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The Road goes ever on and on
Down from the door where it began.

JR.R. Tolkien, The Fellowship of the Ring






Abstract

Most of all galaxies are not field galaxies but are companied by other galaxies in groups
or clusters. A special case of these galaxy gatherings are compact galaxy groups, which
are extremely dense accumulations of galaxies in which galaxy interactions occur very
frequently. These interactions have a huge impact on the corresponding galaxies and are
a fundamental part of galaxy evolution. The information about the merging events are
stored in the outer stellar halo of a galaxy or in the intra group light (IGL) respectively. In
this thesis cosmological zoom simulations of compact groups as well as a parameter study
using high-resolution isolated galaxy merger simulations covering a large bandwidth of
orbit parameters and mass-ratios were used to study the effects of galaxy interactions onto
their evolution. During this study it is found that compact galaxy groups are physically
dense objects, and indications were found for the final phase of compact groups to be giant
elliptical galaxies in isolated environments. In addition it can be seen that mergers always
deposit significant amounts of mass in the outer stellar halos of galaxies and are therefore
building and contributing to the IGL. Furthermore is shown that the outer stellar halo
is enriched mainly by minor and very minor mergers, while the morphology of galaxies is
mainly influenced by major or intermediate mergers.
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1. Introduction

Galaxies are one of the key objects in cosmology and they occur in all kinds of sizes,
luminosities and morphologies. The standard classification scheme for galaxies is the so
called Hubble classification, which was extended by de Vaucouleurs (1959) and is displayed

in Figure 1.1:
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Figure 1.1: The extended Hubbles Tuning fork, a classification scheme for galaxies (Cic-
colella and Leo)

Elliptical galaxies have an almost spherical distribution of stars, which mainly move
on random orbits around the gravitational center of the galaxy. They are mostly gas poor
and don’t show signs of recent star formation in general. The other major type of galaxies
are disc galaxies. They have, in contrast to elliptical galaxies, a highly ordered stellar
rotating disc, which is often build of spiral arms, in which star formation is taking place,
with a central spherical bulge that shows similar properties as an elliptical galaxy but is
much smaller. For many of these spiral galaxics a central bar is dominating the disc, while
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spiral arms are present at the end of this bar. Between the distinct classes of elliptical and
spiral galaxies, an intermediate type of galaxy exists, which is also flat, but a bit thicker
than disc galaxies, but has almost no star formation like elliptical galaxies. Using the
extended Hubble classification these galaxies are called SO galaxies and are defined in the
de Vaucouleurs-classification scheme as SAO or SABO galaxies. These galaxies are located
at the crossing of the arms in Figure 1.1.

Additionally to the major classes many (mostly small) galaxies show no distinctive
morphology and are therefore classified as irregular galaxies.

Especially larger galaxies often host smaller satellite galaxies, as in case of the Milky
Way the Large (LMC) and Small Magellanic Cloud (SMC), which have been accreted by
the Milky Way quite recently and are parts of a still ongoing minor merger event (Pardy
et al., 2018).

On larger scales galaxies tend to close ranks and form groups or clusters of various
sizes, which represent the largest objects in the Universe. Interestingly, galaxies are neither
homogeneously spread nor randomly, but form a web of filaments with large under-dense
regions and large objects like clusters or groups at the junctions of these filaments.

The measurement of velocities of the almost virialised galaxy cluster members and the
rotation velocities of stars in spiral galaxies lead to the first hints for the existence of
dark matter (DM), because the amount of luminous mass observed in these objects is not
enough to keep the member galaxies bound. Also the rotation curves in the outskirts of
spiral galaxies are to fast to be explained only by the luminous mass of the galaxy, which
therefore indicates additional mass (Rubin, 1991). Even though dark matter could not be
directly measured till now, additional hints come from the structure of the Universe itself:
In large astronomical surveys like the Sloan Digital Sky Survey (SDSS) (Kitaura et al.,
2016) it can be seen that the amount of luminous matter is not sufficient to explain the
observed density fluctuation in the Universe.

The light of galaxies at high distances, even though at rest, is red-shifted, which is
a clear indicator for the expansion of the universe. This cosmological redshift z can be
measured by comparing the emitted wavelength A\ with the observed wavelength X'

N 1
=5 l=am ! (1.1)

z

The redshift can also be directly related to the scale factor a(t) of space at the time
of the emission, through which the redshift is used as a position and also a time variable.
This scale factor follows from the Friedmann-Lemaitre-equation, which assume a homogen
and isotropic universe for which the distance dependency is given by:

1(t

H(t) = % = Ho/Qoa(t) =3 4+ (1 — Qo — Qn)a(t) 2+ Qn (1.2)

H(t) is called the Hubble rate and describes the expansion of the universe at any given
time. For today t = t, this value is equal to the Hubble constant H, and the scale factor




is defined in a way that a(ty) = 1. € describes the density of matter in the universe,
while 2, introduces the cosmological constant. For different combinations of 25 and €24,
different geometries for the universe arise. If €y + Q25 = 1, this leads to a flat universe,
while Qy + Q4 < 1 yields to an open, hyperbolic universe, and €2y + Q5 > 1 would be
a closed and elliptically shaped universe. Recent measurements show that the values for
Qg and Q4 combine to the critical value for a flat universe (Hinshaw et al., 2013; Planck
Collaboration et al., 2016).

While spiral galaxies are the most common morphological type in the field, in more
dense environments like clusters, elliptical and SO galaxies dominate. This morphology-
density relation (Figure 1.2, Dressler (1980)) is explained by interactions between galaxies
and their accretion history. In general the formation of structure is a continual process,
where galaxies increase their mass by the accretion of diffuse material and other galaxies.
If this accretion process is slow or diffuse enough, a disc galaxy is able to preserve their
morphology. While if the disc galaxy is merging with a galaxy of similar mass, the fluctu-
ations in the gravitational potential and the tidal forces are strong enough to disrupt the
disc and the stellar orbits are disordered. The result of this process is an elliptical galaxy.
It is likely that intermediate-mass elliptical galaxies form in this way from binary mergers
of Milky Way mass disc galaxies (Naab and Ostriker, 2009), but there is an alternative
way to form elliptical galaxies by undergoing multiple minor merger (Naab et al., 2009).
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Figure 1.2: Original morphology-density relation by Dressler (1980)

This explanation outdated the initial belief that elliptical galaxies are evolving through
monolithic collapse and evolve afterwards to a spiral galaxy. Nevertheless, elliptical galaxies
are still called "early-type” galaxies and disc galaxies as "late-type” galaxies for historical
reasons (Hubble, 1926, 1936).
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Numerical simulations

A very powerful tool in studying various kinds of physical processes are numerical sim-
ulations. The first numerical simulation started as an experiment by Holmberg (1941),
using 74 light bulbs to simulate the merging of two galaxies. With increasing computa-
tional power, the number of particles inclined and it became possible to use this method
for many different aspects of astrophysics. From the formation of individual stars over the
dynamics and evolution of galaxies up to large scale cosmology, where a whole "universe”
is simulated, range now the fields in which numerical simulations are used to study the
complex processes and connections in astrophysics. As an example, the dark matter only
cosmological simulation DIANOGA (section 2.2) is displayed in Figure 1.3.
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Figure 1.3: Full box of the cosmological simulation DIANOGA

In the common approach for galactic astrophysics, cold dark matter is described as an
ideal collisionless fluid of particles, as for the most of the time the Universe is mainly dom-
inated by gravity. This approach is the so-called cold dark matter approach (CDM), and
the resulting N-body problem can be solved in two different ways: The most intuitive ap-
proach would be by solving this N-body problem by calculating the individual gravitational
forces for each particle directly. Although this approach would result in the exact Newto-
nian potential, it is computationally very expensive, due to its runtime ¢ scaling ¢t oc N2
with particle number N. The second way is by solving the resulting Poisson equation and



the therefore resulting hydrodynamical differential equations. For this hydrodynamical ap-
proach two different techniques are used. These techniques are based on the two different
kinds of hydrodynamical formulations: The first is the Eulerian approach, which divides
the fluid into individual spatial fixed grid cells and solves the fluid equations for each grid
cell, which is later on treated as a grid-point containing all the information of its cell. In
this method the coordinate system is fixed as the fluid is moving through it. The other
approach of solving the hydrodynamical equations is by using the Lagrangian formulation
of hydrodynamics. In this formulation the fluid itself is divided into a set of particles and
all equations are solved by averaging over the nearest neighbors of this particle, while the
coordinate system in this method moves with the particles. This so called ”smoothing”
allocates every particle a scalar of the calculated property and through this the partial
differential equations reduce to ordinary differential equations, which can be then solved
more easily and reduces the computational time to t o« N log N. Due to the smoothing the
method is called smoothed particle hydrodynamics (SPH), and is our method of choice for
all simulations used in this thesis.






2. Zoom-simulations of compact galaxy
groups

2.1 Hickson compact groups

More than 50 % of all galaxies live within galaxy groups. Compact galaxy groups are
a special case of galaxy groups, which are rather small and isolated groups where their
members are in close proximity to each other. The probably most famous example for a
compact galaxy group is Stephans Quintett (Figure 2.1) in the constellation of Pegasus. It
has been detected at first by Edouard Jean-Marie Stephan in 1877, who initially thought
to observe nebulae.

Figure 2.1: Stephans Quintett observed by the Hubble Space Telescope (HubbleSite).
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2.1.1 Classification

In order to distinguish common galaxy groups (further called loose groups) from com-
pact groups, Hickson (1982) defined three criteria which a group has to satisfy to become
a compact galaxy group. These groups are accordingly called Hickson compact groups
(HCG).

The first criteria states that a compact group has to consist of a minimum of four
galaxies, which differ by a maximum of 3.0mag in the optical waveband; typically HCGs
consist of four to five members. In addition, these galaxies have to have a minimum mean
surface brightness of fig < 26 in the optical, which is calculated by measuring the flux over
the smallest enclosing circle 6y containing all geometrical centers of the member galaxies.
This compactness criterion is to first order distance independent. An isolation criterion is
used in order to exclude cores of clusters. A group gets rejected if, within three radii of
the smallest enclosing circle 85, another non-member galaxy within a magnitude 3mag of
the brightest galaxy occurs. The three criteria can be summarized as:

e 1) N > 4 (member criteria)
e 2) Oy > 30 (isolation criteria)
o 3) [ic < 26.0 (density criteria)

Alternatively, the classification of compact groups is done by using redshift information.
This procedure, firstly done by Humason et al. (1956), defines a compact group by the
following criteria: The member galaxies are only allowed to have a minimum separation of
50h~1kpc in projection and a maximum velocity difference of 1000km/s. The numerical
values here were chosen in order to match the results to the characteristics of the HCGs.
Even though this method is more effective in finding compact groups and its automatic
elimination of foreground and background galaxies, it allows due to its more generous
isolation criterion the inclusion of more groups. This would lead to the classification of
compact groups, which are less isolated and therefore less distinct.

