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Zusammenfassung

Das ACDM Modell ermoglicht eine erfolgreiche Beschreibung unseres Universums und
seinen Strukturen vom Urknall bis zur heutigen Zeit. Dabei setzt es zwei Arten von Materie
bzw. Energie voraus, deren genaue Natur noch unbekannt ist. Laut diesem Modell besteht
der grofite Teil der Materie aus kalter dunkler Materie (CDM) und baryonische Materie
macht nur einen geringen Teil aus, obwohl daraus alle sichtbaren Strukturen bestehen.
Zusatzlich gibt es die dunkle Energie, welche die beschleunigte Expansion des Universums
antreibt und sich durch eine kosmologische Konstante A auflerst gut erklaren lasst.

Die dichtesten Strukturen in unserem Universum wurden ausgiebig erforscht und deren
Beobachtungen ermoglichten das ACDM Modell. Im Gegensatz dazu wurden die gréfiten
und leersten Regionen in unserem Universum, bekannt als kosmische Leerraume bzw.
Voids, erst seit kurzem genauer untersucht. Kosmologische Tests mittels Voids werden
immer héufiger benutzt, dennoch gibt es einige Aspekte dieser Regionen, die detaillierter
erforscht und verstanden werden konnen. Dazu zahlt die Struktur und Dynamik von Ma-
terie um Voids, als auch die Uberpriifung theoretischer Vorhersagen in diesen Regionen.

Diese Doktorarbeit beschéftigt sich mit dem Erforschen dieser Aspekte mittels mod-
ernster hydrodynamischer Simulationen. Die Untersuchung von Voids ist an und fiir sich
interessant, zusétzlich konnen unsere Ergebnisse helfen, kosmologische Tests zu verfeinern
und den Nutzen von Voids tiber grofie Zeitraume und Skalen zu erweitern.

Zuerst stellen wir das Thema und die Grundlagen der Kosmologie in Kapitel 1 und 2
vor und erklaren unsere Methoden sowie die benutzten Simulationen in Kapitel 3 und 4.
Nachdem die Grundlagen etabliert wurden, betrachten wir allgemeine Eigenschaften von
Voids in Kapitel 5, wo wir eine Konvergenz ihrer Radien auf groflen Skalen finden. Danach
erforschen wir allgemeine Aspekte der Struktur und Dynamik von Materie um Voids
in Kapitel 6, was unterschiedliche Grenzen der herkommlichen Methodik aufdeckt. In
Kapitel 7 zeigen wir eine Ubereinstimmung zwischen theoretischen Vorhersagen zur Dy-
namik von Materie und den Simulationen auf ‘kleinen’ Skalen von wenigen Megaparsec
auf. Kapitel 8 untersucht die Notwendigkeit von hydrodynamischen Simulationen und wir
finden nur geringe Einfliisse von Baryonen auf beobachtbare Void-Statistiken im Vergleich
zu vereinfachten Simulationen ohne Baryonen. Schliefllich erkunden wir die Entwicklung
von Voids iiber nahezu das gesamte Alter des Universums in Kapitel 9, wo wir verschieden-
ste Statistiken sowie theoretische Vorhersagen zum Wachstum von Strukturen analysieren.
Weiterhin entdecken wir eine einzigartige Eigenschaft von Voids, die ihre Entwicklung
trivial erscheinen lasst, obwohl die Griinde dafiir hochstwahrscheinlich sehr komplex sind.






Abstract

The ACDM model is quite successful in the phenomenological description of the evolution
of our Universe and the structures within, even though it relies on two as of yet unknown
forms of matter and energy. According to this model, most of the matter in our Universe is
in the form of cold dark matter (CDM) and visible structures made up of baryonic matter
contain significantly less mass than CDM. The other unknown quantity that drives the late-
time accelerated expansion of our Universe is referred to as dark energy. A cosmological
constant A for this type of energy is so far consistent with observations.

The most overdense structures in our Universe have been studied extensively and
through their use in observations the ACDM model was built. In contrast, the study of the
largest and most underdense regions of the cosmic web, known as cosmic voids, emerged
only in recent years. While their use as cosmological probes is already well established,
there is still a vast space to explore various aspects of their structure and dynamics, as well
as to test the validity of predictions from linear theory in these underdense environments.

The subject of this dissertation is to test both of these aspects by using state-of-the-art
hydrodynamical N-body simulations. The detailed study of voids is not only interesting in
its own right, but our results can additionally help in improving current methods employed
in cosmological tests with voids, as well as maximize their use across both time and scale.

