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Observations always involve theory.
|l Edwin P. Hubble, the realm of the nebulae

Antique philosophers and medieval astronomers
based their theories of our cosmos, as bounded as
they may seem to us nowadays, upon a strong be-
lief in order. The well ordered solar system, neatly
divided into harmonic shells rotating within each
other, represented a highly mechanistic and \per-
fectionistic™ expectation towards the cosmos.
Modern astronomy has broken these chains of
anthropocentrism, but the search for the bigger
picture, the imprint of the cosmos unto us and our
environment remains. This thesis is no exception.






Summary

The thesis at hand has been prompted by recent observations of highly anisotropic
distributions of dwarf satellite galaxies around nearby central galaxies. We start
this thesis with an overview of current observations of planes of satellite galaxies:
the three central galaxies, for which su cient and reliable data could be gathered,
are our neighbor Andromeda, the Milky Way, and Centaurus A, an elliptical galaxy
of about 102 M .

All three of them have been observed to feature a thin plane of satellites that
is highly anisotropic and statistically signi cant; estimates of possible chance oc-
currences of a single such plane are usually well below 1%, so the odds for three
similarly signi cant planes are negligible. Subsequent searches in cosmological sim-
ulations have led to mixed results, which makes our search in Magneticum even
more intriguing.

In order to try and nd explanations of this pronounced anisotropy in a universe
that is presumed to be mostly isotropic on large scales, we explore three formation
scenarios for such planes and brie y assess them for their feasibility: group infall,
second-generation tidal dwarfs, and lamentary accretion. Each of them has their
merits, and each of them has their caveats, but lamentary accretion seems to align
itself best with the concept of hierarchical structure formation.

Proceeding from these theoretical and observational considerations, we develop
two methods of identi cation of satellite alignment and planes. The rst approach,
called three-satellite planes method, tries to locate preferential alignment through
searches among all possible combinations involving three satellites of the respective
central purely based on their positions. The second approach, the momentum in
thinnest plane method, ts the thinnest possible planes to subsets of the satellite
population of a galaxy, and then checks if their momentum adheres reasonably well
to these planes.

The key results of our study are as follows: we nd a pronounced preference for
thin, momentume-aligned planes in the ensemble of our more than 600 systems. This
trend is most visible in planes consisting of up to 50% of the satellites available
in the system, but also carries on into planes with a higher fraction of satellites
partaking. Further study is needed to quantitatively compare to other simulations
and observations, but the results are nonetheless promising.






1 A short introduction to satellite
galaxies

1.1 Observations of satellite galaxy planes

The history of observations of satellite galaxies is tightly linked to that of two well-
known specimen: the Large (LMC) and the Small Magellanic Cloud (SMC). First
documented observations reach as far back as to the 9th century, when Western
Asian scholars like Ibn Qutaybah and later Al Su mentioned them in their descrip-
tions of the stars. But since they are visible only from the Southern Hemisphere, it
took the so-called Age of Discovery and the arrival of the 16th century for reports
of them to reach Europe.

In recent years, the Lambda Cold Dark Matter ( CDM) model of cosmological
structure formation, as described in e.g. Liddle (2015), has been called into question
by what has subsequently been dubbed \the planes of satellite galaxies problem” by
Pawlowski (2018) and others. The anisotropic distribution of dwarf satellite galaxies
of nearby systems was identi ed as a problem for CDM by Kroupa et al. (2005),
although this general claim was contested by Zentner et al. (2005) and Libeskind
et al. (2005) even at the time.

In the remainder of this section, we will take at look at some prominent obser-
vations of planes of satellites around central galaxies as well as prior searches for
similar structures in cosmological simulations.

1.1.1 Milky Way, Andromeda and Centaurus A

The three most prominent planes of satellites around central galaxies are located
in our vicinity: the Vast Polar Structure (VPOS) around the Milky Way (MW),
described by Kroupa et al. (2005) and Pawlowski et al. (2012); th&reat Plane
of Andromeda (GPoA) around M31, found by Conn et al. (2012) and Ibata et al.
(2013); and theCentaurus A Satellite Plang(CASP) around NGC 5128, established
by Tully et al. (2015) and Maller et al. (2016).

While the anisotropy around our MW has been suspected for quite some time (cf.
Lynden-Bell 1976, Kunkel and Demers 1976), only newer, more complete surveys and
signi cant advances in observation techniques were able to settle the matter. Large-
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Figure 1.1: Centaurus A, a neighboring elliptical galaxy at 3.8 Mpc
distance. Image credit: HST+ESO/Robert Gendler+Roberto Colombari