A larger bias - which applies to both methods - occurs due to the geometrical orientation
of the group. Most non-spherical systems would preferably be defined as a compact group
if their most eccentric axis is along the line of sight, rather than if not. The orientation
of for example a prolate system is therefore strongly influencing its classification, because
only the projected density is taken into account. The velocity measurement of the second
method only removes interlopers, and therefore compliments the HCG angular-selection
criteria.

2.1.2 Space distribution, dynamical properties and structure

HCGs have a median redshift of z = 0.30 (Hickson, 1997) and are therefore much farther
away than the center of the local supercluster, of which the Milky Way is part of. In
addition, HCGs are mostly uniformly distributed but tend to follow large scale structures
like filaments, and are also connected to loose groups (Rood and Struble, 1994).
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Even though HCGs are connected to loose groups, HGCs have a much smaller fraction
of late-type galaxies than loose groups. Their velocity distribution, nevertheless, which
follows a Gaussian distribution with a standard deviation of o & 250 km/s, is similar to
loose groups, but much smaller than the distribution of rich clusters. By using the velocity
distribution a characteristic density can be calculated, from which it can be shown that
HCGs have mean total mass-to-light ratio of 50 My /Le (Hickson et al., 1992) in solar
units. For individual galaxies (Rubin et al., 1991) found the mass-to-light ratio to be
7 M /L which suggests that only ~ 15 % of mass are stored in the galaxies itself, while
the rest consists of gas and dark matter.

HCGs have a centrally concentrated surface density profile, consisting of stripped stars
accumulating in the potential well of the group, which connects all member galaxies (Da
Rocha et al., 2008), like it can be seen in galaxy clusters as well. HCGs also tend to
lack in cold gas compared to loose groups, which is consistent with a similar deficit in
continuum radio emissions (Menon, 1995), and indicates that the cold gas has been removed
from the galaxies due to interactions. It has also been shown that gas in HCGs is not
bound to the galaxies (Williams and van Gorkom, 1988; Williams et al., 1991), and is even
distributed over all members of the HCG. These observations indicate that compact groups
are physically dense objects and no projection effects or coincidental alignments in loose
groups.

The morphological types of HCG galaxies show a much higher fraction of early-type
galaxies than for field galaxies. This supports the standard idea of the formation of early-
type galaxies by major merging, which had to take place in such dense environment as
a HCG. To mention is that a HCG with a higher velocity dispersion, which suppresses
the merging rate, therefore tend to have lower amounts of early-type galaxies than HCGs
with lower velocity dispersion. Another strong support for high interaction rates between
member galaxies is that up to ~ 66 % (Rubin ct al., 1991) of HCGs spiral galaxies show
peculiar rotation curves and various kinds of irregularities and asymmetries.

HCG disc galaxies in addition typically show less nonthermal continuum emission than
isolated disc galaxies. This is mainly due to lower star formation in comparison. But
meanwhile, if considering the central region only, significantly higher nonthermal nuclear
emissions are observed, which can occur due to star formation and active galactic nuclei
(AGN). These emissions have to be feed by large amounts of gas and the emission distribu-
tion is consistent with galaxy interactions. These interactions remove gas from the outer
regions of the galaxy, while fueling the inner regions with gas, which results in higher star
formation rates in the inner regions and the possibility of fueling an AGN.

2.1.3 Formation and evolution

The formation process of compact groups is still under discussion. The idea of merging
activity in compact groups, with continuous in-fall from the environment (Governato et al.,
1996), is favored because it explains the observed differences in morphological types of the
member galaxies. In this model galaxy mergers should occur on a regular basis and it has
been observed that up to 25 % of all galaxies in compact groups show signatures of mergers
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(Hickson, 1997), if a more generous way of applying certain conditions is used. But due
to small number statistics, a significant amount of merging in HCGs can’t be determined.
Nonetheless, in detailed studies of individual galaxies in many cases clear indications for
galaxy-galaxy interactions occur.

It can be therefore concluded that compact groups only have a limited lifetime. The
typical lifetime tgog of a group is expected to be a magnitude higher than its dynamical
timescale (e.g. Barnes (1985)) which yields to tzcq ~ 0.2 Hy . This leads to the conclusion
that compact groups have steadily reproduced and a large population of compact group
remnants have to exist.

Figure 2.2: Visualization of the simulated compact group Bofur 0 using the visualization
software SPLOTCH (Dolag et al., 2008).

The remnant of a compact galaxy group is believed to be a massive isolated elliptical,
due to the arguments presented by numerical simulations that multiple and major mergers
lead to the formation of elliptical galaxies. But this idea leads to some difficulties, because
for example the luminosities of massive isolated elliptical are usually only of ~ 20 to 30 %
compared to the luminosities of compact groups. Even if galaxy-galaxy interactions boost
the star formation rate in compact groups, this amount would not be sufficient to explain
these differences. It is therefore not clear if elliptical field galaxies are the remnants of
compact galaxy groups.

It is obvious that compact groups are very important and very interesting objects.
They offer a great general framework to study dynamical evolution and shapes of galaxies
like their kinematics and morphology with respect to interactions. In addition the study of
processes which trigger many different processes like starbursts, star formation in general,
AGNs and nuclear activity makes compact groups highly interesting objects. And still
there are many questions unanswered like their lifetime, their end-products, their influence
on galaxy evolution and their fit into the overall structure hierarchy.
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2.2 Simulations

The starting point for all further simulations is the DIANOGA simulation. The DIANOGA
simulation is a standard WMAP-7 ACDM universe with a cosmological parameter 2, =
0,76, a matter density parameter of €),, = 0.24, a baryon fraction of €2, = 0.04 and
a Hubble parameter of A = 0.72. The simulation is a dark matter only simulation of
a huge periodic 1h~'Gpc box-size containing 1024 particles with an individual mass of
Mgy, = 6.62 x 10" h=* M. Tt has been performed with the N-body/SPH Code GADGET
3 (Springel et al., 2001; Springel, 2005). As an impression the full box of this simulation
could be seen in Figure 1.3. The procedure of the re-simulations is done by using the
example described by Schlachtenberger (2014).

2.2.1 Objects

In order to find compact galaxy groups we looked at the DIANOGA simulation at z = 0.
With the halo-finder SUBFIND (Springel et al., 2001), which is integrated in GADGET
(Springel, 2005), we excluded heavy clusters and low-mass galaxies by setting a mass-
limit between 1 x 10" h™'My < M < 1 x 10" h™'My). Also heavy individual galaxies
were excluded by selecting only halos with a minimum of 4 sub-halos. This still leads
to numerous possible objects. Therefore these halos were sorted by their distance to the
next cluster (M > 1 x 10" h~*Mg) and next group sized halo with a similar mass of
1 x 10" A 'Mg > M > 1 x 10" h™'Mg). The distances for each object can be seen in
Figure 2.3.

T 1 e
ax1otE *

z2x10*

Cluster distance M>10" M [h™ kpc]

1
0 50x10%  1.0x10%  1.5%x10*  2.0x10°
Group distance 10">M>10" My [h™ kpc]

Figure 2.3: Additional halo selection criteria. The minimum distances to the next cluster
and next group are displayed as the axis intercepts. The diamonds display the position of
the final objects.

This ensures that the targeted object is dominating its environment. From this final
list, a few objects were chosen. As a final step objects with a maximum number of sub-



12 2. Zoom-simulations of compact galaxy groups

halos with similar masses were preferred. The final objects which proved themselves as
interesting after the first tests and were executed further on are listed here:

object name mass [10'° A 'Mg] 1, [h'kpe]  color in Figure 2.3

Gloin 2940.04 648.305 green
Nori 2995.86 652.39 red
Bofur 4056.51 721.73 purple
Dwalin 4310.81 736.50 orange
Thorin 4317.01 736.88 turquoise

Table 2.1: Main parameters of the chosen objects from the parent simulation DIANOGA.

In Figure 2.4 the larger environment of the selected objects is shown. It can be seen
that the larger objects like Thorin and Dwalin are close to crossing of larger filaments and
Bofur is also sitting in a mayor filament as well as Gloin. At a first inspection Nori already
stands out, because it is not part of a mayor structure, but it is in a region very distant
from any larger object inside a very thin filament which could have already been seen in
Figure 2.3. In Figure 2.5 it can also be seen that Nori sits in a low density environment,
as well as Gloin, while all other objects have a denser environment.

Thorin Dwalin Bofur

Figure 2.4: Environment of all objects in the DIANOGA simulation with an axis length
of 1 x 10° A~ *Mpc at z = 0.
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Figure 2.5: Density of the environment around all objects, the horizontal line represents
the mean density in DIANOGA and the vertical line the size (r,;,) of the objects.

2.2.2 Tracking

After choosing the object at z = 0 we have to track the individual particles back in time in
order to find their original position in the box. Here it is important to distinguish between
particles which are a part of the final object, and therefore have a major impact on the
formation, and all other particles which only influence the object by large range forces. As
a first guess we are taking all particles in a certain sphere rg, around the final object to be
classified as particles of the object. As trace radii of the sphere values of 7y, ~ 7 h™Mpc,
roughly 10 times the virial radius of the object are chosen. Here we are including a rather
large area to prevent disturbances through low-resolution particles. This is essential to
avoid unphysical potential minimums and therefore unphysical structure formation due to
an artificial seed-particle.
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After the first re-simulation of the object for the further simulations the prior approach
is replaced by tracking the selected individual particles individually back to their origin.
This procedure by Tormen et al. (1997) creates a Lagrangian Volume, our high-resolution
region, which is enclosed by a low-resolution cube. The shape of this region is displayed
by mapping the particles into a 3D 163 grid. In figure 2.6 a slice through the resulting
Lagrangian region, containing the high-resolution particles (blue) and a buffer zone around
(red) is displayed. Depending on the result of this tracing it has sometimes been necessary
to modify the resulting Lagrangian region to avoid small holes, extend, or consolidate the
region. A further consolidation has been successful in some cases in order to reduce the
amount of high-resolution particles and therefore the amount of computational time. But
due to the huge zone of attraction of the chosen objects it had to be done with caution.

Fioc 41000t
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Figure 2.6: Slice of the iocc-region mapped on a 3D 16 grid. The blue boxes represent
high-resolution regions, while the red boxes are a puffer zone to the low resolution region.