After introducing the topic and summarizing the basics of cosmology in chapters 1
and 2, we describe our methods and simulations in chapters 3 and 4. As the background of
this work is covered, we investigate general aspects of void properties and find an alignment
of their size distributions on large scales in chapter 5, before exploring the structure and
dynamics of tracers around voids through their profiles in chapter 6, where we identify new
biases in estimators. These chapters form the foundations for more detailed studies and
we find a validity of linear theory predictions on velocities around voids down to scales of
only a few megaparsecs in chapter 7. Subsequently, in chapter 8 we explore the necessity
of complex hydrodynamical simulations and discover small impacts of baryons on observ-
able void statistics compared to more simple dark matter only simulations. Moreover, we
examine the different distributions of CDM and baryons around voids. Lastly, we follow
the evolution of voids over nearly the entire age of the Universe in chapter 9, where we
analyze the evolution of their common statistics in matter and biased tracers, as well as
test theoretical predictions on the growth of structures. Furthermore, we uncover a unique
characteristic of voids that makes their evolution appear quite trivial, although reasons for
this seem to be rather complex.
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“That is the beginning of knowledge —
the discovery of something we do not understand.”
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Chapter 1

Introduction

The ultimate goal of cosmology is quite ambitious. Its aim is to understand and describe
the evolution of our Universe in its entirety. This includes the evolution of its matter and
energy contents, starting from the beginning of the Universe close to 14 billion years ago up
to current time, as well as ultimately determine its fate in the far future. So far the earliest
observations of our Universe start with the first observable light, the cosmic microwave
background (CMB) radiation, which revealed the presence of extremely small fluctuations
in both density and temperature at a time when the Universe was still relatively young,
with an age of only 380000 years [1, 2]. While tiny, these fluctuations already provide the
necessary seeds for the cosmic structures we observe today, as small initial overdensities
were amplified under the influence of gravity by many orders of magnitude and steadily
built up what is now known as the cosmic web, an intricate system of gravitationally
bound structures residing in our cosmos. This cosmic web consists of a network of sheets,
connected by long filaments, which are in turn connected by nodes of high density [3].
As matter most strongly clusters in these overdense regions, the remaining space becomes
more devoid of matter and expands in time as the Universe evolves, thus creating enormous
underdensities, referred to as cosmic voids [4-9].

With past and upcoming surveys of the sky we are able to map out significant fractions
of the observable Universe and the structures of the cosmic web therein in ever increasing
detail ( [e.g., 10-20]), at least indirectly via surveys that map out luminous tracers, such
as galaxies and clusters. However, the dominant fraction of the matter content in our
Universe is not directly observable and is assumed to be some form of cold dark matter
(CDM), a type of matter that is solely affected by gravity and no other known forces, but
its particle nature is still unclear and remains one of the most important questions in both
cosmology and particle physics. In addition, a late-time accelerated expansion of space has
been first observed around 25 years ago using supernovae data and revealed the presence
of what is now referred to as dark energy. While its exact nature is unknown, observations
are so far consistent with a cosmological constant A [21, 22]. These unknown components
of matter and energy make up the current standard model of cosmology, the ACDM model.
At present time around 95% of the energy content in the Universe is contained in the form
of CDM and dark energy, while baryonic matter accounts for the remaining 5%, yet it
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makes up all the visible structures we observe. Despite the still to be determined nature
of both CDM and dark energy, simulations allow us to study the ACDM universe in great
detail and help us investigate the formation and evolution of cosmic structures [e.g., 23, 24].

In recent years the study of cosmic voids in both simulations and observations emerged
and gained traction (see e.g. references [25-28] for reviews), as it was discovered that
voids can be utilized as very efficient cosmological probes [27-35]. For example, using
voids as probes for dark energy originates from their underdense nature, as the interior
of voids can be thought of as small and independent ‘pocket universes’ of low density,
in which dark energy became of relevancy at much earlier times compared to the rest of
our Universe [33, 36, 37]. While the expansion of voids distinguishes them from collapsed
objects that decoupled from the Hubble flow, voids still exhibit universal characteristics,
similarly to halos, like the shapes of their radial density profiles [38, 39]. These density
profiles have become a focus of interest in a number of recent studies, both in the context
of analyzing ACDM cosmology [e.g., 40-49], testing modifications of general relativity
(GR) [e.g., 50-60], as well as exploring models of dark matter [e.g., 61-65] and the influence
of massive neutrinos [e.g., 66-73].

