerical heating is small.

We simulated our test object at increasing resolution levels (see table 2.2) for the
small softening and found that the density profiles are well converged for DM and
stars outside the resolution limit, as shown in the upper panels of figure 2.9. The gas
profiles, however, change dramatically between runs and apparently switch between

31



2. Simulations

two distinct configurations. The second highest resolution level, Run 3 (red lines),
has a much denser atmosphere of hot gas than the lower Run 2 (blue lines) and the
higher Run 4 (black lines) resolutions.

Figure 2.9.: Convergence test between resolutions. Density profiles for resolution R1
(green), resolution R2 (blue), resolution R3 (red) and resolution R4 (black lines). Dashed
lines mark the minimum resolved scales (= 3 × εgrav) for the different runs, colored re-
spectively. Upper left: Profiles for DM particles. Upper right: Profiles for stellar particles.
Lower left: Profiles for all gas particles. Lower right: Profiles for cold gas particles only.

The same dichotomy is visible when comparing both softening settings for the
same mass resolution Run 3 in figure 2.10, where we plot the density profiles for runs
with different softenings. The larger ε does not produce the dense hot atmosphere
as seen for the smaller ε, but is in very good agreement with the higher resolution
Run 4 with a small softening.

We also find a strong difference between large and small ε for Run 3 in the way
gas is accreted. There are two different gas accretion modes for galaxies, depending
on the virial mass Mvir, as described by Kereš et al. (2005). Galaxies with Mvir &
1012M� are usually able to shock-heat accreted gas to the virial temperature (Tvir ∼
106 K for a Milky Way type galaxy). This is called hot mode accretion, and could
be expected for our halos. In the cold mode the gas that falls in along filaments
is dense enough to efficiently cool the smaller shock-heating of the halos and never
reaches Tvir. However, Kereš et al. (2005) also find cold mode accretion in some
more massive galaxies.

We traced all gas particles that are inside 10%rvir at z = 0 back in time to
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Figure 2.10.: Softening test. Density profiles for the small ε in resolution R3 (red), large
ε in resolution R3 (blue) and small ε in resolution R4 (black lines). Dashed lines again
mark the minimum resolved scales (= 3×εgrav) for the different runs, colored respectively.
Panel distribution as in figure 2.9.
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Figure 2.11.: Hot/Cold mode accretion

calculate their maximum temperatures Tmax. Figure 2.11 shows the mass weighted
distribution of Tmax for the simulations with different ε. The red line clearly shows
the hot mode accretion of the small softening in Run 3, while both the Run 3 with
large softening and Run 4 with small softening show almost exclusively cold mode
accretion.

When looking only at the lower resolution Run 3, there is a clear distinction be-
tween the gas properties when simulating with different ε and a comparison with ob-
servations seems to indicate that a smaller softening produces more realistic results.
However, this is not stable against a higher mass resolution which is numerically
more reliable. Run 4 is clearly much more in agreement with the larger softening
setting in Run 3. This leaves only the explanation that the result from the small ε is
not of physical, but of numerical origin. The softening was small enough to trigger
significant numerical heating in the densest regions. This prevented efficient cooling
of dense regions which are then more easily shock-heated at infall. Furthermore this
effect decreases the star formation rate, leaving more gas in infalling structures that
can contribute to the hot atmosphere and would otherwise have turned to stars.
The missing stars are not visible in the stellar density because the difference in gas
mass is several orders of magnitude smaller.

This shows that ε is an important parameter in SPH simulations that, if only
slightly changed, can even change the macroscopic behavior. Agreement with some
observational indicators is not necessarily the best way to fix numerical parameters
in such complex simulations, as some results can also be produced by numerical
artifacts that are not stable against mass resolution.
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In this chapter we describe the results of the analysis of the four objects we selected
in section 2.1. We use only simulations at the highest mass resolution level, i.e.
particle masses of Mpart

DM = 4 × 106h−1M� and Mpart
Bar = 6.2 × 105h−1M�, with a

softening length of εDM = 0.5h−1kpc and εBar = 0.27h−1kpc and double precision,
since those configurations give the best results as discussed in the previous chapter.
In section 3.1 of this chapter we present the properties at z = 0 of our four galaxies,
like masses and sizes, and profiles for densities and velocity dispersions. We also
provide a comparison with state-of-the-art observations. In section 3.2 we analyse
the formation histories of our galaxies, and in section 3.3 we finally study the cold
gas content in the centers of our galaxies and its origin.

3.1. Properties at redshift z=0

We first study the properties of our objects at redshift z = 0 to check that they
are comparable with observations of present day galaxies in a similar mass range.
Table 3.1 lists some properties like the virial radius rvir, the stellar half mass radius
r1/2 calculated inside 0.1rvir, and the mass of different components inside these radii.
The virial masses of our four halos range from Mvir = 1.26 − 1.81 × 1013M� with
rvir = 608 − 686kpc which is comparable to observations (see Kravtsov (2013)),
as shown in Figure 3.1. This figure, taken from Kravtsov (2013) (figure 1 in that
paper), provides a summary of different observed galaxies covering a large range of
8 magnitudes in masses by plotting the virial masses Mvir ≈ M200 with the stellar
halfmass radii r1/2. Our galaxies are overplotted as green stars, and they are in good
agreement with the observations. It can clearly be seen that our galaxies are at the
upper mass range, where no spiral galaxies are observed anymore, but they are well
within the mass-size-relation seen for early-type galaxies.

In our simulation, we define gas to be cold if it has a temperature below 5×105K
or is currently forming stars. All other gas is considered hot. The objects Bat
and Frogout are the most massive ones in our sample and have almost identical
size and mass properties. Even though all objects have otherwise proportionally
very similar properties, the slightly lighter objects Frog and Pig have a significantly
smaller amount of gas inside r1/2. This could be a mass effect, as heavier objects can
have deeper potential wells and bind more gas to their centers. Another possibility
is that it might be an environmental effect as the first two were selected as the most
isolated objects and the latter two are from a slightly more crowded cosmological
environment.
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Figure 3.1.: Figure 1 taken from Kravtsov (2013), with our four galaxies overplotted as
green stars. The figure shows the stellar halfmass radius of galaxies against the virial mass
respectively the 0.015× the virial radius of the whole halo. The dashed line shows the
linear relation r1/2 = 0.015R200, the dotted lines are 0.5dex offsets to this relation.

A visualization of the galaxies can be found in figure 3.2, where we show the
mass weighted stellar density inside 0.1rvir along two principal axes of the stellar
distribution. The pixel size used for binning is 0.5kpc. All four objects have the
expected elliptical shape of early type galaxies. While Bat and Frog both show
oblate shapes, albeit much stronger for Frog than for Bat which is more roundish,
Frogout is clearly triaxial, whereas Pig has a prolate shape. Their local environment
is very homogeneous apart from some minor satellites, and Bat and Frog both have a
distinguishable but small companion. All of the cold gas in this volume is overplotted
as blue dots. Most of it is close to the galaxy centers, but there are also some
accumulations of cold gas in the outskirts that are not associated with any visible
stellar structure, best visible in Frog. They are close to the galaxy and far inside the
halo, so it is likely that they were recently stripped by ram-pressure from infalling
substructures visible at similar radii, and are not necessarily numerical artifacts as
described by Kaufmann et al. (2009).