2.2.3 Initial conditions

After cach tracking new initial conditions are required. This is done for our newly created
Lagrangian region by using the Zoomed Initial Conditions (ZIC) technique by Tormen et al.
(1997). This technique creates a sphere of particles with the same mass as the original
simulation on a grid, which are responsible for the creation of the local force field. On
the outside of this sphere the amount of particles is minimized. As long as the angular
distribution is maintained these particles describe the long range tidal forces. In the center
of this sphere, the high resolution region, particles with a higher mass resolution are put on
a regular grid. In the left panel of Figure 2.7 the total initial conditions are displayed. The
red center corresponds to the high-resolution region. Here it can be seen very clearly how
the amount of low-resolution particles declines with larger distances to the high-resolution
region. In the second panel of Figure 2.7 the different layers can be seen very clearly,
a grid-like sphere of low-resolution particles, high resolution dark matter region and gas
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distribution (red).

e i e Sl R S N AL ! o

Figure 2.7: a) Initial conditions produced with the ZIC method, here the red part displays
the high-resolution region. b) Central view of the initial conditions with gas component

(red).

This idealized distribution, which has inclining mass per particle from the center to
the outside, gets disturbed by the disturbances of the initial simulation. By introduc-
ing perturbations with smaller wavelengths (Bonafede et al., 2011) the same cosmological
conditions are created, this time with higher resolution.

2.2.4 Re-simulating

At first a gravitational dominated dark matter only simulation is performed to check for
uncontaminated initial conditions. Here we required a clean area around the object at
all redshifts of at least r. > 7 X ryg9, which can be seen in Figure 2.8. In case of a low
resolution intruder we had to increase the high-resolution box until we achieve a sufficiently
large clean region again.

After having successfully cleaned the object, the particles were re-tracked again and
new ICs are created. But now gas particles were introduced to the ICs by splitting up the
high resolution DM particles and converting them into gas and DM particles. The new
particles are then arranged in a way to conserve the momentum and center of mass of the
initial particle. In the right panel of Figure 2.7 the resulting high resolution region can be
seen. It can also be seen that the DM region has a buffer region between the low resolution
region and the gas region.

For the re-simulations different resolution steps were used, which are similar to the
resolutions used in the Magneticum Pathfinder simulations (Remus et al., 2017). While
the first step is only performed with DM-only, all other simulation steps were at first
performed as DM-only and gas was included afterwards in a separate simulation. The
different resolutions are listed in Table 2.2.

For each resolution step the newly created initial conditions are simulated with the
newest version of the cosmological TreePM SPH code GADGET-3, which is a subsequent
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resolution Magneticum Pathfinder DM particle mass gas particle mass
equivalent (' M) ("M

1x (high resolution (HR)) 1 x 10? —

10x 1x 108 1.6 x 107

25x (ultra high resolution (UHR)) 4 x 107 6.2 x 10°

250x 4 x 109 6.2 x 10°

Table 2.2: Resolution steps with corresponding particle mass.

version of the GADGET-2 (Springel, 2005) code. A state of the art SPH implementation
as presented by Beck et al. (2016) is used to overcome known weaknesses of the SPH
formalism (i.e. Agertz et al. (2007)), and a Wendland CG6 kernel is used. In addition we
use time depended artificial viscosity and conduction to enhance the properties of SPH in
terms of shock capturing and particle noise reduction. Furthermore complex physics are
used like radiative cooling (Katz et al., 1996) and star formation (Springel and Hernquist,
2003) following the Salpeter (1955) initial mass function (IMF) and stellar winds. Further
black hole seeding and supernova feedback is enabled as well.

snop_ 008 snop_009

Figure 2.8: Dark matter only run of Thorin (halo 0) at z = 0, showing all clean halos with
M > 1 x 10'* h~'M), the green/blue circles display the clean area.
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2.3 Smallest enclosing circle

In order to check for the compact group criteria it is necessary to find the smallest enclosing
circle of all possible group members. In all simulations an object has to have at least
2 x 1010 h_lM@ in total mass and a black hole inside of 10 h~'kpc from the center, which
is a quite large value due to difficulties with the black hole model, to be considered as a
galaxy (see Bittner (2018)). A first approach by using the center of the halo group provided
by SUBFIND or by calculating the center of mass will lead to fast and already quite good
results; but it will result in to high uncertainties. To find the smallest enclosing circle and
to be sure it is the smallest one, a few possible methods can be used.

The easiest way would be by testing if all pairs of points (F;, P;), with a circle of
diameter from P; to P;, contain all other points. In addition, a testing for all triplets of
points can be done and again it can be checked if the perimeter contains all points. And
from all these circles then the smallest one is chosen. This brute-force-method would work
in general, but it would be unnecessary time consuming and inelegant.

Therefore, the quite simple but efficient algorithm by Skyum (1991), which runs with
a runtime of O(nlogn) was computed. This algorithm consist of two parts, first the
determination of the convex hull and then the algorithm itself.

2.3.1 Convex hull

The convex hull is the smallest set of N points X = Py, P, P, ..., Py in the Euclidean
plane V| which contains all points. It is defined as the intersection of all convex superset
of X, itself is convex as well and therefore the smallest hull which contains X.

convX = ﬂ K ;K conver (2.1)
XCKCV

There are a number of algorithms known for computing the complex hull for a finite
set of points. Here the Graham scan algorithm (Graham, 1972) - although it is not the
simplest method, but a quite efficient algorithm with a runtime of O(nlog(n)) - was chosen.

For this algorithm the first step is to find a point which definitely is a member of the
convex hull. Therefore, one searches for the point with the smallest ordinate F,. If there are
two or more points which share the smallest ordinate the one with the smallest abscissa
is chosen. After finding the starting point, all other points are sorted anticlockwise by
increasing angle between Fy — P; and the unit vector €. This is done by computing the
angle between two vectors. If two or more points share the same angle, and are therefore
colinear with Fp, only the point with the largest distance to P, is kept. All other are
removed from the sample, because they can’t be a turning point of the convex hull. This
can be seen for an example point set in the left panel of Figure 2.9 for the points P; and
P15 which will be excluded already at the first step of the algorithm.

For X being now our sorted point set, all points are checked to find the turning points
of the convex hull. In the beginning the starting point P; = F, and the following point
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Figure 2.9: Vectors from the starting point (Fp) to all other points of an example point
set.

P,y = P, are considered as turning points. Now the next point P o = P, is added and it
is determined, if by traveling from P, — P, ; — P,y it is doing a right- or left-turn. This
task is solved by calculating the determinant det T'(P;, Py, Piy2).

I Yi
Aet TPy Pty Piva) = |1 i g = |71 700 20 (2:2)
I Zits Yiro ' C '

= (Tiy1 — 7)) X (Yir2 — ¥i) — (Tiy2 — ) X (Yir1 — vi) (2.3)

< 0, if P,y is on the right side of PP, 4
det T'(F;, Piy1, Prya) = ¢ =0, if Py lies on PPy (2.4)
>0, if P is on the left side of P;P;

Due to the initial sorting the first three points are always going left and every additional
point is also, due to construction, always expanding the hull. By including more and more
points it is possible that old points are now lying inside the new hull. This is the case
if the curve is doing a right-turn. Now the second point of the considered points has to
lie inside of the convex hull, to perform this turn and is therefore removed from X. This
procedure is done for a full loop over all points after which the convex hull is determined.
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The resulting convex hull for the example point set is displayed in Figure 2.10.

‘ B B P,
0;_ Fu '_-"“Pn E
E; P, “P,
| aadi IS SRR TR W |
-2 -1 o 1 2 a

Figure 2.10: The resulting convex hull with its defining points Py, P, P3, Ps, Ps, Py, P11 and
P53 marked by triangles.

Pseudocode of the computed Graham Scan:

Algorithm: Graham Scan
Input: point set X
Output: points defining the convex hull of X

Begin: Function
Find P,
Sorting the angles <(X, Py, e,)
n = number of points in X
Begin: Loop: For i=0 to i=n begin
B, Py, Piyo
calculate det T'(P;, Py, Piyo)
If det T" < 0 then remove P; 4
i=i+1
End: Loop
Return points defining convex hull
End: Function
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2.3.2 Skyum algorithm

For the algorithm by Skyum (1991) we start with the points which define the convex-hull
of our point set. These points S = Py, P», ..., P, in the Euclidian plane R? define a convex
polygon and are sorted in this case anticlockwise but it can also be done clockwise. As a first
step the circumcircle of three subsequent points o(P;_1, P;, P;y1) for all points is calculated.
The resulting circumcircles can be seen in panel a) of Figure 2.11. This circumsphere for
three non-collinear points is always defined and the radius r can be calculated by using
the distances d:
d(P.1, P) % d(Py, Pyy) X d(Piy1, P 1)

_ 2.5
r 2)( | det(-Pi—la-PhPH-l) | ( )

In the special case of two equal points, half the distance between these and the third points
is denoted as the radii. Also the coordinates of the circle center (z,,, y,,) are calculated in
this process:

oo b @y O = yha) @4y — v ) + (28 R — 90)
"2 Vit (Tirr — 23) + (@1 — Tipr) + Yo (2 — 251)
(2.6)
Y = 1 % (fy +yi) (@] —ado) + (2 + ) (@d —2f) + (o +yi) (@] — )
"2 Yi1 (Tipr — @) + Yoy — vip1) + Y (20 — 2i1) 1)

In order to terminate the algorithm the angle of the largest circumcircle has to be
Z(P;i_1, P;, Pry1) <90°. The calculation of the angle can be be done as usual:

d*(P,_y1, P,) 4+ d*(P;, Piy1) — d*(Pig1, Pioy)
2 x d(Pi—1, P;) x d(P;, Piyy)
But this calculation is on the one hand side quite expensive and as well lacks in accuracy.

Furthermore the angle itself is not important, only if it is larger than 90° and therefore a
simplified criteria is used:

Z(Pi_1, By, Piy1) = arccos

Wp,_ PPy = d2(lDi—17 P)+ dQ(Pu Pi1) — d2(Pi+17 P_4) (2.8)

L(P_1, P, Piy) <90° <= Wp_, p.p,, =0 (2.9)

If the angle and therefore the point P; doesn’t satisfy this criteria, it is excluded from
S and the circumcircles are recalculated. This is done as long, till Z(P;_1, P;, P;y1) < 90°
and the smallest circle is found or | S |= 2, in which the smallest circle would also be
found. The speed of the algorithm yields from the way of recalculating the circumcir-
cles. S contains the set of circles O(Fy, P, P,), ..., O(Py, Py, Py). 1f Z(Pi_1, P;, P;y1) of
the largest circumcircle O(P,_1, P;, Piy1) is Z(P,_1, P, Pry1) > 90° then P; gets removed.
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Figure 2.11: a) All circumcircles defined by three point for S. b) the smallest enclosing
circle.

Now instead of recalculating all circumcircles only two new circumcircles, which consist of
points which are now subsequent to each other, O(P;_o, P;_1, Pi11) and O(P;_1, Pi11, Pii2),
are recalculated.