Figure 1.2: The Large and the Small Magellanic Clouds as seen from
Paranal Observatory in Chile. Image Credit: ESO/John Colosimo
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Figure 1.3: Observations of the Milky Way and Andromeda planes of
satellite galaxies in edge-on view.Left: the VPOS of the MW as it would
be seen from a position with both in edge-on view. Right: the GPoA
around Andromeda as seen from the Sun. In both plots, the best tted
satellite galaxy planes are displayed as dashed lines with their respective
width included as dotted lines. Where available, satellite velocities are
shown as blue downward triangles for approaching and red upward trian-
gles for receding satellites that are part of the plane, and as open triangles
for those that are not part of the plane. Crosses mark satellites for which
no individual velocities are available. The shaded areas mark regions with
severe observational limitations. Figure taken from Pawlowski (2018).

scale surveys of nearby galaxies such as the Pan-Andromeda Archaeological Survey
(PANdAS, McConnachie et al. 2009) for M31 and the Dark Energy Camera (DECam,
Muller et al. 2017) for the Centaurus group have expanded the search beyond our
own galaxy, and with both the GPoA around Andromeda and the CASP around
the more distant Centaurus A, further examples of highly anisotropic constellations

of satellite galaxies have been discovered. The current ndings are shown in Figure
1.3 for the MW and M31, and in Figure 1.4 for Centaurus A.

Statistics

It is important to note that these planes of satellites are statistically highly signif-
icant, as shown by Pawlowski (2016). The Sloan Digital Sky Survey (SDSS, York
et al. 2000) and the Dark Energy Survey (DES, The Dark Energy Survey Collab-
oration 2005) increased the number of known satellites of the Milky Way from 11
to about 40, and due to their very good alignment with the VPOS of the classical
satellites, the signi cance of the \new" VPOS has increased to  4:6, as calculated
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Figure 1.4: Observation of the Centaurus A satellite plane (CASP) in
edge-on view. The best tted satellite galaxy plane is displayed as a
dashed line with its respective width included as a dotted line. Where
available, satellite velocities are shown as blue downward triangles for
approaching and red upward triangles for receding satellites that are part
of the plane, crosses mark satellites for which no individual velocities
are available. The shaded areas mark regions with severe observational
limitations. Figure taken from Pawlowski (2018).

by Pawlowski (2016). The latter corresponds to a probability oP = 4:3 10 ° to

nd a con guration that is at least this extreme in a random distribution of satel-

lite galaxies, which in turn very strongly points to relevant, anisotropic formation
pathways of these planes.

1.1.2 Previous searches in simulations

Previous searches in simulations have lead to mixed results: while some studies
found no planes of comparable statistical importance in neither thilillenium 11
nor the lllustris  or the ELVIS simulations (Pawlowski et al. 2014, Pawlowski and
McGaugh 2014, Maller et al. 2018), others found strong indications for corresponding
satellite galaxy structures, for example Welker et al. (2018) iRlorizon-AGN  and
Dong et al. (2014) in their own cosmological simulation.

Figure 1.5 shows exemplary comparisons between the signi cance of the Centaurus
A plane of satellites and those of comparable systems in both tivillenium 11
and the lllustris  simulations from Muller et al. (2018). With both the atness
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Figure 1.5: Comparison of the Millennium Il (left) and lllustris (right)
simulations with the Centaurus A Satellite Plane. Displayed are the num-
ber of kinematically correlated satellites N¢or Over the on-sky axis ratio
b=a The color gradient represents the density of simulated systems for
either simulation, with the contour lines indicating the frequency of real-
ization of more extreme {i.e. thinner and kinetically stronger correlated {
systems. The histograms show the number of systems within certain axis
ratio and velocity correlation bins, respectively. The green shaded regions
indicate the frequency of systems that are at least as at € 5 ) or at least
as kinetically correlated (fcorr) as CASP, but the frequency of systems
that ful ll both is only fpgn = 0:1% for Millenium Il and fpon = 0:2%
for lllustris. Figure taken from Maller et al. (2018).

of the plane and the kinematic correlation of its satellites taken into account, the
frequencies of realizations of satellite planes with at least the same signi cantgy ,
are well below 1% of Centaurus A analogs in either of the simulations.

1.2 About the formation of planes of satellite galaxies

There are three major scenarios suggested for the formation of the observed, thin
planes of satellite galaxies around central host galaxies, which are displayed in Figure
1.6: rst, the preferential accretion of dwarf galaxies along the ridge of a lament;
second, the accretion of dwarf galaxies in groups; and lastly, the formation of second-
generation tidal dwarf galaxies out of the interaction of the tails of two galaxies. All
of these scenarios have their advantages and disadvantages, which we will briey
discuss next.
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Figure 1.6: Three di erent formation scenarios for thin planes of satellite

galaxies. Left: accretion of dwarf galaxies along a lament onto the halo
of the central galaxy. Middle: group accretion of dwarf galaxies. Right:

second-generation tidal dwarf galaxies formed from tails of interacting
galaxies. Figure taken from Pawlowski (2018)

1.2.1 Filamentary accretion

The accretion of satellites from nearby laments (Figure 1.6, left panel) is a scenario
that is consistent with cosmological observations of the lamentary structure of
the universe. Figure 1.7 shows the di erent stages of central galaxy evolution and
satellite accretion according to Welker et al. (2017), which we describe below. The
numbering in Figure 1.7, from 11 through 14, represents the di erent steps in galaxy
evolution designated by the typical mass of such a halo in units of IggM=M ).