3.1.1. Density profiles

In order to study radially dependent properties of the galaxies we take radial bins
of equal mass and average over the mass within these spherical shells. This allows
a good sampling of the profiles with constant statistical significance. The compo-
nents are separately binned with an equal particle number of 500. For the gaseous
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3.1. Properties at redshift z=0
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Figure 3.2.: Projections of the stellar mass weighted density along the principal axes.
The dotted line marks 10%rvir, the dashed line the stellar r1/2. Overplotted in blue are
the positions of cold and starforming gas particles.
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3. Results

Table 3.1.: Properties of the four objects at redshift z=0.

Name Mvir rvir r1/2 MDM MHotGas MStars MGas MColdGas

(< rvir) (< rvir) (< r1/2) (< r1/2) (< r1/2)
[1013M�] [kpc] [kpc] [1013M�] [1012M�] [1011M�] [109M�] [109M�]

Bat 1.28 686.5 15.0 1.81 1.30 3.50 2.51 1.21
Frog 1.07 663.2 11.4 1.63 1.23 2.92 1.12 0.43
Frogout 1.23 686.9 14.8 1.81 1.36 3.23 2.39 1.19
Pig 0.90 608.5 9.6 1.26 1.00 2.23 0.91 0.58

components we take a smaller number of 50 particles in order to extend the profile
to small radii.

The density profiles of our objects are shown in figure 3.3. All four have total
density slopes that are fit well by a power law with slopes γ for ρ ∝ rγ down to the
resolution limit in the stellar and DM component. The slope of the total profile is
for all halos around γ = −2, in agreement with the results presented in Remus et al.
(2013), as shown in figure 3.4.

This figure shows the slope of the total density γtot against the halfmass radius
for the simulation sample from Remus et al. (2013), that consists of re-simulated
spheroidals from a cosmological simulation (filled dark grey circles) and spheroidals
from isolated binary mergers (light grey filled circles). Our galaxies are shown as
green filled stars in that figure. This figure also includes observations of COMA
cluster ellipticals (Thomas et al. (2007), blue open circles) and strong lensing ellip-
ticals (Auger et al. (2010); Barnabè et al. (2011); Sonnenfeld et al. (2012), black,
dark blue and light blue open circles respectively). Our galaxies also agree well with
the observed values for the density slopes.

In our total density profiles, we see a slight increase of the density below r .
10kpc, where the stellar component starts to dominate the total density profile.
This might be due to missing AGN feedback in the center which was not included
in our simulations. In the cases of Bat and Frog, the stellar density shows peaks at
the positions of the small companions mentioned already previously.

The gas distribution of all galaxies is dominated by cold gas inside the central
r . 3− 4kpc, with a very step incline in its density towards the center. Outside of
this radius there is hardly any cold gas, but all galaxies have a halo of hot gas with
ρ ≈ 105M�/kpc

3 and flat slopes extending to large radii.

Observers often assume that the X-ray halo seen in clusters traces the DM profile.
This requires that both of them follow the same potential and therefore have a similar
slope in their densities. But in our halos, the density slopes of the hot halos are
significantly flatter then the DM slopes. This could mean that the galaxies in our
simulations have not developed a significant hot halo as it is observed in clusters
of galaxies, which would agree with the observations of isolated elliptical galaxies
which normally have a hot but not yet X-ray bright gas halo.
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3.1. Properties at redshift z=0

Figure 3.3.: Density profiles of the four objects at z = 0 for the different components.
The stellar components are shown as red lines, the DM components as green lines, and
the combined profiles of stellar and DM component are shown as black lines. The gas
component (dark blue) was split into hot (magenta) and cold (light blue) gas. There were
too few (< 50) hot gas particles at small radii for further binning. The vertical lines mark
the resolution limits at 3× εgrav from the different gravitational softenings of DM (dash-
dotted) and stars/gas (dashed). The vertical arrows mark the stellar r1/2. The profiles
are cut of at 0.1 rvir.
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3. Results

Figure 3.4.: Total density slopes against halfmass radii. Green stars show the results
of the four speroidals from this work. Open circles show the observations as indicated in
the legend, filled circles show the results from simulations from Remus et al. (2013), also
indicated in the legend.

3.1.2. Velocity dispersion profiles

We also studied the radial velocity dispersion profiles of our four objects. The radial
binning was done in the dame equal mass bins used for the density profiles, and for
all but the total velocity dispersion σtot of DM and stellar component combined, the
σ in each bin was calculated as

σ =
√
σ2
x + σ2

y + σ2
z (3.1)

with σx =
√
〈v2
x〉 − 〈vx〉2 and σy and σz respectively. To calculate the total velocity

dispersion, σtot, that represents the whole potential of the halo, we need to mass-
weight the intrinsic velocity dispersions for both components, DM and stars, within
each shell, because DM and star particles have different masses. We calculate σtot
as

σtot =

√
MDM × σ2

DM +m∗ × σ2
∗

mDM +m∗
(3.2)

The results are shown in figure 3.5 for all our galaxies. In all cases, the stellar (red
line) and DM (green line) intrinsic velocity dispersion profiles show a decrease with
increasing radius, while the total intrinsic velocity dispersion profiles (black lines)
are nearly flat, indicating that the halos are isotropic. This is again in agreement
with the results presented in Remus et al. (2013)
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3.1. Properties at redshift z=0

Figure 3.5.: Velocity dispersion profiles of the four objects at z = 0. The black line is
the σ calculated from the combination of DM and star particles, red lines show the stellar
profiles, green lines the DM profiles and blue lines the total gas profiles. The vertical lines
mark the resolution limits as in figure 3.3. The arrows mark the r1/2. The profiles are cut
of at 0.1 rvir.

The values for the stellar velocity dispersions within r1/2 are between 400 −
500km/s, which agrees with observed velocity dispersions for very massive present
day ellipticals, for example for M87 (σ(1− 10kpc) ≈ 350− 450km/s, from Murphy
et al. (2014)) and the sample of ellipticals presented in Gebhardt et al. (2000) where
the most massive ellipticals have velocity dispersions around σ ≈ 350 − 400km/s
within R1/2.

As already seen in the density, the substructures show strong peaks in the stel-
lar velocity dispersions of the ellipticals Bat and Frog, as well as in Pig where a
very small substructure causes a very strong peak in the stellar velocity dispersion.
While some peaks in the stellar velocity dispersion can therefore be clearly identi-
fied to be cause by substructures, some smaller peaks have no visible counterparts.
Those structures, prominent especially in the stellar velocity dispersion profile of
Frog around 10kpc, could be either due to shell structures caused by recent mergers,
or be a sigma-bump (see Schauer et al. (2014)). To distinguish between those two
possibilities would require a detailed analysis of the evolution of the stellar veloc-
ity dispersion profile with time, which is beyond the scope of this work, albeit an
interesting question.
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3. Results

The velocity dispersion profiles of the gas show a similar behaviour as the DM
profiles at large radii where the hot component is dominating the gas. In the inner
parts, where the cold gas gets dominant, we see a general but weak trend towards
higher dispersions, but this could be due to the low number of particles in this
region, introducing large errors into the calculation of the gas velocity dispersion at
those radii. One special feature can be seen in Frogout (lower left panel of figure
3.5): between 10−20kpc there is a strong peak, also visible in the density of the cold
gas component of Frogout in the lower left panel of figure 3.3. This feature is caused
by a clump of cold gas, which can also be seen in figure 3.2 and which could either
be a stripped gas component from a substructure that merged with the galaxy, or
a Kaufmann blob. We will look into the properties of the cold gas in section 3.3 of
this work in more detail.