Pseudocode of the computed Skyum algorithm:

Algorithm: Skyum
Input: sorted point set .S, which are defining a convex polygon
Output: smallest enclosing circle of S

Begin: Function
Calculating all possible circumcircles for subsequent points
Begin: Loop:
find P; for which: max(O(P;—1, P;, Piy1))
if Z(P,_1, P, Piy1) > 90° then
remove P; and all its corresponding circumcircles
recalculate O(P;_y, Pi_1, Piy1) and O(Pi_1, Piy1, Piyo)
else finish
End: Loop:
Return parameters of smallest enclosing circle
End: Function
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2.4 Results

2.4.1 Resolution limitation and mass loss

At reaching the UHR (25x) resolution step, some inconsistencies were found. By taking a
closer look to the galaxies of our group members, and especially for the low mass galaxies, it
has been found that there are cases where the only black hole in a certain galaxy is orbiting
the gravitational center of its galaxy at distances of up to disc size. This contradicts
common knowledge, where the center of the galaxy should harbor a massive black hole.
This effect is displayed in Figure 2.12 for a galaxy in the object Dwalin 0 at z = 0. The
object is a small satellite galaxy of the group and currently making its way towards it. It
can be seen clearly that the black hole isn’t in the center of its host galaxy but almost at
the end of the galaxy.
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Figure 2.12: Offset of the blackhole (red star) from the center of the galaxy, for this example
a sub-halo of the object Dwalin 0 at 25x and z = 0 is shown. The green diamond is the
position of the sub-halos found by SUBFIND and marks the gravitational center of the
galaxy and its sub-halo.

The source for this behavior lies in the implementation of black hole physics into the
code because in these simulations the black hole is not fixed to the minimum potential like
it is done in most simulations. Due to numerical fluctuations the black black hole was able
to detach from the center of the galaxy and move. This effect is influencing the stellar
distribution aside the center of the galaxies which it shouldn’t. Also the merging timescales
changed and the black holes were introducing additional turbulence. This behavior and
possible solutions were studied in detail by Bittner (2018).

These cases have been found in UHR too often, thus a further increase in resolution
therefore was not reasonable. A fully functionally solution for this problem has not been
found in time, hence the resolution was limited to UHR for all simulations. The reason
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object initial mass (DIANOGA) mass at 10x  mass at UHR (25x)

(10 A1 M) [10° h'Mg]  [10% A M)
Thorin 0 4317.01 4022.22
Dwalin 0 4310.81 1871.98 1424.13
Bofur 0 4056.51 2126.73 2626.72
Nori 0 2095.86 356.36 329.65
Gloin 0 2940.04 2116.03

Table 2.3: Masses of the largest halos at z = 0 for all objects at the individual resolution
steps with gas.

for for the maximum resolution for Thorin and Gloin being 10x is in the case of Gloin
that it didn’t fulfill the group criteria in 10x and it is therefore not expected to do this in
higher resolution. Thorin on the other hand is large object and therefore computationally
expensive to run. This was avoided to be done without a proper implementation of the
black hole physics. During the simulations with each resolution step the objects lost
weight. This lead to a decrease of a factor of almost 10 in the extreme case of Nori from
the DIANOGA halo to UHR. Through this the halos in Nori fell out of the group mass
range, but remained at Milky Way sized halos which was the reason why they were kept
running up to UHR in order to give additional objects for the study of spiral galaxies in
cosmological zoom-simulations by Bittner (2018). Unfortunately these objects were not run
at higher resolutions then UHR and were also not used in this study due to the complexity
of the black hole physics.

The masses for the main halo for each object from DIANOGA to its final resolution
are displayed in Table 2.3; it can be seen how some objects are able to keep their mass,
while others drastically shrink. The main mass loss occurs at the resolution step of 10x.
Interestingly Bofur was the only halo who was able to increase its mass at UHR.

2.4.2 Group classification and lifetime

The first step is the classification of the objects, which is done by using the methods
described prior in the subsection 2.3 and a mass-to-light ratio of M) /La = 1. In this case
we define a halo to be a galaxy if it contains at least 2 x 10'® h=' M, of stellar mass and
harbors a black hole. In Figure 2.13 the classification is displayed for Bofur 0 at z = 0.118,
and it can be seen that Bofur 0 had in one perspective up to seven member galaxies, which
would make him an extremely uncommon HCG. This large amount of member galaxies
results from the fact that galaxies in this case are defined by their mass and not by their
ability to be observational distinguishable. Therefore, from an observational point of view,
likely a lower amount of galaxies would be observed.

From our five objects, three halos which could be classified as compact groups were
found; these objects are Thorin, Bofur and Dwalin. In Nori and Gloin no halo satisfies the
classification criteria because the Nori spitted up into several individual galaxies and Gloin
lost to much mass and is in the end not massive enough. These objects will be separately
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Figure 2.13: Compact group classification for Bofur 0 at z = 0.118. The red rectangles are
member galaxies and the red circle is the smallest enclosing circle, which covers the area
over which the mean surface brightness is calculated. The green rectangles show galaxies
which are not included into the group. In the lower right panel the mean surface brightness
for each projection, the radius of the smallest enclosing circle and the number of included
galaxies is given.
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Halo name Mot Mstar Mgas Nsatellites Group?
Thorin 0 4022.22 101.92 286.16 17 yes
Thorin 1 2808.62 70.04 131.21 13 no

Bofur 0 2626.72 67.76  195.17 8 yes
Bofur 1 1691.27 46.27 135.98 6 no
Bofur 2 1464.07 40.52  79.84 3 yes
Gloin 0 1274.99 28.27  76.38 6 no
Dwalin 0 1236.07 41.86  95.94 5 yes

Table 2.4: Total mass of all halos [10'° b 'Mqo] at z = 0 with m > 1 x 10" b ' Mg,.
In addition their gas and stellar masses within r,;, and their number of satellites with
Mitar > 1% 1010 h_lMQ, which are also within r,;,, are stated for their highest resolutions.

discussed in section (2.4.7).

A first guess about the question if an object is containing a group or not can already
be taken by comparing the locations of the objects (Figure 2.4). The group objects prefer
to sit in dense filaments or in a crossing of multiple filaments, while Nori is not pat of any
larger structure and Gloin is sitting at the tail of a filament.

In the object Thorin we found two halos with masses larger than 1 x 10 h~'Mg),
but only one could be defined as a compact group. Dwalin contains only one halo inside
the mass range which is a compact group. In Bofur, however, three halos with masses of
m>1x 10" h_lM@ were found, and two can be classified as compact groups, while the
third is only rarely satisfying the criteria in case of merger events in some projections, and
is not able to keep the status for a longer period. For all halos with > 1 x 10" A1 My,
their composition at z = 0 is shown Table 2.4. In the following the main halo is labeled
with 0, while the smaller halos are labeled with 1 and 2.

One of the major questions regarding compact groups is, if they are purely projection
effects or not. In Figure 2.14 the time at which the objects would be classified as a compact
group is shown in different projections.

F Thoring
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z

Figure 2.14: Temporal progression of the compact group classification for the halos of
Thorin, Bofur and Dwalin. A solid line indicates that the object is classified as a compact
group in a the corresponding perspective. From top to bottom for each object: xy-,xz-,yz-
projection.

As it can be scen, do compact galaxy groups always have a preferred axis at which
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the galaxies align and at which most of the mergers and interactions occur. Even though
compact groups are prolate objects, it can be seen that in most of the times a compact
group is classified as a compact group in all projections. This can especially be seen
for Bofur 0, Bofur 2 and Dwalin 0, where there are only small times at which certain
projections fail to satisfy the compact group conditions. For Dwalin however this result
is quite defective due to very low temporal resolution in this simulation. This is also the
reason why in the following discussion not all procedures were done for Dwalin.

In opposite to Bofur 0, Bofur 2 and Dwalin 0, Thorin 0 is able to evolve into a group
much earlier, even though that at the beginning this is only visible in one projection. Here
we can see the impact of the prolate shape of the group. The major difference between
Thorin 0 and the other objects is their mass: Thorin 0 is roughly 2 x heavier than the
other objects and it is able to accrete the mass much earlier.

Another difference between the objects is the mass at which they are classified as
a compact group the first time. This mass is strongly varying. For the most massive
object (Thorin 0), its first classification states a total mass of 2.5 x 10" h~'Ms), while
for the halos in Bofur it is only 0.8 — 1.8 x 10" h 'My). This is similar to Dwalin 0
with 0.9 x 10" h=' M. The mass, when finally reaching the compact group status in all
projections, is 1.3 x 10" h=' M, for Dwalin 0 and 1.2 x 10" h=' M, for Bofur 2.

2.4.3 Decoupling of gas and intragroup light

As observed and explained by Hickson (1997), the decoupling of the gas from the stellar
component in the compact groups can be observed as well. This decoupling begins when the
group members start to interact with each other. Even before the group can be classified
as compact, decoupled gas can be seen due to prior mergers. But this gets more dominant
if the halo becomes compact!.
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Figure 2.15: Contour diagram of Bofur 0 intragroup light at z ~ 0.13, where it is classified
as a compact group in all projections.

'The decoupled gas component could have alrecady be scen prior in Figure 2.2 for Bofur 0.
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As observed by Da Rocha et al. (2008), compact groups are connected by diffuse intra-
group light (IGL) which contains between 15 — 26 % of the total light in the cases of HCG
15, HCG 35 and HCG 51. This intragroup light is displayed in Figure 2.15 as contours
for Bofur 0. This cohere region is evolving during the formation process of the compact
group and can take up to 1Gyr to cover all member galaxies. This evolution is, of course,
much shorter if the group gets compact in all three projections at a similar time, but not
necessarily all member galaxies are always comprised by the IGL in all projections.

A way to separate the IGL component from the galaxies is by their velocity distri-
butions, which is done for the most massive compact groups Thorin 0 and Bofur 0. As
demonstrated by (Dolag et al., 2010) and (Remus et al., 2017) for the brightest cluster
galaxy and the intracluster light these components split up into two dynamical compo-
nents. For this examination at first all substructures identified by SUBFIND and its
corresponding particles are excluded and the global velocity is subtracted. Afterwards a
double Gaussian is fitted to the histogram of the velocity distribution with an equal bin
size of A v = 10km/s. In Figure 2.16 the velocity distribution for Thorin 0 at z = 0 is
displayed.
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Figure 2.16: Velocity histogram for the main galaxy and the IGL of Thorin 0 at z = 0.

Here it can be seen how the distribution is only very poorly described by a single Gaus-
sian, which requires a second component. With two distinctive components the behavior
can be represented very well. In all cases the slower Gaussian represents the main galaxy
of the group and the faster Gaussian the IGL component in the group. Interestingly, here
the IGL component is of larger size than the main galaxy. By comparing the integral
of the IGL component with the total integral over the distribution without removing the
substructures the IGL fraction is determined. This determination is done for all time steps
since z = 1.2 and is shown in Figure 2.17 for Thorin 0.