1. In this picture, potential central galaxies form o -side the ridge of the laments
in quadrants of tidal torques that surround the ridge. The polarity of the
circum lament medium results in a galaxy spin that is aligned with the ridge
of the nearby lament. Typical halo mass: 1&'M

2. As the galaxy moves closer to the ridge of the lament and advances along it,
its halo grows from anisotropic lamentary accretion, and the speci ¢ angular
momentum starts to change due to it. Typical halo mass: 1M

3. The continuing accretion and mergers with dwarf galaxies that travel in the
direction of lamentary ow further increase the halo mass and size. The
stretching along the lament axis as well as the transfer of their momentum
nally ips the speci c angular momentum orthogonally to the lament. The
rotation plane of the central galaxy slowly follows suit. Typical halo mass:
10*M
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Figure 1.7: Dierent stages of central galaxy evolution and satellite
galaxy accretion. The designated central galaxy is shown through its disk
(black bar) and speci ¢ angular momentum (red to orange arrow) within
its growing halo (green ellipsoids) during four steps of its evolution along
the ridge of the lament (blue vertical line). The dwarf and later to be
satellite galaxies are displayed as orange halos with grey bars. The mas-
sive, dark blue arrows represent the lamentary ow, and the light blue
and pink shaded regions with circular arrows of the same color indicate
the preferred rotation of the circum lament medium in each quadrant.
For a more detailed description of the evolution, please see the text in
Section 1.2.1. Figure taken from Welker et al. (2017)
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4. Finally, the halo with its central galaxy and accreted satellites settles in a
cosmic node, its rotation in direction of its original lament, but its specic
angular momentum again less pronounced due to the now multidirectional
infall. Typical halo mass: 16*M

Some authors (e.g. Pawlowski 2018) argue that at the time of satellite accretion,
the laments are wider than the hosts virial radii. The solution to this problem
is already included in the above re ned evolution scheme, though: the preferential
accretion of massive halos along the spines of laments allows the infall of dwarf
galaxies to be su ciently anisotropic to produce thin planes of coherently moving
satellites. Even better, this e ect follows directly from the hierarchical structure
formation of CDM and requires no signi cant adjustments to the cosmological
model. Another advantage of the lamentary accretion scenario is that it represents
a somewhat steady, prolonged process that is independent of single, statistically less
likely events the two scenarios described below depend upon.

1.2.2 Group infall

The accretion of satellites from a common, infalling group of dwarf satellites is
another suggested formation scenario for galaxy satellite planes (Figure 1.6, middle
panel). In this case, satellites would fall into the halo of the host galaxy in a small
group and thus share orbital orientation, energy and speci ¢ angular momentum
(Lynden-Bell and Lynden-Bell 1995). It is then expected that the tidal forces of the
host halo will disrupt the initially bound satellites and disperse them along their
common orbital plane around the central galaxy.

The main problem with the group infall scenario is that in order for the resulting
satellite planes to be su ciently narrow, the accreted groups of dwarf satellites need
to be very compact to start with. In contrast, observations of the local Universe nd
such associations to be much more extended, with their size on the order of 200kpc
as opposed to satellite planes with a thickness of 1530kpc (Metz et al. 2009).

What further disquali es the group infall scenario as the main formation scenario
for the planes of satellites is, that either aforementioned groups would have to consist
of a larger LMC-equivalent and a sizable number of smaller companions { enough
to populate the whole plane {, or that several smaller groups of dwarf satellites
would have to be accreted individually but with very similar infall characteristics.
While the latter leads back to the lamentary infall of the previous Section 1.2.1,
the former is strongly discouraged by numerical simulations with regard to both the
number of dwarf galaxies per group (Li and Helmi 2008, Wang et al. 2013, Wetzel
et al. 2015, Shao et al. 2018) and to the ability to populate all observed regions of
a plane around the host (Nichols et al. 2011, Angus et al. 2016).
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1.2.3 Tidal dwarfs

The third formation scenario for planes of satellite galaxies centers around second-
generation tidal dwarf galaxies, as shown in the right panel of Figure 1.6. They
have been observed to form in the aftermath of the interaction between two larger
galaxies, when the debris collapses under self-gravity. In terms of properties like
size, mass, and star formation rate, they very much resemble normal dwarf galaxies
(Weilbacher et al. 2000, Wetzstein et al. 2007), and since all tidal dwarfs form out
of a common tidal tail, they share the same orbital plane and direction (Kroupa
2012, Hammer et al. 2013). Furthermore, Ploeckinger et al. (2018) have reported
the formation of tidal dwarf candidates in the CDM simulation Eagle .