3.2. Evolution

We have seen that the properties if our galaxies at z = 0 fit well with properties
of present day massive elliptical galaxies from observations. In this section, we now
want to understand the formation of our object over comic times. Therefore, we
follow each of our objects over the different output times, using a merger tree. We
used a standard algorithm to construct a tree that connects each halo identified
by SUBFIND at a given output with its most massive progenitor at the previous
time (see section 2.1). This tree also contains informations on the virial mass Mvir

and the virial radius rvir of the halo at each redshift, and we always use 10%rvir to
estimate the size of the galaxy.

In the first subsection we analyse the mass histories of our halos and their accord-
ing star formation rates to understand the formation mechanisms for the individual
objects. In the second subsection we study the circularities in order to understand
the gas and star properties that led to our present day ellipticals.

3.2.1. Mass accretion and star formation history

Galaxies with similar properties at z = 0 can have very different formation histories.
One important aspect in the formation and evolution of a galaxy is how it accumu-
lated its mass. As discussed in the introduction 1.2.1,there can be phases when the
mass grows very rapidly through merging with another galaxy of similar mass in a
so called “major merger”, or it can grow more slowly and smoothly through accumu-
lation of multiple smaller satellites or clumpy structure in “minor merger” events.
If the object is very isolated or has already accreted all of its massive companions
it enters a starved state with dominantly secular evolution.

This can be studied via the mass accretion history (MAH) and the evolution of
the star formation rate (SFR) with time. We calculated both by following the most
massive progenitor of a galaxy along the merger tree. For the MAH we sum over all
masses inside rvir to trace the whole halo, to identify the galaxy at the halos center
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3.2. Evolution

Figure 3.6.: Mass accretion history of the four objects Bat, Frog, Frogout, and Pig (left
to right and top to bottom). Plotted is the total mass Mvir of the galaxy (black), and
the mass of different components inside 0.1 rvir: DM, stars, total gas, and cold gas (green,
red, dark blue, light blue). The dotted vertical lines indicate mergers as described in the
text.

we additionally follow the different components inside 0.1 rvir as shown in figure 3.6
for all our objects. The SFR is calculated by summing over the internal SFR of all
multi-phase gas particles inside 0.1 rvir. Its evolution is shown in figure 3.7.

We identify a merger by a sudden increase of the stellar mass inside 0.1 rvir (red
lines in figure 3.6) and correlate this with the visual impressions from a time series
of ray-traced projections, as shown in the Appendix. The latter is important to
find real mergers and avoid misidentification. Galaxies, especially of similar mass,
usually do not merge immediately if their relative velocities are too high, but often
have multiple encounters after which they emerge again as individual objects before
the final merging. Sometimes the relative velocity is higher than the gravitational
escape velocity even at close encounters. In this case a fly-by occurs and the galaxies
do not merge at all, even though the more massive object might gravitationally strip
some weakly bound parts of the other system. It is generally somewhat delicate to
pin down an exact time for the merging of two collisionless systems, and we prefer

43



3. Results

Figure 3.7.: Star formation rates versus time, calculated from the sub-grid SFR of gas
particles inside 0.1 rvir. The dotted vertical lines mark the same merger events as in
figure 3.6. In the upper right panel the high time resolution run of Frog is overlaid as red
line.

a method that is focused to the most central part of a galaxy. Another possible
definition for the time of a merger could be at the time of the unification of the dark
matter halos of two systems. However, this is not so strongly correlated to the fate
of the stellar component as a dark halo is much more extended and the galaxies first
have to cross the remaining distance.

Bat

The upper left panel of figure 3.6 shows the mass evolution of Bat. It accumulated
most of its final mass quite early and had the last significant merger at z ≈ 1.5. There
is only little and relatively smooth increase in mass afterwards. This indicates a very
isolated evolution, similar to a fossil group. This mass history is also in agreement
with the results from van de Sande et al. (2013) who observed compact massive
ellipticals at high redshifts. In order to explain the size growth of these compact
objects that is needed to reach the properties of todays ellipticals, they propose
that these galaxies could only have relatively smooth accretion. Any further violent
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3.2. Evolution

Figure 3.8.: Figure 8 taken from van de Sande et al. (2013). Left: Effective radius of
the galaxies versus their stellar mass, for spheroidals at z = 0 from the SDSS as grey
squares and for the spheroidals at higher redshifts as colorful filled symbols. Overplotted
in rainbow colors, marking the different redshifts from z ≈ 1 in blue to z = 0 in red, is the
evolution of mass and size for our galaxy Bat. Right: re(z)/re(z = 0.1) against redshift
for the same objects as in the left panel. The solid line is the best-fit re ∝ (1 + z)−1.02 to
the observational data shown in green.

events like a major mergers would increase the masses too much without an adequate
increase in size. The authors fit a likely evolution of the effective radius re to their
observations. The stellar half mass radius r1/2, roughly equivalent to the observed
re, of our simulated galaxy Bat is consistent with their observations, as shown in
the right panel of figure 3.8, and even lands almost exactly on the relation after
z ≈ 0.5, probably due to a minor merger event. This indicates that our cosmological
simulation produced a realistic result and a good example for the proposed evolution
scenario of van de Sande et al. (2013) for quiescent massive ellipticals.

The mass accretion histories in also show the total gas mass (dark blue lines) and
the cold gas mass (light blue lines) inside 0.1 rvir. Bat shows a smooth increase of
total gas mass by a factor of ∼ 3 after a relatively high redshift of z ≈ 2 that is
similar to the MDM, but slightly steeper than the increase in M? and Mvir. This
behavior is relatively similar in all four objects, indicating that there is a steady
infall of gas from the environment that could contribute to the formation of a hot
halo.

The fraction of cold gas mass at z = 0 is low in all our galaxies, but the histories
are different and connected to the star formation rates. Bat has a relatively large
amount of cold gas in the initial phase of its formation before z ≈ 2 that has strong
variations correlated with peaks in the SFR (see upper left panel in figure 3.7).
Mergers are difficult to distinguish from a strong accumulation of gas at the highest
redshifts, but the high SFR also suggests a large fraction of in-situ starformation
in this early phase. Even though there is a massive merger at z = 1.5 followed by

45



3. Results

the expected starburst, this event is not able to deplete much of the cold gas in a
short time. The SFR and the cold gas mass stay relatively high and only decrease
gradually over roughly 5 Gyrs until both quantities level out at z ≈ 0.3 to their
present day values of Mcold = 1.2 × 109M� and sfr = 2M�/yr. This is further
evidence for a mainly secular evolution of this isolated galaxy.