It can be observed how the Thorin 0 is accreting mass over time, initially only minimal
till z ~ 0.7, where a major accretion takes places at with also the total IGL component in-
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Figure 2.17: Evolution of the total mass, IGL mass and IGL fraction over time for Thorin

0.

creases due to the disruption of the merger, while the IGL fraction goes down because most
of the infalling mass is still bound to the galaxies and other substructures. Afterwards at
z =~ 0.5 a second significant impact takes place and is again increasing the IGL component
and is causing the two following peaks in the IGL mass. After these events the halo is
continuing to steadily increasing mass either in total as well as in the IGL component.
As already seen in Figure 2.14 Thorin 0 evolves to a compact group at z ~ 0.9 the first
time and is only interrupted at z ~ 0.45, and these times are in agreement with the major
accretion events. During its time as a compact group the fraction of IGL of Thorin 0 is
15— 40 % (and 10 — 30 % for Bofur 0) which is in good agreement of the observational
results mentioned earlier.

2.4.4 Kinematic evolution

In order to get a classification of the galaxies the b-value (Teklu et al., 2015), including the
correction for redshift (Obreschkow et al., 2015), is calculated for all time steps.

js ar 2 Ms ar 1
b = loglo (W) — g IOglo (ﬁ) + 5 loglO (1 + Z) (210)

A galaxy with a value of b ~ —4 is classified as a disc and b ~ —5 as a pure spheroidal
(Romanowsky and Fall, 2012). For the region of measurement, 10 % R,;. was used. For
the compact groups, the main galaxies in the two most dominant halos, Thorin 0 and Bofur
0, are described. In Figure 2.18 the evolution of the b-value of the halos of Thorin 0 and
Bofur 0 is displayed.

The trend of Thorin 0 is highly fluctuating, which is due to the high frequency of merger
events for this halo, and which can also be suggested from Figure 2.19. Nevertheless it can
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Figure 2.18: b-value of the main galaxies in the objects Thorin 0 and Bofur 0 over time.

be seen that Thorin 0 initially increases its b-value and decreases it at later times. In the
case of Bofur 0, a steady decrease and a more peacefully evolution is visible. The major
dip at z &~ 1.25 is due to a major merger, which distorts the former ordered motion of the
main galaxy and is therefore causing the dip in b. At z < 0.3, mergers at a high frequency
occur and are responsible for the high fluctuations regarding the b-value in that period.

The evolution of the b-values regarding the main galaxy of Bofur 0 and its nearest
neighboring galaxies at all times tends to lower values. In the upper left panel of Figure
2.19 it is displayed how neighbor galaxies approach the main galaxy with time and how
their b-value decrease. Another trend which can be observed in the upper left panel of
Figure 2.19 is that the lowest b-values are achieved close to the center of the group at
times close to z = 0.

In the upper right panel of Figure 2.19, the evolution of Bofur 0 in the stellar mass vs.
stellar angular momentum plane is displayed. The separated group of symbols on the right
corresponds to the evolution of the main galaxy. It illustrates very clearly how it gained
mass over time and how the stellar angular momentum deceases with increasing mass, but
tends to increase again in the latest times. The combination of the two axis results in the
b-value and are displayed in Figure 2.18. For the neighboring galaxies, which are the left
group of symbols, also an increase in mass but only a slight trend to lower b-values can be
seen for most galaxies.

For Thorin 0 this evolution is more chaotic, see the lower left panel of Figure 2.19. Here
the individual tracks of the galaxies can’t be observed that clearly as for Bofur 0. But the
general trend to lower b-values is visible as well. In the lower right panel of Figure 2.19 the
separation of the main galaxy from the other galaxies occurs as well. Here, nevertheless
despite the mass growth, no trend regarding the b-value is visible. Also for the nearest
galaxies no general mass growth or change in b-value can be determined, although more
b-values with a lower value are reached at later times.
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Figure 2.19: Upper row Bofur 0 and lower row Thorin 0: a) b-values of the closest neighbor-
ing galaxies over time. b) Stellar mass inside the half-mass radius vs. the corresponding
specific angular momentum. The dotted lines indicate, from top to bottom, b-values of
—4,—5 and —6.

2.4.5 Mass-size relation

For further insight on the main galaxies, the evolution of these galaxies in the mass-size
plane is studied, as it is well known that there is a correlation between the sizes and masses
of galaxies regarding their type.

The function of the mass-size relation is motivated by Shen et al. (2003), and is a
combination of two power-law functions:

M, \“ M\
= 1 . A1
fie 7<M®> < +Mo) (2.11)

Here R, is the effective half-light radius, where we will use the half-mass radius of the
stellar mass M, within 10 % r,; while excluding any substructure. My is the breaking
point between the two different power laws, and is an artificial transition mass. For ~, a, 8
and My we use the values from Lange et al. (2016) and their morphological cut in the
r-band, which are displayed in Table 2.5.
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parameter early type late type

«a 0.11 0.16

g 0.78 1.0

0 0.12 0.1

My 2.25 x 10" M 33.62 x 101° M,

Table 2.5: Mass-size relation parameters.

The resulting masses and sizes for the central galaxies are displayed in Figure 2.20.
It can be seen that, in general all of our galaxies lie within or near the range of the
observational mass-size relation.
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Figure 2.20: Mass-size relation and evolution for all main galaxies.

Although the final galaxy type of the halos can’t be determined only by this approach,
a few trends are visible. At first it can be seen that central galaxies of groups prefer to lie
near or above the transition of the different mass-size relations. This means that the major
galaxy in compact groups is preferred to be a large galaxy. Interestingly, do all central
galaxies of Bofur lie very close to this transition point, although the central galaxies of
Bofur 0 and Bofur 2 have larger sizes then the main galaxy of the non group halo Bofur
1 at similar mass. While Bofur 1 and Bofur 2 have a quite chaotic evolution, Bofur 0
has a very interesting track in the mass-size plane. It is becoming more compact without
increasing significantly in mass, which is in contrast to all other halos. This behavior is
related to the fact that, even though it is a compact group it has no major merger since
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z = 1.2. Tt is only accreting ~ 35 % of its mass during that time, and is therefore able to
contract itself. Only at times close to z = 0 some major merger events are starting and
this would suggest a increase in mass and size in the near future. Due to the proximity of
the two different mass-size relations in this area, no classification attempt can be done for
the central galaxies of Bofur and Dwalin. As the most massive central galaxy, Thorin 0
already started above the transition mass and is then evolving in between the two mass-size
relations while increasing mass over time, but in the end tending towards the mass-size
relation of an early-type galaxy. For the objects in Nori, a more classical behavior can be
seen. They are in general much more compact, and while accreting mass they are moving
more or less steadily from a late-type to a more early-type galaxy; only interrupted by
major merger events which leave gaps in the tracks, as it is visible for Nori 1 for example.
Gloin 0 and Dwalin 0, on the other hand, don’t show any real tracks, but are more or less
stable, without larger mass-accretion or size variations.

2.4.6 Final stage of evolution

As by looking at the kinematic properties and the mass-size evolution of the galaxies in
the compact groups, the first guess leads to the idea that the compact groups evolve into
a giant elliptical galaxy in the end.
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Figure 2.21: a) Stellar environment of Thorin 0 at z = 0. The circles indicate distances of
3,4 and 5 ry;, from the center. b) Central view on Thorin 0.

There are a few indicators for this conclusion. One is the general trend to lower b-values
for all main galaxies in compact groups. Also, the central galaxy of the most dominant
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compact group, Thorin 0, tends towards the mass-size distribution of an early-type galaxy.
In addition, the study of the halo indicates a spheroidal object, as it is illustrated in the
right panel of Figure 2.21 for the halo Thorin 0 at z = 0. The isolation of Thorin 0 can be
seen in the left panel of Figure 2.21, where there are almost no other large objects except
a few single galaxies until a radius of 5 ry;,.

This is supporting the initial idea of Hickson (1997), that giant elliptical field galaxies,
also called fossil groups are the remnant of compact groups. Nevertheless, it is only one
object which shows clear indications on the final stage of compact galaxy groups, there-
fore no statistics can be applied and no final conclusion can be drawn and especially no
conclusions can be draw how the evolution of compact groups at higher redshift evolves.

2.4.7 Non-group objects

The object Nori, seemed promising at the beginning, unfortunately evolved itself to an
object with three individual, non-interacting major halos, with masses of Nori 0 = 3.29 x
10" ' Mgy, Nori 1 = 2.27 x 10" h™' M) and Nori 2 = 2.37 x 10'? h™' M at z = 0, but
broke up into three individual galaxy-mass halos at higher resolution.

Obviously this object is not a candidate for a compact group, as it is visible in Figure
2.22 for Nori 0 at z = 0.
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Figure 2.22: Stellar component of the largest halo with 3.39 x 10'* A~'M,) in Nori at
z = 0 in three projections. The black hole (red star) and the gravitational center (green
diamond) of the galaxy are displayed as well.

In all three major halos of Nori, the main galaxy tends to evolve to lower b-values over
time, which is displayed in Figure 2.23. This trend is due to the loss of angular momentum
due to cosmic expansion (Obreschkow et al., 2015), which results in a lower b-value with
decreasing redshift.

The peaks, either positive or negative, in the b-value are due to significant merger
events. For three peaks this is shown in the lower panel of Figure 2.23, while here the first
passage of the merger is displayed. It can be observed that, in case of Nori 1, the b-value
has a significant drop afterwards due to the merger, while Nori 0 and Nori 2 don’t show a
general increase or decrease after the peak. The satellite corresponding to the merger event
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Figure 2.23: In the upper panel the b-values for all major halos in Nori from z = 1.5 till
z = 0 are displayed. In the lower panel, the merger causing the sharp peaks in the b-value
is shown at three time steps: before, during and after the passage. The path of the merger
is displayed by the green dashed line, while the solid green circle represents 10 % R,;. of
the object.
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in Nori 1 is a ~ 1:2 major merger in stellar mass, and is therefore significantly disturbing
the host galaxy, which leads to the decline in b in this case. Interestingly, the general
increase for Nori 2 at z ~ 1.15 is due to a merger (mass ratio ~ 1:4) as well, but here a
positive step in b occurs. Nori 2 has in addition a ~ 1:2 major merger at z ~ 0.1, but the
peak corresponds to the first flyby and the merger is due to its high velocity only reaching
its first turning point at z = 0 and is not finished yet. The merger for Nori 0 is, in contrast
to the other mergers, only a minor merger with a mass-ratio of ~ 1:10 in stellar mass, and
therefore not that massive enough to cause a similar significant decline as for Nori 1.