The major reservations towards second-generation tidal dwarfs with regards to
planes of satellite galaxies stems from one of their key characteristics: due to their
formation history, tidal dwarf galaxies should be mostly dark matter free, but their
best candidates in the Local Group (LG), the dwarf spheroidal galaxies (dSph), are
observed to be highly dark matter dominateti according to CDM. The proposed
solutions to this conundrum are, by and large, deeply dissatisfying: one would have
to either question the validity of the observations or the dSphs assumed equilibrium
(Metz and Kroupa 2007), modify the properties of dark matter to enable participa-
tion in tidal dwarf galaxy formation (Foot and Silagadze 2013, Randall and Scholtz
2015), or switch from CDM to a modi ed gravity framework altogether.

None of the above solutions to the second-generation tidal dwarfs' observation-
vs-prediction problem can alleviate the more general problems associated with at-
tributing a seemingly widespread commodity like planes of satellite galaxies to single
event formation scenarios. The latter would require a frequency of order near unity
for galaxy-galaxy interactions resulting in tidal dwarfs, while having only minimal
scatter towards several encounters, which would lead to multiple planes or more
isotropic satellite con gurations.

IMeasurements of the LG dSphs indicate high velocity dispersions of their luminosities, which in
turn leads to a mass-to-light ratio of beyondM=L =10M =L .






2 Finding satellite planes in
simulations

In this section, we will direct our focus to the pressing task of nding and imple-
menting suitable schemes to identify and analyze planes of satellite galaxies around
their central galaxies. Our aim is to be complete, but not necessarily pure in the
rst place, then to further re ne the analysis by systematic means while retaining
completeness. To this end, we develop two approaches: the \three-satellite planes”
(short: TSP) scheme is described in Section 2.1, whereas the second approach via
momentum alignment of satellites to their position-wise best tted, thinnest planes

{ henceforth called \momentum in thinnest plane” scheme (short: MTP) { is dis-
cussed thereafter, in Section 2.2.

2.1 The three-satellite planes scheme

The three-satellite planes scheme (short: TSP) aims to amplify any preference in
subhalo alignment in galactic halos of arbitrary con guration. The basic idea for the
analysis of single halos in our ensemble is as follows: we permute through all possible
combinations of three subhalos in the given halo of satellite numb&. Then we
construct the normal vectors of all of those distinct planes and, after normalizing
them, evaluate them against an axis of our choosing. The distribution of separation
angles between all of these normal vectors and the axis for this given system is an
indicator for preferential alignment of subhalos. Please see Figure 2.1 for a mock-
up visualization of the approach. In the following subsections, we will look at the
di erent aspects of this scheme in more detail.

2.1.1 Constructing all three-satellite planes

Permuting through all possible three-satellite combinations lends us a number of
three-satellite planesNtsp that is

N
Ntsp = 3 : (2.1)
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(@) (b)

Figure 2.1: Sketches of a system consisting of a central galaxyblue)
with the minor axis € and its eight satellites. The three satellites that
are part of the speci cally highlighted plane (red triangle) are colored in
gold, the rest are kept ingray. (a) Only one plane is shown, together with
its normal vector A and the separation angle ; (b) visualization of all
three-satellite planes in the system shown in (a).

To better gauge the order of magnitude oNtsp, we use E = k,(n”—'k), to simplify
Equation (2.1) and get

Nl _N (N 1) (N 2
NTSP_S!(N 3) 6 !

which for su ciently large N 3 starts to grow with O3:

Ntsp N2  (forN & 30) (2.2)

It may thus grow prohibitively large for some of the systems in our sample; the
most massive halo, for example, had = 1529 subhalos, which results in a number
of Ntsp 59 10 three-satellite planes. As evidenced by Figure 3.2, those very
massive and satellite-rich systems are far from our standard case, though.

Since by de nition any three points lie in a plane, every set of three satelliteS
with 2 [1; Ntsp] will form a plane with a corresponding normal vector

A = k. 2.3
)ik | (23)

where ~j is the cross product of two out of three possible, linearly independent
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separation vectors between the three satellites in this speci c s&t:
~i = (% %) (% %) (2.4)

Here, % ; % ; % denote the position vectors of the three satellites at hand in s& .

2.1.2 Evaluating the three-satellite planes

From there on we continue to evaluate the set of all three-satellite planes as repre-
sented by the set of their normal vector§ A g against a single, chosen axig This

is done by means of the scalar product of vectors and ¢ which lends us the cosine
of the separation angle between the two:

cos =A q; foral 2 [1,Ntsp] (2.5)

It is reasonable to select an axis of physical meaning for this analysis, such as the
spin minor axis' of the central galaxy of the halo which we denote witke If our
coordinate systemf x; y; & has previously been aligned with the principal axes of
the central galaxy in the halof-a;b; €, then Equation (2.5) simpli es to:

01
0

cos =fA e=qn @A =n, ; (2.6)
1

which is just the z-component of any of the normal vectors . This is shown in
Figure 2.1a. The evaluation is computationally e ective especially for the very large
numbers of three-satellite planedNtsp that we may encounter on the higher-mass
end of our ensemble of halos.