Moreover, the study of their radial velocity profiles has become of importance for mod-
eling redshift-space distortions (RSD) and the observable void shapes in redshift space [e.g.,
74-83]. As it proves difficult to measure the velocities of tracers directly, local mass conser-
vation is used to relate their density with the velocity of tracers. While voids themselves
are nonlinear objects with densities at their boundaries on the level of the mean back-
ground density and above, the relationship between velocity and density can be described
remarkably well by the linearized continuity equation [38]. This unique property of voids
has been key in the success of RSD models around these underdense environments.

While voids are already well established cosmological probes, there is still more to learn
about their internal structures and dynamics through the use of simulations. This thesis
aims to study the fundamental properties of voids in great detail across vast ranges in
resolution and scale with the help of hydrodynamical simulations of a ACDM Universe. A
simulation study across scales can help us improve current observational applications, such
as RSD, determine the necessity for inclusion of baryonic effects on void statistics and can
unveil some new fundamental properties of voids. In this work we compare different estim-
ators for the velocity and density around averaged (stacked) voids and explore the effects
of weighting schemes, subsamplings and mass cuts of the underlying tracer distributions on
their profiles. Furthermore, we examine the limits of linear mass conservation around both
stacked and individual voids, we study the impact of baryonic physics on their statistics,
and explore their statistical evolution over cosmic time. Parts of this thesis are based
on the publication Why cosmic voids matter: nonlinear structure € linear dynamics [84]
by N. Schuster, N. Hamaus, K. Dolag and J. Weller, as well as manuscripts currently in
preparation for publication.

The outline of this thesis is as follows: In chapter 2 we provide an introduction to the
theoretical foundations of ACDM cosmology and cosmic voids. Chapter 3 introduces the
watershed void finder that is applied to the tracer catalogs extracted from simulations and
provides definitions for commonly used properties of voids. Furthermore, we explain details



on the different estimators for density and velocity profiles of both individual and stacked
voids, as well as their interrelation via the linearized continuity equation. Chapter 4
provides details on the hydrodynamical simulations from the Magneticum suite, which
contains cosmological simulations across a variety of different resolutions in mass and scale,
and we discuss our selection of halos as tracers for the void identification and calculation
of void profiles. The presentation of novel results starts in chapter 5, where we describe
halo and void catalogs obtained from the Magneticum simulations, in addition to discussing
general insights on the scale and tracer dependence of void properties and their correlation.
In chapter 6 we investigate various properties of both density and velocity around voids
for a variety of tracers. We discuss the impact of merging of voids and mass weights on
the density, how common void properties are reflected in their profiles and the different
effects of subsamplings and mass cuts. These investigations reveal the bias of the different
estimators. While not feasible in observations, we additionally explore the splitting of
profiles in inflowing and outflowing tracers samples. Chapter 7 tests the validity of the
application of linear mass conservation across a wide range in scale for both individual and
stacked density profiles by comparing results with the measured velocities. Next, chapter 8
explores the impact of baryonic physics on common void statistics, for voids identified in
both CDM and baryons, along with comparing statistics of halo defined voids between
hydrodynamical and dark matter only simulations for a variety of cases. Furthermore,
we examine differences in the structure and dynamics of baryons and CDM around voids
identified in halos and are able to place an upper limit on these deviations through a
resolution study. In chapter 9 we investigate the evolution of voids over a vast amount of
time as the Universe ages, for fixed subsamplings of CDM in order to explore how matter
clusters over time, and for halos identified at fixed mass cuts, which reveals the impact of
halo formation on the statistics of voids. Furthermore, we test how well linear theory can
predict the growth of structures and we identify a way of investigating void density profiles
that is universal across time and a wide range in mass and scale. Finally, in chapter 10
we conclude and summarize the overall results from this work and discuss potential open
questions, as well as applications in observational studies.