Frog

Looking at the mass accretion history of Frog, we see a completely different formation
history. After the initial formation phase, there is a wet early merger at z ≈ 1.6 that
brings the masses Mvir = 3× 1012M�, M? = 1011M�, and MGas = 109M�, to values
remarkably close to those of today’s Milky Way where they stay for 4.5 Gyrs. Then
a major merger with another galaxy of almost equal mass (mass ratio 1.3 : 1) occurs
at z ≈ 0.46, which increases the masses to their present day value. We calculated
the mass ratio by summing the stellar masses inside r1/2 of both galaxies at z = 0.7
when they are still clearly distinguishable shortly before they merge.

This already suggests that the galaxy had a fate similar to that projected for the
Milky Way and its neighbor spiral galaxy M31 of a rapid transition from spiral to
elliptical structure via a major merger. As discussed in the introduction this is a well
studied formation process for elliptical galaxies. Figure 3.9 shows the distribution of
young stars shortly before their host galaxies merge. These stars are younger than 2
Gyrs and should therefore be the brightest. Their clearly visible structure supports
this picture of merging spirals, as does the time series in Appendix B.

The evolution of the gas mass is also consistent with this. The gas in Frog is
predominantly cold for most of the time. Its mass drops slightly after the first wet
merger, due to the triggered burst of starformation that is also visible in the upper
right panel of figure 3.7. However, most of the cold gas is retained until z = 0.5 and
turned to stars at a roughly constant rate of ∼ 10M�/yr. The final major merger
then triggers another starburst and removes a large fraction of the cold gas reservoir
by conversion to stars and heating.

There are small peaks in the time-line of M? around z ≈ 0.6 shortly before the
merger. These are due to the typical behavior of multiple encounters before the final
merging as described above. The high time resolution run of Frog also reveals this
in the SFR history as 1− 2 peaks shortly before the mergers (red line in figure 3.7).

Frogout

Frogout (lower left panels in figures 3.6 and 3.7) indicates yet another possibility to
form an elliptical. It reaches its final mass at a relatively low redshift of z ≈ 0.4
after a long and relatively smooth growth with less sudden increases in Mvir than
we saw in the major merger case before. There are several, but less dramatic jumps
in M? distributed over the whole history. This suggests that this elliptical could
have formed via the multiple (minor) merger scenario.

The evolution of the cold gas mass is also different than in the previous two cases.
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3.2. Evolution

Figure 3.9.: A ray-traced image of the distribution of stars younger than 2 Gyrs at
z = 0.6. Color-coded is the age of the stars from older (red) to younger (blue). The large
central object is Frog shortly before its major merger with the lower object. The width is
96.8 kpc. Note the central bar and the spiral-like features.

It is relatively low around 5 × 109M� but varies significantly. This is often related
to the stellar mass history, such as close to the marked merger events when cold
gas gets removed, usually also related to a slight increase in starformation activity.
Still, the fraction of hot gas is lower and the cold gas reservoir gets refilled much
more effectively after these events than was the case after the major merger in Frog.
This is in agreement with an assembly of Frogout through multiple minor mergers.

Pig

The formation history of Pig (lower right panels in figures 3.6 and 3.7)) is similar to
the major merger scenario in Frog (upper right panels), but shifted to later times.
There is no early wet merger, and the galaxy mass stays relatively small until a
major merger at z = 0.76 that brings it to M? = 1011M�. The final mass increase
that brought the object above our mass selection criterion happens only around 1
Gyr before present day in a late major merger.

The consequence of this late mass assembly is that the gas mass stays relatively
low most of the time. This is also reflected in the SFR that stays well below 10M�/yr
after the initial phase of starformation in the first 3 Gyrs. None of the major mergers
can boost the SFR to similarly high values as the one seen for Frog. This indicates
that the mergers are gas poor, and the late merger even removes most of the cold
gas that was left. As discussed in the introduction, these late dry mergers are
expected to leave shell structures that are observable today, and Pig also shows
clear indications for shells after this merger at z = 0.07, as can be seen at the end
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3. Results

of Appendix D.

3.2.2. Circularity evolution

We quantify the shape evolution between disk and spheroidal for our four objects,
that was indicate in the previous section, with the distribution of the circularity
parameter ε. This parameter ε measures the ratio between the z-component of the
specific angular momentum jz = (r × v)|z of a particle and the specific angular
momentum that this particle would have if it was on a circular orbit at the same
radius r:

ε =
jz
jc(r)

=
(r× v)|z
r × vc(r)

(3.3)

where vc(r) =
√
GM(< r)/r is the circular velocity (e.g. Scannapieco et al. (2012)).

Spherical systems have dominantly unordered orbits and thus an ε-distribution
around 0, whereas particles in a disk have mainly circular orbits and ε ∼ 1. We
calculate ε for the stellar and gas component inside 0.1 rvir (see figure 3.10) and
define the z-axis in the principal axis system of the stellar component inside the
central 0.05 rvir to avoid a strong influence of substructures on the orientation. The
direction of the z-axis is chosen such that the peak of the ε-distribution has a posi-
tive value, i.e. most stars have a positive jz and are co-rotating. We then keep the
same orientation also for the gas component. Thus, if the gas is counter-rotating
with respect to the stars, ε becomes negative. We normalize the ε-distributions to
have an integral of unity, equivalent to a normalization by mass. This results in
histograms that are comparable over the large changes in mass with time.

Bat

Figure 3.10a shows the evolution of the ε-distribution of the stars in the four objects.
The ε-distribution in Bat (upper left panel) is always around 0, indicating that it
is dominantly spheroidal at all times. There are minor contributions from a disk
component at z = 3.6, but the rapid mass accumulation and mergers until z = 1.5
seem to perturb the system strongly and make it spherical. This is in agreement
with the mass accretion history and the consistency with observations described in
the previous section that suggested that the galaxy is a compact massive elliptical
already at high redshifts.

The negative ε values of the gas in Bat (figure 3.10b) seem to indicate that the
gas is slightly counter-rotating since high redshifts of z ≈ 3.6. This could be due
to an early infall of a large amount of gas with a different angular momentum that
survived for a long time. The peak ε values get closer to 0 over time while a fraction
of the gas is turned to stars and the rest gets heated up to form a hot halo that is
expected to have a spherical distribution. The negative ε values could also be an
issue encountered with the rotation algorithm for this object: if the central stars have
a very spherical distribution,they do not define the main principal axis very well and
thus the main axis could have simply been chosen in the wrong direction. To identify
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3.2. Evolution

(a) Circularity evolution of the stars.

(b) Circularity of the gas component in the stellar coordinate system.