From a first analysis the reason for the merger leading to a decline or increase of the b-
value could not be determined with sufficient accuracy. Nevertheless it has to be connected
with the orbit and the mass-ratio of the merger. A full orbit determination of the merger
is necessary in order to understand the influence of a merging event to the b-value. All
these findings make Nori an interesting object, not for the study of compact groups, but
for further studies about the evolution of Milky-Way mass galaxies and their kinematics.

The only halo in Gloin with a total mass larger than 1 x 10'3 h_lMQ has a very low
mass stellar component, which could have already be seen in Table 2.4. During the mass
accretion of the halo at several time steps a minimized group is visible. However it is
simply not massive enough and therefore fails the brightness criteria. At z = 0, a single
galaxy with a b-value of —5.1, which would suggest the type of the galaxy as an early-type
galaxy, is present. This galaxy is accompanied by a larger satellite, which can be seen in
the lowest three panels of Figure A.1 in the appendix.

2.5 Conclusion and possible future work

Compact galaxy groups are ideal surroundings to study the evolution of galaxies in dense
regions and their corresponding physics due to galaxy-galaxy interactions. In order to find
compact groups, only halos with 1 x 10" h™ Mo < M < 1 x 10" h™'M and with at
least 4 sub-halos were chosen. But due to the inaccuracies with the AGN model these
simulations only stayed at a lower resolution as initially planned.

Nevertheless, a few insights could already be made. At first it can be said with high
confidence, that compact groups are no projection effects. Even though there might be
some observed groups which are a projection, the simulations show that compact groups
are real and physically dense objects and that they are compact in almost all projection.

Also the decoupling of the gas and the build-up of the intra group light could be
seen. In addition, the IGL component can be separated from the component bound to the
galaxies and it can be observed how the IGL builds up while the group is getting more
compact, and with the corresponding increase in frequency of interactions. Interestingly
not necessarily all galaxy members are connected by the IGL in all cases all the time, not
even in constellations where it satisfies the compactness criteria in all projections.

In addition there are clear hints by the study of Thorin 0 and the general evolution
of the main galaxies in compact groups that the remnant of a compact group might be a
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giant elliptical galaxy?.

For the future there are many things which could be studied and where the procedure
illustrated in this thesis would be promising. For example, an examination of the compact-
ness criteria not only in three projections, but for every possible angle about how precise
the classification scheme is would complete the picture. It would also be interesting to
see, if the remnants of the simulations show, for example, the same velocity dispersions
and luminosities found in present day giant ellipticals to get a better picture about the
remnant of compact groups. Another interesting aspect to study would be the appearance
of shocks and their influence on the gas distribution, and to see how this correlates with
the decoupled gas.

As a side effect of the simulations, the halos in Nori were found, which are no com-
pact groups but three Milky-Way mass halos. The object itself is very interesting due to
three halos of Milky-Way mass evolve in close proximity together, but without any larger
structure nearby. In these objects the effect of mergers onto the b-value could be seen very
well, but a further and deeper study is necessary to fully understand the corresponding
kinematics.

In general it can been seen that compact groups are highly interacting regions dom-
inated by mergers, which play a significant role in their general evolution and in the
evolution of their member galaxies.

2 Albeit it is possible that compact groups at high redshifts might have become part of larger galaxy
clusters eventually, but compact groups at high redshift were not included in this study.



3. Idealized galaxy mergers

In the standard cosmological models, galaxy mergers are a basic and significant process
in galaxy evolution. Mergers arc important for the hierarchical growth of galaxies, their
profile-shapes, as well as their kinematic evolution.

As shown by Rodriguez-Gomez et al. (2016), the major contributor to stellar mass
growth are major mergers (u > 1/4), while minor (1/10 < p < 1/4) and very minor
mergers (u < 1/10) contribute roughly the same amount. For spheroidal galaxy mergers,
Hilz et al. (2012) found (in order to understand the inside-out growth of giant elliptical
galaxies) that minor mergers lead to an increased size growth and a more rapid profile
shape change compared to major mergers. Through stripping, dry minor mergers also
increase the size of a compact spheroid, which results in an almost unchanged inner host
structure as shown by Hilz et al. (2013). This is in agreement with Lagos et al. (2018),
who found that dry mergers increase the stellar mass density in the outskirts of the galaxy;,
while wet mergers tend to build the bulge of the host galaxy.

Figure 3.1: Visualization of a 1:5 merger after the first passage using SPLOTCH.

It is well known (e.g. Cooper et al. (2015), Rodriguez-Gomez et al. (2016) and Zolotov
et al. (2009)) that the in-situ stellar halo dominates over the accreted stellar halo in the
inner region of the remnant, while the stellar component in the outer parts is the result
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of merging and accretion processes. These outer regions can extend up to a few hundreds
of kpc (Zolotov et al., 2009). And these accreted stellar components, manifesting as tidal
features, are observed in up to 26% of galaxies (Atkinson ct al., 2013). These tidal features
are also more likely to occur in massive galaxies with A/ > 10'%°M) (Atkinson et al.,
2013) than in low mass galaxies. This is in agreement with Martinez-Delgado et al. (2010),
who also finds that many spiral galaxies in the Local Universe inhabit significant numbers
of giant stellar structure which are remnants of an earlier accretion process.

The disruption of the merging galaxy is a reasonable mechanism for the production of
intrahalo light (IHL) on all scales. For galaxies, the IHL is dominated by the disruption of
satellites with a stellar mass ~ 10%° M), and its properties are defined by the corresponding
merger history (Purcell et al., 2007). This diffuse IHL has been observed recently in several
galaxies (Merritt et al., 2016) and a giant stellar disc, extending up to 70kpc, has been
discovered recently by Zhang et al. (2018).

Idealized merger simulations ignore the cosmological background and therefore impor-
tant features like gas accretion and environmental effect. But they are, in contrast to
full cosmological or zoom-in simulation, much more computational time saving and are
offering a huge range of possibilities regarding the study of galaxy mergers. It offers the
opportunity to collide any type of galaxy, with any mass-ratio at any orbital configuration
at any resolution necessary for the specific aim. These kind of simulations have been used
since a long time and contributed to the further understanding of galaxy evolution.

3.1 Method

The simulations are also carried out using the Tree-SPH code GADGET-3 as described
in subsection 2.2.4. Here also, supernova feedback is used and a Supermassive Black Hole
(SMBH) is included in the center of the colliding galaxies. Due to the higher resolution,
and the corresponding much smaller softening length, the SMBHs are staying in the centers
of the galaxies and merge on reasonable timescales.

3.1.1 Galaxy set-up

The initial conditions for the study are created using the method that has been described
in Springel (2005). Further documentation of the method can be found in Springel et al.
(2005) and Cox et al. (2006). The setup for the isolated disk galaxies consists out of a
dark matter halo, a spherical bulge as well as an exponential stellar and gas disk. The
dark matter halo follows a spherical Hernquist-profile (Hernquist, 1990, 1993). This profile
yields:

( ) ]"[dm a
w(r) = _.
pa 2 r(r+a)3
My, is the total dark matter mass of the halo, it describes the relation between the
halo concentration parameter CC' and the scale length rg of the well known NFW-profile

(3.1)
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(Navarro et al., 1997). The stronger decline of the Hernquist-profile in its outer parts gives
the advantage of convergence. While the NFW-profile must be numerically integrated and
truncated to obtain the mass distribution, the Hernquist-profile can be integrated analyti-
cally. Therefore, we can evolve the mathematical expressions for the mass distribution and
velocity distribution directly from an analytic model. In this galactic model the bulge also
follows a Hernquist-profile, giving the same advantages in terms of implementation. The
stellar disk and the gas disk are following a surface density profile given via:

M* Tpolar
¥, = —-2 2

for the stellar disk, with M, as the stellar mass in the disk and /4 as a scaling parameter.
The same is valid for the gas component of the disk.

M as olar
2gas e exXp (_Tp—l> ) (33)
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The parameter 7,015 is the radius component in cylinder-coordinates with the gas mass
My,s and the same scaling factor lq as given in the stellar disk.

For this study, five similar disk galaxies are created by using the method described
above. All dark matter halos have a concentration parameter of C'C' = 12. The stellar
bulges of these systems are modeled with a mass fraction of my = 0.01367 regarding the
total mass. The exponential disk contains a gas fraction of mg.s = 0.2 and a total mass
fraction of mgq = 0.041. The galaxies also contain a black hole in their center with a
mass of Mgy = 1.186 % 105]\4@. This results in a darkmatter- to baryonic mass fraction of
Mam /My = 10 per particle. Our main galaxy, (further on called as host-galaxy) is a Milky
Way-like galaxy with a total mass of 1.89 x 10'2M), corresponding to a virial velocity of
v9go = 160km/s. The galaxy consists of 10.8 Million particles in total, which split up into:
6.8 Million halo-, 1 Million bulge-, 2.4 Million disc-, and 0.6 Million gas-particles. This
results in a mass of &~ 1.88 x 104]\1@ per baryonic particle, which gives us sufficient mass
resolution to study the merger process in great detail.

All other three galaxies are downscaled copies of our host-galaxy. In order to cover a
broad range of different masses the other galaxies were created, by a factor of 1/5, 1/10,
1/50, 1/100, lighter than the host-galaxy. The resulting main parameters of the individual
galaxies can be seen in Table 3.1.1.

3.1.2 Stability tests

Prior to any simulations, the stability of the galaxy set-up and the compiled code has
to be tested. This was done by letting the initial host galaxy itself run and evolve for
the same time as the later simulations without any further interactions. Here, the effects
of the numerics and of the model itself were studied. This test proved that the model
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Mass ratio U200 Mass [Mz] number of baryonic particles
1 160km/s 188.7 x 1010 400 x 104

1:5 94km/s  37.7 x 101" 80 x 104

1:10 74km/s  18.9 x 1010 40 x 10*

1:50 43km/s 3.8 x 10! 8 x 104

1:100 34km/s 1.9 x 10 4 x 10*

Table 3.1: Main parameters of the created galaxies

remained almost constant over this time, with only slight changes in the disc scale height
and also only minor changes in the Hernquist profile of the bulge. This can be seen in
Figure 3.2 where the final profile is almost identical with the initial. This also proofs that
the softening length is reasonable. The model only evolved some kind of spiral structure
due to numerics which nevertheless is no problem regarding the aim of our study but would
be crucial if someone wanted to study the inner regions of the galaxy in more detail.

o [Mo/kpel]

r [kpe]

Figure 3.2: Comparison of the radial density profile of the Hernquist sphere at the beginning
and at the end of the simulation.