For a comprehensive understanding of this thesis, chapters 2 to 6 should be read first
and in order of appearance. Chapters 7 to 9 can be read out of order, as they only rely on
the more general discussions from chapters 2 to 6.
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Chapter 2

Basics of cosmology

As the ACDM model works very well for the phenomenological description of our Universe
and is the basis of modern cosmology, we will use this chapter to briefly introduce some
of its underlying concepts. We first provide an overview on cosmology in a homogeneous
ACDM universe in section 2.1, including its foundations in general relativity. We then
cover the evolution of inhomogeneities under the force of gravity in section 2.2 and the
evolution of spherical underdensities, i.e. voids, in section 2.3. The summaries of topics
covered in these sections are based on references [85-89]. Throughout this chapter we
adopt the following conventions:

We use natural units c=h =1
Greek indices «, 3 etc. cover the 4 space-time indices with 2° = ¢, e.g. o =0,1,2,3
Latin indices j, k etc. denote spatial components 1, 2, 3

Einstein summation convention is adopted, i.e. if any index appears in both upper

and lower position, one sums over this index without explicit writing of the sum, e.g.
3

ikt =3 ikt = ik + Gok? + ok
=1

We adopt the metric signature (—, +, +, +)

_ da

Dots on top of functions indicate derivatives with respect to physical time, e.g. a =

Lengths and distances are usually given in units of Mpc/h, with h defined as:

h = mm(m;f# , where Hj is the Hubble constant

Masses are given in units of Mg /h, where M, is the solar mass.

Numerical values of selected physical constants are given by [90]:

— speed of light in vacuum: ¢ = 299792458 ms™!

— gravitational constant: G = 6.67430(15) x 107" m®kg ' s72
— parsec: 1pc = 3.08567758149... x 1016 m
— Solar mass: M, = 1.98841(4) x 10*° kg
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2.1 The ACDM Universe

The ACDM model assumes the cosmological principle, which describes the Universe as
spatially homogeneous and isotropic on large enough scales, typically larger than a few
hundred megaparsecs. It further assumes that on these large scales, gravity is the only
relevant interaction and can be adequately described by general relativity. The other
fundamental forces like electromagnetism solely affect baryonic matter and not CDM.
Furthermore, these other forces are only relevant at significantly smaller scales compared
to gravity.

The equations that describe the intricate connection between the geometrical properties
of spacetime and the energy contents of the Universe are the Einstein field equations:

1
G;w = R,u,u - 5 Rg,uu = 381G T/,LVJ (21)

where the right side contains Newton’s gravitational constant G and the energy contents
of the Universe are described by the energy-momentum tensor 7,,. The cosmological
constant A can be either included in the energy-momentum tensor or can be added to the
left side of equation (2.1) as a term A g,,. Furthermore, g,, are the components of the
metric, R, is the Riccl tensor and R = R} the Ricci scalar. The Ricci tensor itself is given
by:

ore ore
_ i Ha a 178 a 70
py ore o oV + FﬁaFuV - 51/Fua’ (22)
with the Christoffel symbols I' in terms of the metric:
1 agau 89,31/ aga,@
rt, = —g" — . 2.3
op =99 (8335 * dz®  Ox¥ (23)

Equation (2.1) shows the connection between the metric and the energy contents, where
the geometry of spacetime is determined by the right hand side of this equation. The metric
tensor g, itself defines the line element:

ds* = g, dz#da” . (2.4)

As the cosmological principle assumes a spatially homogeneous and isotropic universe,
the metric of such a universe has to share these qualities. Hence, the spatial components
of the metric have to be invariant against translations and rotations. The Friedmann-
Lemaitre-Robertson-Walker (FLRW) metric fulfills such requirements and is given in the
form of the line element as :

2
ds® = —dt® + a*(t) % + 12 (d6® +sin® 0 d¢?) | | (2.5)
— r

where (comoving) spatial polar coordinates (r,6,¢) are used. The quantity a(t) is
known as the scale factor and it determines the scaling of spatial distances with respect to
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the distance at a chosen initial time ;. By convention this time is chosen as present time
and a(tg) = ap = 1. This scale factor defines the relation between physical coordinates
Zphys and comoving coordinates geom as Tphys = a(t) geom. Hence, if two objects experience
no net force between them and simply follow the expansion of the Universe, their comoving
distance remains constant, while their physical distance evolves with a. Lastly, the constant
K in equation (2.5) represents the spatial curvature and overall geometry of the Universe:

1 closed universe ; spherical geometry
K= ¢ 0 flat universe ; Euclidean geometry (2.6)

—1 open universe ; hyperbolic geometry.

From now on we will assume a spatially flat universe for the rest of this work, though
we will keep K in some equations. Flatness (K = 0) is in accordance with theoretical
arguments from inflation [86], and consistent with recent measurements [91].