Figure 3.10.: Evolution of the circularity parameter ε for the stellar component inside
0.1 rvir. At each redshift the object is rotated to the principal coordinate system of the
stars within the central 5%rvir. The distributions are normalized such that the integral is
unity, equivalent to a normalization by total mass. Peaks around 1 and −1 indicate co-
and counter-rotating disks, respectively, while ε ∼ 0 for spherical distributions. Different
colors indicate different redshifts, as shown in the legend.
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Figure 3.11.: Evolution of the circularity for Frog as in the upper right panel of fig-
ure 3.10a, but only for stars that formed less than 108 yrs before the given redshift.
Stellar ages where only available for the high time resolution run for this object.

the origin of this counter-rotating gas would require further testing regarding the
angular momentum evolution and rotation maps that is beyond the scope of this
thesis.

Frog

The stellar circularities of the other three objects in figure 3.10a show clear deviations
from a dominantly spherical distribution at some redshifts. Frog (upper right panel)
starts like all other systems as a small spherical clump at z = 8.5 (black lines), as
expected from the initial collapse of cosmological structures. It then shows a partial
peak at ε = 1, indicating contributions from a disk at z = 1.26 − 0.6 (green and
light blue lines, respectively). At the same time there is an additional rotationally
supported component around ε ≈ 0.5 that could be produced by a stellar bar feature.
The gas component in figure 3.10b shows a clear disk feature with a strong peak at
ε = 1 at these times, indicating that in-situ starformation in a disk could contribute
to the shift in the stellar circularity. If we select only newly formed stars younger
than 108 yrs, we find indeed a clear peak at ε = 1, as shown in figure 3.11. This
supports the visual impression of a starforming spiral structure from figure 3.9.
Stellar ages where only available for the high time resolution version for this object,
but this should not affect the result.

The major merger at z = 0.5 then destroys the disk component, quenches star-
formation, and produces a hot spherical halo with all ε distributed around 0. The
evidence for a disk structure until z = 0.6 and a spherically dominated shape after-
wards is in good agreement with the results from the MAH. Both indicate that Frog
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3.3. The origin of the cold gas

was a spiral galaxy that turned into an elliptical through a major merger.

Frogout

Frogout (lower left panels of figure 3.10a) initially has a pronounced stellar disk in
addition to a spheroidal component at a high redshift of z = 3.6 (dark blue line).
After that the peak at ε = 1 gets much smaller (z = 1.3, green) and the spheroid
is dominant after z = 0.6 (light blue). The gas circularity shows a similar behavior.
In addition to the initial gas disk there is soon, at z = 1.3, a significant component
with ε ∼ 0 that indicates the formation of a hot halo through feedback or dynamical
heating. According to the MAH there is an encounter with another galaxy at z ≈ 0.6
which can explain that the ε-distribution is already a single broad peak, indicating
a spheroidal halo. The shift to negative values is likely due to the unrelaxed stellar
system after the merger. At z = 0.3 (red) the ε values of the gas are even broader
distributed over the whole range from −1 to 1 due to significant infall of gas through
another merger. Eventually the system relaxes and the gas forms a hot halo with
ε ≈ 0 at z = 0. In connection with the MAH, this evolution of ε can be interpreted
as due to the formation of an elliptical galaxy via continuing dynamical heating of
the system through the multiple mergers.

Pig

The ε evolution of Pig (lower right panels of figure 3.10a) also reflects the results
from the MAH. The relatively unperturbed evolution until z = 0.7 allows continuing
in-situ starformation in the gas disk. This results in a significant amount of stars
with ε ∼ 1 until z = 1.3 (green). The major merger at z = 0.7 is already relatively
dry due to the internal depletion of the gas reservoir. It perturbs the remaining
circular orbits responsible for the ε = 1 peak, but does not cancel all of the angular
momentum as the ε distribution is still shifted towards 0.5 at z = 0.6− 0.08, as can
be seen from the light blue, red, and magenta lines, respectively. After the merger,
the gas disk that was visible at z = 3.6 − 1.3, is reduced and shifted to a more
spherical distribution with a dominant fraction at ε ≈ 0. However, the dry merger
cannot completely deplete the gas disk and there is still a small peak around ε = 1
at z = 0.6 − 0.3 (light blue, red). This small disk is also visible in the time series
in Appendix D. This indicates that this galaxy could be similar to observations of
dominantly spheroidal galaxies with a gas disk like the Sombrero galaxy NGC 4594.
The final late merger in Pig occurs at z ≈ 0.07 and creates a broad distribution of
ε at z = 0.08 (magenta) in the gas due to the infall.

3.3. The origin of the cold gas

The main motivation of this thesis was to study the origin of the cold gas in the
centers of early type galaxies (ETG) that was recently discovered by observations
of the ATLAS3D project. In this section we analyse the cold gas content of our four
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3. Results

Table 3.2.: Properties of the four objects at redshift z=0.

Name Mvir r1/2 M? M(cold) M(cold)/M?

(< r1/2) (< r1/2) (< r1/2)
[1013M�] [kpc] [1011M�] [109M�] [10−3]

Bat 1.81 15.0 3.50 1.21 3.46
Frog 1.63 11.4 2.92 0.43 1.47
Frogout 1.81 14.8 3.23 1.19 3.68
Pig 1.26 9.6 2.23 0.58 2.60

Table containing the gas properties of the four Galaxies studied in this work.

ETGs at z = 0 and trace the origin of this gas particles in order to answer this
question.

3.3.1. Cold gas at z=0

We define gas to be cold in our simulations if it has a temperature below 5 ×
105K or has a subgrid star formation rate > 0, i.e. it is dense and cold enough
to currently form stars. We found cold gas in the centers of all four of our high
resolution massive ellipticals. The amount varies between 0.43 × 109M� to 1.21 ×
109M�, as listed in table 3.2. This corresponds to M(cold gas)/M? = 1.47×10−3 to
3.68×10−3 inside r1/2, in agreement with data from the ATLAS3D observations who
find molecular/stellar mass ratios M(H2)/M? = 3.4 × 10−4 to 0.076 and, similarly
for atomic gas in the centers of the galaxies, M(HI)/M? = 10−4 to 10−1 (Young
et al., 2013). We cannot distinguish between molecular and atomic cold gas in
our simulations, but the kinematic analysis by Davis et al. (2011) of the ATLAS3D

sample shows clear evidence that both types share a common origin, so this is of
little importance for our study.

Our cold gas mass is at the upper end of the range of detected cold gas in
ATLAS3D, but our galaxies also have slightly higher stellar masses M?, as shown in
figure 3.12. Young et al. (2011) found that the most cold gas rich ETGs are in a
low density environment where gas accretion should be more effective. Our objects
where selected to be the most massive galaxies in a low density region, so a rela-
tively high gas mass is expected from the observations. Figure 3.12 also shows the
results from Wei et al. (2010) who used the Nearby Field Galaxy Survey (NFGS;
Jansen et al. (2000)) to study the atomic gas masses of field galaxies in our mass
range. Their massive red-sequence ellipticals lie in the same region as our galaxies
which suggests that the cold gas content in our objects is reasonable. The difference
between the two surveys is that the bulk of the ATLAS3D galaxies has significantly
lower cold gas masses, likely due to better resolution limits and less bias in the
selection criteria towards higher cold gas masses. Their results have similar trends
for massive field galaxies which is the relevant region in our case. Note also that
following the gas and stellar physics in greater detail in the simulations tends to de-
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3.3. The origin of the cold gas

Figure 3.12.: Figure 5 of Wei et al. (2010) shows the distribution of atomic gas mass
for different kinds of galaxies from the NFGS sample versus stellar mass. The solid line
marks the 1 : 1 ratio, downward arrows are upper limits. We overlaid the data from the
ATLAS3D galaxies (Young et al., 2013; Cappellari et al., 2013, 2011a) as filled small blue
and red circles for Field ETGs and Virgo ETGs, respectively. The galaxies from this work
are marked as green stars.

crease the stellar mass and including AGN feedback might reduce the cold gas mass
slightly, and could thus move our galaxies closer to the bulk of ATLAS3D galaxies.