2.1.3 Uniform random distribution on a sphere

Equations (2.5) and (2.6) notably feature the cosine of the separation anglénstead
of the angle itself. It is bene cial for our further analysis to retain it in this form;
the reason for this is the nature of the uniform random distribution on a sphere and
its reduction from 3D space into a single parameter. We will brie y demonstrate
this below.

The equivalent of a distribution of unit vectors in three dimensions that are ran-
domly and uniformly oriented in space is to have them start at the origin of coor-
dinates and point onto a unit sphere from within. Then each in nitesimally small
surface element of the sphere should have the same number of vectors pointing into

1The standard convention for naming the principal (semi-)axes of an ellipsoid area; b; ¢ for the
major, intermediate and minor axes, respectively, witha b c.
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it. Thus, we can transfer the problem from a three-dimensional vector problem to
a two-dimensional spherical surface problem. To this end, we rst parametrize the
surface elements in terms of the polar angleand the azimuthal angle

dA=r?sin d d (2.7)

We recognize that for our chosen axis, the axis, the problem is symmetric under
rotation around said axis; thus we do not need to concern ourselves with ér now
and can integrate over its range later. The radius of the unit sphere 1s= 1, hence
we can drop this factor straight away.
Since we want to test the surface elementAdfor its dependence on the cosine of
, We introduce the following notation:

cos ! = arccos (2.8)

In order to later on replace d with some expression depending on, we write

and use Equation (2.8) and trigonometric relations to reformulate the fraction as

d_ d(arccos ) _ 1
d d - P

Thus, we can write the initial Equation (2.7) for the surface element A in a form
entirely parametrized by =cos :

dA = sin (arccos ) p% d d (2.9)

Using a similar trigopnometric relation, namely
. P——
sin(arccos )= 1 2 ;
we are able to simplify Equation (2.9) signi cantly and obtain
dA= d d: (2.10)

This shows that the in nitesimal surface element depends linearly on the coss
and very much not linearly on itself.?

2The surface element & also linearly depends on the azimuthal angle , but since our analysis
method (the scalar product with the z axis) is rotationally symmetric, we can integrate over
and replace it by 2 .
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Hereby we have shown that the random uniform distribution of vectors in 3D
with separation angles between them and a chosen axis is a simple horizontal line
in a plot over a cos axis. Since we will judge the signi cance of preferences in
orientation of vectors (read: possible alignment of satellites) by their deviation from
the uniform distribution, this result simpli es our task considerably.

Finally, to check the integrity of our derivation, we integrate Equation (2.10) over
the whole unit sphere and nd that

Z, Z 4 Z

which is { as should be expected { the surface of a sphere with radius 1.

2.1.4 Symmetry of antiparallel normal vectors

After the short excursion into uniform distributions in the previous section, we
continue where we left o after Section 2.1.2. We are interested in uncovering
possible preferences in alignment of the subhalos, and to this end we rst assert
that values of > 90 are equivalent to their < 90 counterparts, since they only
re ect antiparallel equivalents of the same normal vectors projected onto an axis
€ and thus the sign of the projection of any normak onto our chosen axise (cf.
Equation 2.6),1., , is an arbitrary result of the satellite selection process and carries
no meaning. This can easily be shown: let; and s;; be the separation vectors
between satellites 2 and 1 and between satellites 3 and 1, respectively. Then the
normal vector of their common plane is given by

i3 = $1 S
= 81 $ = thzwe

which switches sign if we select satellite 2 and 3 in di erent order, although they
clearly make up the same plane as before.

2.1.5 Probability density function and excess probability

Now that the paramter space of cos in Equation (2.6) is well-de ned, we compute
the probability to nd it within a certain number of bins between 0 and 1. This is
best done with a probability density function (PDF) as illustrated in Figure 2.2.
The PDF is plotted as a histogram with ve equal-width bins over the interval of
cos =[0; 1] representing angles between @nd 90. The uniform distribution on a
sphere is displayed as the dashed horizontal line intersecting the ordinateyat 1,
and its integral is 1 as should be expected from a probability. Any deviations from
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Figure 2.2: lllustration of the probability density function of cos in ve
equal-width bins. The area of any individual, light blue histogram bar
represents the probability to nd a value = cos in the correspond-
ing bin. The dashed line marks the uniform distribution expected from
isotropy, while the turquoise shaded regions below and above it are equal
in area and represent the excess probability to nd  within these speci ¢
bins. In the example at hand, this corresponds to an excess probability of
24% of nding 2 [0:6; 1].

the uniform distribution, shaded in turquoise in Figure 2.2, represent an anisotropy
in distributions of angles and thus, where the histogram bars reach above the dashed
line, an excess probability to nd in the corresponding interval of cos. In

this speci c example, the integral of the PDF above the uniform distribution lends
us an excess probability of p.g.1; 21% to nd cos in the right-most bin, and
061 24% to nd it in the two right-most bins.