3.1.3 Merger set-up

The simulations consist of eight different orbital parameters, each executed with four dif-
ferent mass ratios, and some special orbits where some parameters are combined. The
resulting 35 simulations cover a broad range of different orbit parameters as well as dif-
ferent mass-ratios. For the angular orientation of the galaxies itself, the angles w and ¢ as
described by Toomre and Toomre (1972) are used. The impact parameter in our collisions
is defined by the angle «, which is an equivalent analog for the pericentric distance, and the
angle € for the inclination of the orbit corresponding to the main plain. These parameters
are chosen because they provide freedom in modifying the parameters in every thinkable
way without being restraint to any specific kind of orbit configuration. The corresponding
pericentric distances to cach value of a are shown in Table 3.1.3.
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For all simulations the initial distance between the galaxies has been set to ds, = 80kpc,
a distance roughly three times the radius of the host-galaxy (which is a reasonable distance
either in a physical sense, because it anticipates almost no interaction, and also keeps the
amount of computational time at a reasonable level). Their approaching velocity is equal
to the virial velocity regarding the host galaxy, which yields to vy, ~ 144.1km/s. The
velocity vector is always parallel to the adjacent side of o and always pointing in the
direction of the other galaxy, which can be seen in Figure 3.3. Each simulation is run long
enough that the galaxy has roughly 3.5Gyr to relax itself after the collision.

The set of simulations can be separated in two families. In the first family, family 1,
the orbits are in the plane of the host-galaxy disc, while the merging galaxy is tilted by an
angle of w = 30°, and + = 0°. Their impact parameter is varying, o € {10°,20°,30°,40°},
and a geometrical description of these orbits can be seen in Figure 3.3. For each value of
a, four simulations with different mass ratios (1:5,1:10,1:50,1:100) were executed.

dsep

dBEP

Figure 3.3: a) The geometrical set-up for all family 1 mergers. In this family the only
varied variable is o and w is keep constant at 30°. b) For family 2 the different orbits are
a result in varying {2 and keeping o = 0° constant.

For the second simulation family, family 2, the geometrical setup is shown in Figure
3.3. Here we fix a to 0° and vary Q € {0°,30°,60°,90°} instead. In this family, w = 0°
and ¢« = 0°. Again, for every combination, the simulation has been performed with all
four mass ratios. In addition to the two families a few 1:100 mergers as special cases were
executed, whose orbit parameters can be taken from Figure 3.5.

impact parameter o 10° 20° 30°  40°
pericentric distance [kpc] 1.8 7.0 15.0 24.8

Table 3.2: Comparison between o and the pericentric distance.
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3.2 Results

3.2.1 Mass-deposition

In order to study the mass-deposition of the merging event we calculated the corresponding
surface density distributions of the remnant. One of the global trends concerning the
surface density deposition, which is displayed for all simulations in Figure 3.4, is that at
a certain radius the merger galaxy starts to dominate the resulting mass-profile. This
behavior is independent of the impact parameter o or £2. This point is mainly depending
on the mass-ratio of the merger, while a larger merger has a closer turning point and for
a minor merger the turning point lies at larger radii. This insight is confirming common
knowledge. Also the total mass which is deposited inside of the remnants disc-range is
mainly depending on the mass-ratio. While a 1:100 merger is only able to deposit ~ 25%
of its initial baryonic mass inside the disc-range of the remnant, a 1:5 merger is able to
deposit up to 80%. This is confirming earlier studies (e.g. Hilz et al. (2013)), which
promote that minor mergers result in faster size growth, while major mergers result in
higher mass growth.

It can also be seen globally that the very minor mergers only have a slight impact on
the surface density distribution of the merger remnant, if compared to the initial galaxy.
The gradient of the merger remnant follows the initial gradient for minor mergers for radii
of up to ~ 30kpc (~ 4 X ry/5) while minor mergers already have a significant influence on
the gradient at ~ 15kpc (~ 2 X ry/2). But for all mergers the enrichment of the outskirts
is much more significant than in the center of the galaxy.

Starting with family 1, for the minor mergers (panel 5 and 6 of Figure 3.4) the surface
density distribution is very similar for different a. Mergers with both of these mass-ratios
are able to reach the center of the remnant in a significant manner, and are therefore able
to disturb the host-galaxy strongly. This can also be seen by comparing the Sersic-indices
of the remnant, which is done in subsection 3.2.6.

A trend which can already be discovered at the 1:10 mergers, but which gets more
dominant for the very minor mergers, is that the merger isn’t able to contribute to the
galaxy center anymore. Instead, they have a first peak at a radius of ~ 5 to 20kpc
(~ 1 — 3ry/2) depending on the mass ratio and impact parameters. The shape of the
distribution nevertheless stays similar for the individual mass-ratios, while getting damped
slightly and mainly shifted to the outer regions with increasing «, leaving an almost vacant
region in the center (panel 7 and 8 of Figure 3.4).

For family 2, the mass-distribution behaves similar to family 1 in some aspects. The
mass-deposition for the minor mergers are again only marginally, varying for different
inclination angles €2 (panel 13 and 14). Also, their influence on the center of the main
galaxy is, like in family 1, much more significant, which can be seen in the panels 13 and
14 of Figure 3.4.

For the smaller minor mergers, the variation of the inclination angle is much more
significant. If Q > 30°, the distribution is only marginally varying (panel 15 and 16), but
for smaller €2 it shows the same behavior as for family 1, it is therefore of great importance
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Figure 3.4: Surface density distribution for all simulations at ~ 3.5Gyr after the beginning
of the merging. The first two rows belong to family 1, while the first row compares all
mass-ratios at a certain a. The second row compares the mass-ratios to its different a.
The lower two rows regard to family 2. Here, as for the first family, for the upper row all
mass-ratios are compared at a fixed €2, and in the lowest row the individual mass-ratios
are displayed for different (2.
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Figure 3.5: Central surface density distributions for 1:100 mergers with various orbit con-
figurations

if the merger has to travel through the stellar disc or not.

Due to the anisotropic impact distribution of very minor mergers, which has its highest
probability in the disc plane (Shao et al., 2018), we extended our set of very minor mergers
for combinations of small values of a and €. The resulting central surface brightness
distributions for these very minor mergers are displayed in Figure 3.5. For a = 0° and
2 > 30° the density inclines steadily inwards. For low 2 and larger «, the density in
the center decreases, and for o > 20°,€) = 0° a region with lower density appears in the
center. The two parameters o and §2 work opposite to each other. While an increase of €2
increases the density in the central region, a larger a decreases it and shifts the distribution
outwards. In addition, one counter-rotating merger was performed (green line). It can be
seen that an inversion of the rotation results in a similar density distribution with a small
shift outwards compared to its co-rotating counterpart (red dashed line). However at large
radii there no real difference between both mergers.

3.2.2 Theoretical predictions

To compare the median of the final mass distribution with the theory we want to find the
distance Ry at which the tidal radius equals the half mass radius and at which therefore
half of the mass should be stripped. A relation between the size of an object and Ry is
deduced by Binney and Tremaine (2008), where the Jacobi radius r; corresponds to the
observational tidal radius and largest extend of the system.

A[S 1/3
Ty = <3A[H> RO (34)

The medians of the mass distributions are displayed in Figure 3.6 and it can be seen
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Figure 3.6: The median of the mass distribution for all family 1 and family 2 mergers
compared to idealized theoretical models.

very clearly that they differ strongly from the theoretical model. The fit function yields
to:

M\
T2 = (m) Ry (3.5)

For the minor mergers the difference is not that strong yet, especially for the 1:5 merg-
ers, where family 1 fits the theoretical lines. But for lower mass ratios the deviation gets
stronger and the mass gets deposited much further outwards than the theoretical predic-
tions would suggest. A possible explanation for this behavior is the continuous aim of
the system to re-virialize which leads to an expansion of the merger simultancously to the
stripping process. This would lead to a larger characteristic radius, lower densities and
an easier stripping of the remaining mass, finally resulting in a mass deposition at larger
radii. This effect has been described recently for dark matter only halos by van den Bosch
et al. (2018) and would occur for galaxies as well.

3.2.3 Contribution to the mass-distribution by different origin

By splitting up the merger in its components it can be seen for the gas-component that it
settles into the central regions of the remnant in all cases. For very minor mergers this is
at the position of the initial peak. This peak has a large proportion of gas and new stars
in addition to former disc- and bulge particles, which can be seen in Figure 3.7. This is in
agreement with the picture of gas been removed from the outer regions of a galaxy towards
the central region, feeding star formation, due to the merging process.

It can also be seen that, in general, the density of former disc particles is higher than of
bulge particles, due to the higher amount of mass stored in the disc compared to the bulge.
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But especially in the outer regions the bulge stars vanish, and only disc particles remain.
An additional feature which is illustrated in Figure 3.7 is the peak at r = 64kpc, which
is dominated by bulge particles. This peak consists of the surviving core of the merger,
which is still orbiting the remnant as a bound accumulation of bulge particles, which is
losing mass with every orbit.
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Figure 3.7: Surface density for a family 1 very minor merger (1:100) separated by origin
with a = 40°

3.2.4 Disc growth

With higher mass-ratios the initial disc loses its form and gets more and more isotropic as
shown previously. But under certain conditions it is possible that mainly the disc increases
in size without getting more isotropic in general. As displayed in Figure 3.8 for the family
2 mergers with 2 = 0°,a = 0°, the disc of the galaxy grows up to two times the size by
an 1:100 merger and even more for the 1:50 merger. Meanwhile, the disc-height remains
constant with a scale-height of h ~ 1.5kpc for both very minor mergers. With increasing
mass of the merger the size of the disc is not increasing any further, but instead the disc-
height starts to grow significantly. In the lower panels of Figure 3.8 this effect can be seen
very dominantly.

Besides the mass-ratio, the orbit parameters are very important for such a large disc
to form. An increase in disc size can only be seen while Q2 < 30°. If the inclination rises to
Q) > 30° the density distribution becomes spherical. The extension of the stellar particles
by varying «a stays roughly constant. But for larger o the overall shape of the remnant
loses its disc like appearance, and it changes to a more stream dominated like structure.
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3.2.5 Shells and streams

Galaxy shells are faint ring-like structures surrounding galaxies. These shells are quite
common in SO and elliptical galaxies, and roughly 10 % of all galaxies have shells (Malin
and Carter, 1983; Schweizer, 1983; Schweizer and Ford, 1985).

It can be seen in the simulations that shells only occur on flat and almost radial orbits
and are more dominant for very minor mergers then for minor mergers as already stated
by Hernquist and Quinn (1988) .