In the introduction 1.3 we discussed two different possible origins of the cold
gas: internal processes like cooling from the dense central part of the halo and
stellar mass loss, and external accretion via mergers or (cold) streams. They can be
distinguished observationally by the resulting kinematic structure of the gas. Gas
that cools via the internal processes should be aligned with the major axis of the
stars, while accreted material usually does not have a prefered orientation of its
angular momentum.

We analyze the distribution and morphology of the cold gas in our galaxies at
z = 0 using the projections shown in figure 3.13. All cold gas particles inside the
stellar halfmass radius r1/2 are plotted over the stellar distribution inside this radius.
All objects are rotated to the principal coordinate systems of the stars. The cold
gas is mainly located in a clumpy structure at the center of each galaxy. This
is expected as it can cool efficiently through radiation and thus loose energy and
migrate towards the center of the potential. All of our objects also have at least one
additional cold gas clump inside r1/2, which indicates recent infall into the center
of the galaxy as the clump did not have time to reach the center. In the case of
Frogout this off-centered clump has similar extension and mass as the central clump,
whereas Bat and Pig have several smaller cold gas clumps close to the center that
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currently get tidally disrupted. Bat is the only case where the central clump has
a disk-like structure that is relatively aligned with the principal axes of the stellar
distribution. The three other objects have misaligned central cold gas.

Davis et al. (2011) study the kinematic alignment of cold gas in the ATLAS3D

sample and find that a significant fraction of the local early-type galaxies show
evidence for misaligned gas, indicating an external source. This is especially the
case for field ETGs where at least 42% have misaligned gas. This means that the
misalignments we see in our isolated galaxies is also expected from the observations
and indicates that an external origin is more likely than cooling from the halo.

3.3.2. The origin of the cold gas in isolated elliptical galaxies

As there are indications that the origin of the cold gas might be external accretion, we
study the evolution of the gas in the cosmological environment in order to understand
how a galaxy gets fuelled with gas. We use Frog as an example and show four stages
of its gas history between z = 2 and z = 0 in figure 3.14. The full time series begins
at z = 7.5 and can be found in Appendix E. At z = 2 (upper left panel) the galaxy is
heavily accreting cold gas via filaments that reach to its central part (blue particles).
A relatively small hot gas halo is visible (yellow and green particles) that formed
through heating and supernova feedback from the first starformation. The hot halo
is already more massive at z = 1 (upper right panel) and thus able to heat most of
the filaments that break up into fragments but a significant fraction of cold gas can
still reach the center of the galaxy without being shocked. Parts of the hot halo of
the infalling galaxy that will have the major merger with Frog can be seen in the
upper right corner. The merger at z = 0.5 causes a starburst and a shock that heats
a large fraction of the gas and produced a large hot halo. Parts of the halo can be
seen to extend well outside the virial radius at z = 0.27 (lower left panel). The halo
is now hot enough to shock-heat most of the infalling cold filaments. The relatively
small gas-rich objects that fall in from the lower right get partially stripped but the
densest and coolest parts of the gas are still able to penetrate to the center of the
galaxy, but nevertheless refill the cold gas reservoir only slightly and do not trigger
significantly enhanced starformation (see section 3.2.1). Even at z = 0 (lower right
panel) there is a supply of cold gas in nearby filaments that are still accreted. Even
though the halo is expected to shock-heat most of this gas close to the virial radius,
some dense structures might reach the stellar component and provide the misaligned
cold gas that is observed in field ellipticals.

We now focus on gas that is cold or starforming and located in the center of
the galaxy inside the stellar r1/2 at z = 0. In order to get a more quantitative
understanding of its origin, we trace all of theses particles, that were also marked in
figure 3.13 as blue dots, back in time and calculate for each of them the redshift zin

at which they fall into the virial radius of the galaxy. This is done by finding the
redshift when a particle is inside rvir for the first time and then take zin from the
previous simulation snapshot, when it is just outside, so that the particle crosses
rvir in between the snapshots. A small fraction of the gas particles where already
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Figure 3.13.: Projections of the stellar mass weighted density along the principal axes.
The dash-dotted circle marks the stellar r1/2. Overplotted in dark blue are the positions
of cold and starforming gas particles inside this radius. Similar to figure 3.2 but inside
r1/2.
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3. Results

Figure 3.14.: The evolution of the gas distribution in the cosmological environment of
Frog at z = 2, 1, 0.27, 0 (left to right, top to bottom). Plotted is the projection of all
gas particles in a cubic volume L3 around the object with L = 2h−1 Mpc in comoving
coordinates. Particles are color-coded by their temperature from cold to hot as blue, red,
green, yellow. Colder particles overlay warmer ones. The white circle marks the virial
radius. See Appendix E for the full time series.
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3.3. The origin of the cold gas

members of the galaxy a that point as identified by the ‘subfind’ algorithm, i.e.
assumed to be bound to the main halo. This is possible as the central structure is
not perfectly spherical and can extend slightly beyond rvir. We trace these particles
further back in time and take zin when they were not bound to the main halo for the
last time. This is usually the case only 1 to 3 snapshots further back and thus has no
strong impact on the result. It is however required for our analysis algorithm that
distinguishes between smooth and clumpy accretion modes by checking if a given
particle is bound to a substructure other than the main halo at zin or not. We also
calculate the temperatures of the gas particles at zin to distinguish between hot and
cold mode accretion.

The resulting distributions of infall times of the gas that will be cold and in the
center of the galaxies at z = 0 are shown in figure 3.15. The panels contain the
data of our four objects respectively and are organized as described in the following.
The two lower parts both contain the same histogram of the infall times, but are
color-coded differently. In the middle part the fractions of cold (blue) and hot (red)
infalling gas is shown. The lower part distinguishes between the fractions of gas
falling in while bound to a stellar substructure (orange) or via smooth accretion
(green). The upper part of the panel shows the mass accretion history (MAH) of
the total mass of cold gas inside the three radii rvir, 0.1 rvir, and r1/2 (black, light
blue, and red line, respectively).