In general, the excess probability to nd =cos in between the values 0 a <
b 1is given by 7
b
= PDF( )d 1:
=a
This is not limited to a histogram PDF but also works for continuous probability
densities if the latter are available and their use is deemed feasible.

A short remark about the maximum values of PDFs: the apparent height of any
value on they-axis does not convey much information unless one considers the width
of the bin, as the (excess) probabilities are given by the integral of the function and
thus the area covered in the plot. The strong dependence of the highest possible
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value P for any PDF with npi,s equal-width bins is given by

Pmax = Piota  Noins ;

with Py = 1 the probability over the whole x-range? Since the number of bins in
both the example in Figure 2.2 and in our later analysis iByns = 5, the maximum
value isPpa =5 in both.

2.1.6 Combined analysis of many systems

Ultimately, we aim to draw statistical conclusions from our large ensemble of halos.
We therefore stack the PDF histograms of di erent subsets of our halos and look
for trends in (excess) probabilities for di erent cos bins across the halos of one
subset and for di erences in trends for the (excess) probabilities for di erent cos
bins between all subsets. We have considered di erent splits of the full ensemble,
two of the most feasible ones being a split bigvalue of the central galaxy and a
split by total halo mass. The resulting PDF histograms can be found in Sections
4.1.1 and 4.1.2, respectively.

Possible approaches to analyzing the stacked data are identifying the mean of
the probability P for each bin as well as the \scatter" in probability within 1
and 2 of the subsample of halos analyzed. We will perform this for both of
the aforementioned split criteria in Section 4.1. Furthermore, we can select sys-
tems with prominently high excess probabilities for further study and possibly 3D
visualization.

2.2 Momentum in thinnest plane scheme

The momentum in thinnest plane scheme (short: MTP) is as a method independent
from the TSP scheme described previously in Section 2.1 of this work, and is applied
to every system in our ensemble dfl;, = 622 halos individually. Its aim is twofold:

for one, in each halo withN subhalos, we search for the thinnesN 1 planes
consisting ofn = [2; N] subhalos and the central galaxy. In a second step, we
compute a measure for the adherence of saidsubhalos to their best t, thinnest
plane in terms of their momentum alignment. We will describe both steps in more
detail below, the second one starting from Section 2.2.4.

3In most applications, it stands to reason that the overall probability is 1, but in cases of e.g.
dependent probabilities there is the possibility of Pyt 1.
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2.2.1 Distances from a plane

Assuming we have an arbitrarily oriented, mathematical plang, then this plane can
be de ned by its normal vectorf, and its distance from the origin of the coordinate
systemd,. From analytic geometry, we know that the Hesse normal form o ers an
e cient way to calculate distances from a plane, so we rst give its de nition as

p: +* A, dy=0: (2.11)

The above equation de nes a plane such that all position vectorsthat satisfy it are
part of the plane p. We now remind ourselves that we search for a plane centered
around the eponymous central galaxy, so the plane will go through the origin and
the distance will bed, = 0. Thus, Equation (2.11) simpli es to

p: * A, =0: (2.12)

On the other hand, any satelliteS; at position + with an orthogonal distance ofd,
from the planep can be imagined as sitting in a plan@; parallel to p at the distance
di, giving us a plane

pi: f B, d=0:

Therefore, the Hesse normal form o ers an e cient way to calculate the distance of
any object at position f; via

di =+ fp= Xing+yny+ zn, (2.13)

The normal vector corresponds to two angles in relation to the coordinate system
{ and in our case the central galaxy and its minor axis {, the polar angle, and
the azimuthal angle , in spherical coordinates. We proceed to substitute the polar
coordinates

Ny =sin , cos n; ny=sin 5 sin ,; n,=cos ,
in Equation (2.13) so that we obtain
d=Xx sin,cos,+ Yy sin,sin,+ z cos,:

In a nal step, we switch from the angles of the normal vector,, and ,, to the
ones describing a vector that lies in the planp in direction to its highest elevation
z-wise. The azimuthal angle = | stays the same, while the polar angle= , 5
Is turned at into the plane. Thus,

d = X; cos cos Yi COsS sin + z sin (2.14)
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2.2.2 Projecting spherical coordinates onto a grid

Now that we have established a measure for the distance of a satellite from an
arbitrarily oriented plane through the central galaxy, let us consider how to project
the possible planes onto a su ciently ne grid for further analysis. Each of these
planesp(; ) is characterized by a set of two polar angles,and . We will search
for the thinnest n-satellite plane after putting all possible values of

h i

= 0 - and =[0;2]
2

onto a grid with a minimum accuracya. We de ne a such thatf = % is the fraction
of the total radius R of the system, meaning we segment the 2-length chord of
the unit circle along the range of =[0; =2] into a minimum of

2

‘

bins. Since we require an integer number of equally spaced bins and do not want to
omit the nal position at the end of the and of the range, we use

k =de+l1l and k =4de+1 ; (2.15)

for the number of bins along and . A minimal toy-example is depicted in Table
2.1 and has a very low accuracy da = 3, resulting in k = 6 bins along the polar
angle andk = 16 bins along the azimuthal angle. For each of thesd, = 96 angle
bins, the table shows the thickness of the thinnest satellite disk, color-coded in
gray-scale for simplicity: the darker the shade of gray, the thinner and thus t-wise
better is the plane. The actual technique to nd those thinnest planes is discussed
in the following section.