In these cases the merging galaxy disintegrates, and its stars begin to oscillate in the
potential of the host galaxy, which create the shell like structures around the host galaxy.
The shells can be separated in the phase space due to their different energy levels and
their oscillation can be seen very clearly in Figure 3.9. The outermost shell is the first
shell to be created by the merger, while with each orbital period a new shell with a lower
energy level is evolving. This loss in energy is due to dynamical friction where the high
energetic particles transfer energy to particles with lower energies of the host during their
orbits. As it is illustrated in Figure 3.9, the disc component is mainly responsible for the
evolution of shells and is showing clear tracks in the phase space. Due to similar energy
levels the bulge particles are reinforcing the shells, but are on much more isotropic orbits
and having a larger deviation in mean velocity. The gas, in contrast, doesn’t show any disc
like structure and is concentrated uniformly in the center.
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Figure 3.9: a) Galaxy shells in phase space, the different colors indicate different particle
types of the merger. b) The corresponding top view of the galaxy.

For all mergers the top views can be found in Figure A.5 and A.7 of the appendix.
As stated previously for the increase in disc size for larger «, the shape of the remnant
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changes and the shells evolve into streams. The required « for the creation of shells is that
a < 10°, and with a > 30° the shells completely transform into streams. In addition the
simulations show that the lifetime of streams is much larger then of shells, which are much
faster smoothed out into a continuous distribution.

3.2.6 Luminosity distribution

As discussed in subsection 3.2.1, the mergers are influencing the resulting shape of the
remnant strongly depending on their mass-ratio and impact parameter. In order to give
a rough classification of the remnant and to investigate for trends, we use the light distri-
bution by assuming a mass to light ratio of Mc/Lz = 1 and calculate the corresponding
Sersic-Index (Sersic, 1968).

The Sersic-Index is the parameter n in the corresponding Sersic-profile and is respon-
sible for the curvature of the profile:

I(R) = I(0) exp(—kRY™) (3.6)

Here 1(0) is the initial intensity at R = 0, k is the inverse of a scalelength and smaller
values of n lead to less concentrated profiles and shallower profiles. For all mergers of
both families, the variation of the Sersic-index due to the merger event follows the same
behavior, which can be seen exemplary in Figure 3.10, all profiles can be found in the
Figures A.10 and A.11 in the appendix.

For all mergers of both families, the variation of the Sersic-index due to the merger
event follows the same behavior. While the initial galaxy has an index n ~ 1.3, which gets
quite close to the index of an idealized exponential late type galaxy. It varies after the
collision, mainly depending on the different mass-ratios. For the 1:5 merger the remnant
results in an index of n &~ 3.5 — 6.5, which would correspond to an index of an early type
galaxy. The index of the remnant is decreasing with higher mass-ratios, the 1:10 mergers
result in n &~ 2.2 — 4.5, a value neither corresponding to late nor early type galaxy. With
a mass-ratio of 1:50 the index reaches n ~ 1.3 — 2.0 and the 1:100 mergers in n ~ 1.3 —1.4
which is almost identical with the initial index. This leads to the conclusion that very
minor mergers are not able to disturb the host disc-galaxy in a significant manner which
is in agreement with common knowledge. Interestingly, the orbit for very minor mergers
play almost no role, while for minor mergers the impact on the profile is of much larger
importance and the spread in n is much larger. This spread is due to the orbital parameter
w, while lower n are reached with lower (2. This result is explainable by the buffer the disc
builds against incoming particles, so particles coming from a flat orbit are distributed more
evenly and onto larger scales then ones coming from higher inclined orbits. The results are
similar to when the Einasto profiles (Einasto, 1965) are calculated for all remnants.
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Figure 3.10: Sersic profiles for mergers with different mass-ratios at o = 10°.

3.2.7 Radial anisotropies

To quantify the systems degree of radial anisotropy, we calculate the anisotropy parameter
(3 as described by Binney and Tremaine (2008):

2 9
p=1-20"7 (3.7)

2
202

Here 0y, 04 and o, are the velocity dispersions corresponding to the unit vector in spherical
coordinates which are calculated by:

1 N
o; = N;m—fﬂ (3.8)

In the idealized case of only circular orbits (o, = 0) this would lead to f = —oo. If
f = 0, then the radial the distribution function (DF) is ergodic. At the maximum of
p = 1, all orbits would be perfectly radial (¢y = 0, = 0). Anisotropies with 5 > 0 are
called radially biased, and if § < 0 tangentially biased.

For the initial galaxy, the DF is constantly strongly radially biased for all radii. In
Figure 3.11 the anisotropy profile of a 1:50 merger at a = 10° is displayed. It can be seen
how the merging component has an ergodic profile and how it is causing a dip in the total
profile by disturbing the host galaxy.

For all mergers the DF becomes more tangentially biased, but only in the inner regions
up to r < 20kpe. Here the mass-ratio is the main source of influence, while minor mergers
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Figure 3.11: Radial anisotropy profile of a 1:50 merger at a = 10°.

only have a low impact and shift the anisotropy to 8 ~ —4, intermediate mergers reach
values of up to § ~ —17. In general for all family 1 mergers with same mass-ratio, the DF's
look similar. For family 2, this is only valid for the minor mergers, which are also similar
to the ones of family 1. For the very minor merger their impact on the DF increases with
increasing €). In case of the 1:100 mergers of family 2 this results in values of 5 ~ —4 for
Q=0°up to § ~ —8 for 2 = 90°. All profiles can be found in the appendix in Figure
A.10 and A.11.

3.3 Conclusion

It is well know that galaxy mergers are of great importance for their evolution and also
happen quite frequently, especially the very minor ones. And albeit the fact that cosmo-
logical simulations have now reached resolution levels where they are even able to resolve
individual galaxies, idealized merger simulations are still essential to study the impact of
galaxy mergers in detail.

One of the main results is that, independent of the orbit, minor mergers are depositing
a way larger amount of their mass inside of the remnant galaxy than very minor mergers.
Nevertheless, the complete outer halo is build of particles initially belonging to the merging
galaxy. For very minor mergers most of its mass is deposited in the outer halo of the
remnant. In addition, a variation of orbit parameters have in general a low impact on
minor mergers, while for very minor mergers they are of great importance. This can be
clearly seen as for orbits with pericentric distances of at least d, = 7kpc, very minor mergers
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are not able to deposit their mass in the center of the remnant, but build a ring structure
around the center, which radius is depending on the impact parameter. Interestingly, the
orbit parameters o and €2 influence the mass-distribution inversely and with a similar
weighting for small values while an inversion of the internal rotation of the merger only
yields to a minor effect. The median of the merger mass is also located at much higher radii
then the theoretical models would predict which is a clear indicator for the importance of
particle-particle interactions which usually are neglected in simplified models.

In addition, minor mergers are always disturbing the host galaxy in a significant manner
and are able to introduce a crucial amount of disturbances to change the galaxies type from
a initial late type galaxy to an early type galaxy. Very minor mergers, on the other hand,
are not able to have a significant impact on the host galaxy and are therefore a process
by which a galaxy can grow in mass without changing its type. Nevertheless, here the
impact of the orbit can be seen very clearly, as orbits with higher inclinations increase the
Sersic-index much more than mergers with flat orbits. For these orbits the disturbances
are damped by the disc of the host galaxy.

But despite their minor impact on the host galaxy minor mergers are able to signifi-
cantly increase the disc size of the host. This effect can only be seen for flat orbits and
almost direct hit orbits, even small deviations in the orbit lead to a significantly alternate
resulting shape. Regarding the orbit this behavior goes in sync with the occurrence of
galaxy shells, which are only forming if the orbit is ideally within 10° and at an absolute
maximum limit of < 30° of the disc plane. For larger angles in the disc plane, streams
are formed instead of shells. This leads to the conclusion, assuming isopheric and central-
ized infall, that in > 50 % of all of these orbits it is impossible to produce shells and the
probability for orbits which most likely produce shells is ~ 17 %.

It has also been displayed how the origin of the particles is important for their final
position. While during the process of merging, the gas gets always stripped from the merger
and accumulates in the central regions of the remnant. The disc and bulge component are in
contrast to the gas component distributed about evenly until in in the furthermost outskirts
mainly disc particles remain and therefore mainly former disc particles are responsible for
the beautiful structures like shells and streams.



4. Summary and conclusion

In this thesis interaction between galaxies in cosmological and idealized environments were
studied. On the one hand, using cosmological zoom simulations it is possible to simulate
objects with different environments at higher resolution then in a cosmological box. This
allows to reduce the computational costs without loosing the complex environment and
achieving objects with unique evolutionary histories. The parameter study of idealized
merger simulations on the other hand has the advantage of having a determined set of
initial conditions and even higher resolutions then the zoom simulations. This allows to
study certain aspects of the interaction in much higher detail in an closed environment
without further disturbances, but lacking the complex cosmological environment. The
combination of these two techniques gives a very powerful approach to understanding the
formation and evolution of galaxies in highly interacting environments.

It was found that compact galaxy groups are physically dense objects and not projection
effects. Also, hints were found that one possible final phase of compact groups are giant
elliptical galaxies in isolated environments, so called fossil groups. Further more it could
also be seen how the gas decouples and builds up a hot halo additionally to interactions,
the IGL forms from the accretion of stellar systems. The IGL needs time to be build up
to cover all group members but is contributing significantly to the total stellar mass of the
group. This IGL and the corresponding structures like streams and shells were studied
in detail with idealized merger simulations. It was found that mergers always deposit
significant amounts of mass in the outer stellar halo of the remnant, and are therefore the
main origin of the IGL stellar component. Interestingly, the much more frequent minor
and very minor mergers contribute, percentaged of their individual mass, more to the outer
stellar halo then more massive mergers. These major and intermediate mergers have, on
the contrary, much larger impact on the morphology of the host galaxy. It can therefore be
concluded that the morphology of galaxies is mainly influenced by major or intermediate
mergers, while the outer stellar halo, and therefore the IGL, is enriched mainly by minor
and very minor mergers.
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Figure A.1: Image of the stellar
in different projections.
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Figure A.3: Image of the stellar component of the halos Nori 0, Nori 1 and Nori 2 at z =0
in different projections.
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A.2 Galaxy mergers

1:100

o= J.'Ou

20°

s
=

a=30"°

1] ) N A7V N T BN ¥ T

40°

o

-100 0 100 -—-100 0O 100 —100 O 106 —100 0 100
X [kpe] X [kpc] X [kpe] X [kpe]

Figure A.5: Top view of all merger particles after ~ 3.5Gyr of the collision for all family 1
mergers separated by their part-types (yellow: gas and new stars, red: bulge, black: disc).
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Figure A.6: Side view of all merger particles after ~ 3.5Gyr of the collision for all family 1
mergers separated by their part-types (yellow: gas and new stars, red: bulge, black: disc).
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Figure A.10: Sersic profiles for all family 1 mergers.
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Figure A.11: Sersic profiles for all family 2 mergers.
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Figure A.12: Radial anisotropy for all family 1 merger at ~ 3.5Gyr after the collision.
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Figure A.13: Radial anisotropy for all family 2 merger at ~ 3.5Gyr after the collision.
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