The upper left panel of figure 3.15 shows the properties for Bat. The distribution
of infall times shows that the gas that is eventually cold and in the center of the
galaxy at z = 0 fell in mainly roughly between 2 − 3.5 Gyrs ago. Most of it was
smoothly accreted and only a small fraction came in bound to a structure. There are
two more short accretion events of substructures around 6, and 8 Gyrs ago. None
of the accretion is correlated with an obvious event in the mass accretion history of
all of the cold gas in the galaxy. The MAH is consistent with a slow depletion of the
cold gas reservoir by starformation as was indicated before. The gas is exclusively
cold at the time of infall, like in all other objects.

In Frog (upper right panel) the selected gas falls into rvir between 2 and 3.5 Gyrs
ago as well, apparently in at least three distinct events. The earlier part of this
infall before 3 Gyrs ago is in structures while the later part is mainly smooth. The
main gas accretion events happen well after the major merger and therefore can not
be related to it, but there might be a correlation to the slowly increasing mass of
cold gas inside rvir (black line) after z = 0.3 that is probably caused by infall along
cold filaments. Visible are also two small early accretion events like in Bat around
6, and 8 Gyrs ago where the gas was transported in by a substructure.

Frogout (lower left panel) shows the broadest continuous distribution of infall
times, between 2 and 5 Gyrs ago. It is a mix of smooth and structure accretion
from multiple events. The total cold gas mass evolution shows a slight increase
inside rvir during this extended period of infall. The increase is also visible with a
slight delay of ∼ 2 Gyrs in the center of the galaxy. Due to the length of the increase
that is not disrupted by a violent event until after 1 Gyr ago, this indicates that the
galaxy was resupplied with cold gas through relatively smooth accretion and small
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merger events. There is an additional late peak of infall of the selected gas around
1.5 Gyrs ago. The fraction of this gas that crossed rvir in a stellar structure is most
likely linked to the merger event at ≈ 0.5 Gyrs ago that was also visible in the
stellar MAH. The additional large amount of gas that falls in during the short time
interval is apparently dense but not bound to any substructure. This indicates that
this is due to an unbound cold blob of gas that might be an known artifact of SPH
hydrodynamics (Kaufmann et al., 2009). It would be useful to run this simulation
again with a more detailed physical description of the hydrodynamics like e.g. metal
line cooling and AGNs to test if this cold blob is really a physically stable feature.

The lower right panel of the figure shows the infall times of the selected gas in
Pig. Most of it is accreted into the halo in a short period roughly 3 Gyrs ago while
being bound to an object. The correlation with the sudden increase of cold gas mass
inside rvir and also the total mass Mvir (see figure 3.6) at the same time indicate
that the major merger that happens to the central galaxy ∼ 2 Gyrs later brought
the cold gas into the galaxy. Some of the gas that met our selection criteria was
accreted at a lookback time of roughly 1.5, 5.5, and 8 Gyrs and predominantly fell
in in structures. Like in all of the other four galaxies, the selected gas is cold at the
time of accretion, except for an insignificant amount of hot gas that fell in with the
substructure 5.5 Gyrs ago.

The latest infall of the selected gas into the virial radius rvir was roughly 1.5 to
2 Gyrs ago for all four galaxies. This can be explain by the spatial distance the
gas has to travel from rvir before it reaches the center of the galaxy and fulfills the
selection criteria. An approximation of the required time is the free-fall time tff
that is defined as

tff =

√
3π

32Gρ̄
(3.4)

for a test particle in the gravitational potential of a homogeneous sphere (e.g. (Bin-
ney and Tremaine, 1987, p. 38). Here G is the gravitational constant, and ρ̄ the
mean density of the sphere. As a first approximation we make the assumption that
the mass inside the virial radius is homogeneously distributed so that

ρ̄ =
Mvir

4

3
πr3

vir

(3.5)

and we get tff ≈ 2.6 to 2.7 Gyrs for our galaxies. Given the crudeness of the
assumption, this is in quite good agreement with the 2 Gyr gap, so this provides a
reasonable explanation for the observed time delay.

We also find that most of the gas that is cold and in the center of the galaxy
at z = 0 was accreted generally quite late, i.e. around the free-fall time, and ex-
clusively cold. This indicates that the gas must have fallen directly to the center
without getting shock heated as it does not have time to cool out of the halo again.
Interestingly, although not surprisingly, the object with the most quiet mass ac-
cretion history, Bat, has the largest fraction of late smooth accretion of all our
four galaxies. Generally, the fraction of cold gas accreted smoothly is between 30%
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3.3. The origin of the cold gas

and 50%, only slightly correlated with the amount of mergers the galaxy suffers
throughout its lifetime.

In all galaxies there is only a very small amount of cold gas that was accreted
long time ago, i.e. more than 3Gyrs ago. That gas is always accreted bound to
a substructure and never smoothly, which suggests that the survival time of cold
gas inside the deeper potential well of a substructure is enhanced compared to the
timescale on which smoothly accreted cold gas either gets shock heated or forms
stars.

Tracing the temperature of these early accreted particles back through all timesteps
since their infall into rvir shows that they never got heated to high temperatures,
which indicates that clearly that the hot mode accretion via shock heating and the
subsequent cooling of the gas out of the halo as observed for some BCGs in a clus-
ter environment, see McDonald et al. (2014), is not important for isolated elliptical
galaxies, and that the origin of the origin of the cold gas in those galaxies actually
is the accretion of cold gas smoothly through streams and small substructures.

59



3. Results

Figure 3.15.: Upper panels: Mass accretion histories for the cold gas within rvir (black
line), 0.1rvir (light blue line) and r1/2 (red line). Middle panels: Time of infall into rvir
of the cold gas which is at z = 0 at the center of the galaxies. The histogram bars are
not equally wide due to slightly unequally spaced output times of the simulations. Colors
according to the legend. Lower panels: Same as the middle panels but with colors now
coding the fraction of smooth and structured accretion of the gas into rvir (green and
yellow respectively). Histograms are cumulative.
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4. Summary and Conclusions

Recent observations have shown that there exists cold gas in a significant number
of elliptical galaxies as present day. This result is puzzling because until recently
elliptical were assumed to be red and dead. To understand the origin of this cold
gas, we performed a set of high resolution re-simulations of four isolated massive
elliptical galaxies chosen from a large DM-only cosmological box with a boxsize of
1Gpch−1, using the TreeSPH Code GADGET-3.

In order to ensure that we selected ellipticals, we chose halos in a mass range of
1× 1013h−1M� < Mhalo < 1.5× 1013h−1M�, which is much larger than any masses
observed for spiral galaxies at present day. Additionally, in order to increase the
likelihood of finding cold gas in our galaxies, we chose the halos to be as isolated as
possible with the constrain that they also dominate the local potential. Thus, the
large size of the parent simulation had the advantage that in a larger volume the
chances for more extreme environments are enhanced and we therefore had a large
number of objects to choose from.

Since re-simulations at the required resolution level are computationally very
costly, the first part of this thesis mostly dealt with optimizing the technical and
numerical aspects of the re-simulations. The first step in re-simulating any given
halo chosen from a parent DM-only simulation is to trace all particles, which are
within the volume that should be re-simulated with higher resolution, back to their
initial conditions. The resolution of the parent simulation sets a lower limit to the
volume that can be re-simulated, because the box size of the high resolution region
has to be larger than the smallest scale that is resolved in the power spectrum of the
parent simulation. This effectively limits the spatial resolution that can be achieved
in the re-simulation at reasonable computational costs.