It should be noted that for any meaningful application of this analysis, the ac-
curacy a should be set much higher. For example, we later-on use= 180, which
corresponds to an angular resolution of at least® . A table depicting the resulting
grid similarly to Table 2.1 would haveN, = 1133 284 cells, which is why we opt for
lled contour plots in Section 4.2.1 of our results.

2.2.3 Finding the thinnest plane

Now that we have established both a measure for the distance of a satellite from
an arbitrarily oriented plane through the central galaxy as well as way to rasterize
the angles and of potential planes, let us consider a halo witiN satellites and a
central galaxy. We want to t a plane containing the central galaxy to an increasing
number of n out of the N total number of satellites, starting with n = 2, since
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1[2[3[4[5[6]7]8]9][10[11]12[13[14[15]16

o Ol W DN

Table 2.1: Exemplary table depicting a very rough grid of the angles
and for all possible planes, with the thickness color-coded grey: darker
shades indicate thinner, more favorable planes, lighter shades thicker, less
favourable ones. The best t would be located at bin 5, bin 3.

the central and just one satellite do not form a well de ned plane. Beware that
there will always be a perfectly tted, zero-thickness plane containing the central
galaxy andany n = 2 satellites, so which of theN 1 possible \thinnest" planes is
selected may depend on chance. In our case, this ambiguity is indeed not accounted
for; the selection of the members of the two-satellites-and-one-central plane depends
on the index number of our satellite, and thus carries no physical meaning. From
n =2 we move upward in number of satellites in steps of one and, for each number
n=3;4,:::N, look for the planep, (; ) through the central that features n out

of the total number of satellitesN with the smallest maximum distance fromp,.

fora(fSig) = fT;g a function that orders the set ofN satellites f Sig into the set
f T; g according to their distanced, = d(S;) from a mathematical planep,, then the
height of the physical plane of satellite®, is given by

Dpin = d([fora(f Sig)]n) = d(Th) : (2.16)

This means we de ne the thickness of our plane of satellites by the distanced; -,
of the satellite most distant from the plane, but which is still part of it by virtue of
being numberj = n in distance ordering.

As previously mentioned, we use this method for alN,, = 622 halos in our
ensemble, where we go through @l 1 feasible numbers of satellites in a plane,
and for each of these 1% *(N; 1) cases we compute the thickness&s,, of the
potential disks of satellites for all theN, possible planeg on our - grid. Table 2.2

demonstrates this nested approach.
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n=2 n=2
11 1 k 11 1 k
k 1 k Kk kK 1 k Kk
| n=3 | n=3
11 1 k 11 1k
k 1 kK kK kK 1 k kK
]n=N0 ’n=NNh1
11 i 1 k 11 1 k
k 1 kK kK 1 k Kk

Table 2.2: Schematic overview of the nested scheme used to nd the
N; 1 thinnest planes of satellites in allN halos of our ensemble. For
more details, please consult Section 2.2.3.

2.2.4 Using velocity planes

In this section, we will explore how to apply the methods developed in Section 2.2.1
to the velocity (and thereby momentum) of satellites. The basic idea is as follows:
we take a planep through the origin of the coordinate system as de ned in Equa-
tion (2.12). We realize that the velocityv of a satellite galaxy that was completely
moving in direction of this plane would not only be parallel to said plang, but {
once you shifted it to the origin { geometrically lie in this plane. Thus we adapt
Equation 2.12 to read
p: ¥ R, =0;

it gives usp; the equivalent of the planep in velocity space.

Any arbitrary satellite S; that is not moving in perfect accordance tqwill have
a velocity vector ¥ pointing out of said plane, and the distance from this plane in

v-space is equivalent to the absolute value of the velocity component perpendicular
to the plane, v, . Therefore, the equivalent to Equation (2.13) for velocities is

OF = M Rp = Vix Ny + Viy Ny + Viz Nz = J¥o] !
For consistency, we substituten,; ny; n, according to Equation (2.14) and are left

with
JM2] = Vix COS COS Viy €COS sin  + Vi, sin : (2.17)
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The above gives us a way to test if a satellite's movement will likely carry him out
of the planep previously tted according to his and hisn 1 companion satellites’
positions from the current plane selection.

2.2.5 Computing the in-plane momentum fraction

Having found another use of the Hesse normal form in the previous section, we now
will apply it to try and characterize the agreement of motion of then satellites of a
previously tted plane p, with the latter.