In our case, the original power spectrum used to create the initial conditions of the
parent simulation did not contain the smallest wavelengths required for the initial
density perturbations of our highest resolution runs. We therefore had to reconstruct
the power spectrum and extend it to include the necessary wavelengths. Once the
initial conditions are available, other numerical parameters become important to
take into account: If the spatial resolution of the re-simulations reaches a order of
magnitude of the numerical round-of errors, single precision in the memory allocation
is not suitable anymore, and double precision needs to be used, as otherwise artificial
numerical cores are building up in the density distributions of the centers of the
simulated ellipticals.

Another, even less well understood issue is the choice of the softening length. We
found that the choice of a softening which is too small for a given resolution leads
to significant artificial heating which changes the gas physics dramatically even on
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large scales. Since this work aims at understanding the origin of gas in galaxies, the
choice of a proper softening was highly important.

We conclude from our work, that it is necessary to carefully balance the scientific
needs of resolution with the risk of numerical artifacts for each (cosmological) SPH-
simulation, as artificial numerical effects, like for example numerical heating, might
otherwise inadvertently be misinterpreted as scientific results.

The analysis of the galaxies at z = 0 showed that they have physical properties
that are in agreement with properties found in observed massive ellipticals. They
have, by selection, similar masses but also have the expected sizes as they lie on the
observed mass-size relation. Their total radial density profiles are very well fitted
by a power law with slopes that are similar to those of other elliptical galaxies from
observational and theoretical studies.

Our selection criteria for the targeted galaxies were only biased towards isolated
and massive galaxies, but we found examples of very different formation mechanisms
for elliptical galaxies. One of the galaxies was a compact massive elliptical at a high
redshift that had a quiet accretion history and developed in mass and size along
the path predicted from the results of observations of comparable objects. The
sample also includes a self-consistently formed spiral galaxy that transformed into an
elliptical by in major merger event that is similar to those often studied in idealized
simulations of binary mergers. The third object shows yet another evolutionary
path by which an elliptical can form, namely via the multiple merger scenario of
continuous growths through dynamically violent events. The forth galaxy in the
sample accumulated its final mass very late in its history, in a late, dry major merger
that left shell structures in the stellar distribution that are still clearly observable
today.

When we study the distribution of cold gas in the centers of the simulated ellip-
ticals, we find that the cold gas is mostly not aligned with the stellar distribution
and shows signs of recent infall, a clear indication that the main source of this gas is
external. The time of its infall into the galaxies virial radius is remarkably close to
the estimated free-fall time for a large fraction of the gas, and it falls in exclusively
cold. This also shows that cooling out of the hot halo is not significant for the
massive ellipticals in our sample. There is only a weak correlation between smooth
or structured accretion and the evolution history where the galaxy with the most
quiet history has the largest fraction of smooth accretion and a massive merger can
only contribute to the final cold gas reservoir if it happens very late. The otherwise
lack of correlation with the dynamical state of the galaxy strongly suggests that the
environment is the main driver for the acquisition of the gas that is cool and in the
center of the galaxy at z = 0 and that cold mode accretion along of filaments or in
small structures is the main origin of the gas.
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A. Bat

z = 8.00 z = 7.61 z = 7.23 z = 6.82

z = 6.48 z = 6.11 z = 5.80 z = 5.47

z = 5.18 z = 4.88 z = 4.62 z = 4.34

z = 4.08 z = 3.86 z = 3.62 z = 3.42

Figure A.1.: Time evolution of the galaxy Bat from redshift z = 8 to z = 0
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A. Bat
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z = 1.37 z = 1.25 z = 1.15 z = 1.05

z = 1.00 z = 0.96 z = 0.92 z = 0.89
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Figure A.2.: continuing
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z = 0.73 z = 0.70 z = 0.67 z = 0.65

z = 0.62 z = 0.60 z = 0.57 z = 0.55

z = 0.53 z = 0.51 z = 0.48 z = 0.46

z = 0.44 z = 0.42 z = 0.40 z = 0.38

z = 0.36 z = 0.35 z = 0.33 z = 0.31

z = 0.29 z = 0.28 z = 0.26 z = 0.25

Figure A.3.: continuing
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A. Bat

z = 0.23 z = 0.22 z = 0.20 z = 0.19

z = 0.17 z = 0.16 z = 0.14 z = 0.13

z = 0.12 z = 0.11 z = 0.09 z = 0.08

z = 0.07 z = 0.05 z = 0.04 z = 0.03

z = 0.02 z = 0.01 z = 0.00 z =

Figure A.4.: continuing
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B. Frog

z = 8.00 z = 7.61 z = 7.23 z = 6.82

z = 6.48 z = 6.11 z = 5.80 z = 5.47

z = 5.18 z = 4.88 z = 4.62 z = 4.34

z = 4.08 z = 3.86 z = 3.62 z = 3.42

Figure B.1.: Time evolution of the galaxy Frog from redshift z = 8 to z = 0
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z = 0.73 z = 0.70 z = 0.67 z = 0.65

z = 0.62 z = 0.60 z = 0.57 z = 0.55

z = 0.53 z = 0.51 z = 0.48 z = 0.46

z = 0.44 z = 0.42 z = 0.40 z = 0.38

z = 0.36 z = 0.35 z = 0.33 z = 0.31

z = 0.29 z = 0.28 z = 0.26 z = 0.25

Figure B.3.: continuing
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B. Frog

z = 0.23 z = 0.22 z = 0.20 z = 0.19

z = 0.17 z = 0.16 z = 0.14 z = 0.13

z = 0.12 z = 0.11 z = 0.09 z = 0.08

z = 0.07 z = 0.05 z = 0.04 z = 0.03

z = 0.02 z = 0.01 z = 0.00 z =

Figure B.4.: continuing
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C. FrogOut

z = 8.00 z = 7.61 z = 7.23 z = 6.82

z = 6.48 z = 6.11 z = 5.80 z = 5.47

z = 5.18 z = 4.88 z = 4.62 z = 4.34

z = 4.08 z = 3.86 z = 3.62 z = 3.42

Figure C.1.: Time evolution of the galaxy Frogout from redshift z = 8 to z = 0
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C. FrogOut

z = 0.23 z = 0.22 z = 0.20 z = 0.19

z = 0.17 z = 0.16 z = 0.14 z = 0.13
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D. Pig

z = 8.00 z = 7.61 z = 7.23 z = 6.82

z = 6.48 z = 6.11 z = 5.80 z = 5.47

z = 5.18 z = 4.88 z = 4.62 z = 4.34

z = 4.08 z = 3.86 z = 3.62 z = 3.42

Figure D.1.: Time evolution of the galaxy Pig from redshift z = 8 to z = 0
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D. Pig

z = 0.23 z = 0.22 z = 0.20 z = 0.19
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Figure E.1.: Time evolution of the gas in the cosmological environment in Frog.
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Figure E.2.: continuing
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Figure E.4.: continuing
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