To this end, we rst derive the absolute amount of velocity in direction of the
plane, j¥yj, from the linear combination

M= Mkt Mo

and nd the fraction of velocity of satellite S; in direction of the plane to be

F = = 1 2= - (2.18)

We can easily substitute Equation (2.17) in the above equation to actually compute
the numerical values, but will keep the shorter notation for readability purposes.
Now, the fraction F; only applies to one satellite, but this can be easily expanded
to combine alln satellites in the plane by means of summation, leading to
X
ang = % ' Fi:
i=1

The closerF;,q is to 1, the more are the satellites generally aligned with the plane
with regard to their motions. This straight forward approach to a cumulative frac-
tion has disadvantages, though: all satellites of the séiS;g are weighted equally,
giving the lightest of them the same in uence on our measure as the most mas-
sive one. To remedy this, we proceed to weigh the satellites by their mass, which
e ectively makes our new measuré;,q the in-plane momentum fraction:
X | X |
ang = m; J¥j m; J'VJJ (2.19)

i=1 j=1

In a last step, we will now not only compute the in-plane momentum fractiof g
for all n satellites of our tted n-satellite planesp,, but also for their subsets with
=1;:::;n satellites, selected in decreasing order of their individual fractiors.
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n satellites

S S S, S; S, S5

F || 0:83] 0:99 | 0:92 | 0:75| 0:89

1 X 0.99

2 X X 0.96

3 X X X 0.93]| F¢ 4
4 X X X X 0.91

5 X X X X X 0.88

Table 2.3: Selection scheme fom out of n satellites of the position-wise
best tted plane p, according to their individual parallel velocity fractions
Fi, as well as the respective resulting in-plane momentum fraction$ g

assuming equal-mass satellites for simplicity.

This will allow us to judge how many of then satellites the planep, was tted to
position-wise actually agree with it momentum- and thus motion-wise. A simpli ed
example of this approach using equal-mass satellites is shown in Table 2.3.






3 Our search for satellite planes in
Magneticum

3.1 The Magneticum Path nder simulations

3.1.1 About the simulation

The Magneticum Pathfinder simulations are a set of sophisticated, state-of-the-
art hydrodynamical cosmological simulations. They span a wide range of volumes
and resolutions, the details of which are given in Tables 3.1 and 3.2. We &&x4 in
the ultra high resolution run { from now on referred to asBox4/uhr { to su ciently
resolve the galaxies and their satellites while working with a large enough sample of
systems that allows us to draw statistically relevant conclusions.

The simulations were run with an improved developers' version of the N-body/SPH
codeGadget-3 , which in turn is an updated version of the well-known open-source
codeGadget-2 (Springel, 2005). Our updates include but are not limited to the use
of better suited kernels as well an improved scheme for arti cial viscosity (cf. Beck
et al. 2016; Dolag et al. 2005). For a full overview of the methods and techniques
employed, please see the rst chapter of Teklu (2018) or visiww.magneticum.org
For data access via the&Cosmological Web PortalRagagnin et al. 2017), please visit
https://c2papcosmosim.uc.lrz.de

3.1.2 Our data set

We use data fromBox4/uhr, which simulates a cube volume element of the universe
with an edge length of 48 Mpeh and a very high resolution of 2576 particles. The
simulation consists of the same number of dark matter and gas patrticles, the former
with a mass ofmgm = 3:6 10’M =h, the latter with mg,s = 7:3 10°PM =h. We are
thus able to resolve { among a wide variety of other phenomena { halos containing
central galaxies and their satellites, and use their properties like mass, position and
velocities in our analysis.

Our sample consists oN,, = 622 halos that have been extracted fronBox4/uhr at
redshift z = 0:066 using a version osubfind , an algorithm to identify substructure
in cosmological simulations introduced by Springel et al. (2001). As opposed to the
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Figure 3.1: Overview of the currently available Magneticum boxes.

Box0 Box1 Box2b Box2 Box3 Box4 Box5
Mpc/h 2688 896 640 352 128 48 18
mr 2 4536 | 2 1526 2 594 | 2 216 | 2 81°
hr 2 288G | 2 1584 | 2 57¢ |2 216 | 2 81
uhr 2 57¢ | 2 21¢
xhr
Table 3.1: Number of particles and edge length of the dierent

Magneticum Pathfinder

Table 3.2:

Mdm ‘ Mgas dm ‘ gas ‘ stars

M kpc/h
mr || 1:3 10° |26 10° | 10 | 10 5
hr || 6:9 10° | 1:4 10® | 3.75| 3.75| 2
uhr | 3.6 10/ | 723 1P| 1.4 | 1.4 | 0.7
xhr || 19 1C° | 319 1(° | 0.45| 0.45| 0.25

simulations at their various resolutions levels,
mr, hr, uhr, and xhr. Listed in gray are currently running simulations.

Mass of the dark-matter and and gas particles at di erent

resolution levels as well as the softenings employed for dark matter, gas
and stars.
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