The components of the FLRW metric g, can be read from equations (2.4) and (2.5).
With these components, the left hand side of equation (2.1) can be calculated. Of course as
the metric has to fulfill homogeneity and isotropy, so do the matter and energy components
that fill our Universe. On large scales, these can be approximated as perfect fluids. In the
frame of a comoving observer, the energy-momentum tensor of perfect fluids reads as:

T} = diag(—p, p, p. p) (2.7)

where p is the energy density and p the pressure of the given fluids. The Universe
obviously contains more than one type of matter and energy, but the total energy density
and pressure for multiple fluids are simply given be the sums of the respective properties of
the individual components. Using this energy-momentum tensor combined with the FLRW
metric in the Einstein equations (2.1) we ultimately get the two Friedmann equations:

.\ 2
a 8t K
2 =R, 2.8
(%) ¢,k (23)
__— 4
§:H+H2:—%G(p+3p), (2.9)

where H = g is the Hubble parameter and spatial curvature K is included for the sake
of completeness. A further time derivative of the first Friedmann equation (2.8) and using
the second Friedmann equation (2.9) results in the continuity equation:

p+3H (p+p) =0, (2.10)

which describes local conservation of energy and momentum. Typically the energy
density and pressure are not independent, but are related by an equation of state:

p=wp, (2.11)
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which connects the density and pressure for different types of matter and energy. Com-
bining this general equation of state with the continuity equation (2.10) reveals the scaling
of density with respect to the scale factor:

p ox a3+ (2.12)
Radiation and relativistic particles have w, = %, while non-relativistic matter is treated
as dust with zero pressure, i.e. wy, = 0, and the cosmological constant has wy, = —1.

Hence, their energy densities evolve as:

4 3

proxa”t, pmoca® , pp = const. (2.13)

This evolution of different densities already indicates that radiation and other relativ-
istic particles were more relevant at early times, or equivalently small scale factors a, while
matter can dominate at intermediate time. The impact of the cosmological constant A
to the energy densities becomes of more importance at late times, when other densities
become smaller due to their dependence on a. Of course these arguments come solely
from the scaling with a of different densities, ignoring the percentages each type of energy
contributes to the total energy at a fixed time.

In a flat universe (K = 0) the first Friedmann equation (2.8) at time t = ¢, defines a
critical density Peito:

3172

Perit,0 = % .

This critical density allows us to express the energy contents in more convenient ways,
namely in terms of dimensionless density parameters €2;, here at current time t:

(2.14)

_ Pip 87 pio
Qo = P SHT (2.15)
The subscript ‘0’ is often dropped out of convenience, which we will adopt as well.
Therefore, any €2; that appears in the following equations is always the density at present
time ¢, in terms of the current critical density peito. Using these dimensionless density
parameters, the Friedmann equation (2.8) can be rewritten for the previously introduced

matter and energy components as:

H?(a)
Hg
where the density parameter for A and the newly introduced curvature parameter {2
are given by:

= at+ Qa4+ Qa2+ Oy, (2.16)

A K
h=—s, Qk=—=.
AT BEE YT H?
Next, we want to introduce the cosmological redshift z. Let us consider a distant source
that emits light at a given wavelength A, at time ¢, and we observe this source at time

to with a wavelength \g. This defines the redshift z as:

(2.17)
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/\0 - )\em

Zem = ————.
¢ )\em

During the time this light was emitted and observed, the Universe expanded. This

expansion affects wavelengths as well, and they scale as A & a. Rearranging equation (2.18)
and using a(ty) = 1 for observations at present time yields:

(2.18)

1 1
A(tem) 1+ Zem
Combining these results and assuming a flat universe, we can find the following expres-
sion for the Hubble parameter H(z):

14+ zem = < a(tem) (2.19)

H(z)=Hy /O (1 +2)4+Q, (1423 +Q , (2.20)

where we want to emphasize once more that €2; are present day values. In a flat
universe we can use 2y = 1 — Q, — Q.. Moreover, at small redshift z we can neglect
the contribution of radiation to the energy budget, i.e. 2, = 0. This allows us to further
simplify equation (2.20) to:

H(z)=Hy /O (1+2)3+1-Q,, . (2.21)

2.2 Evolution of inhomogeneities

In the previous section we assumed a completely homogeneous and isotropic universe.
While CMB observations show a very homogeneous and isotropic Universe, small inhomo-
geneities in density are present at early times, which eventually evolve into the cosmic
structures we observe today. Although averaged over large enough scales, homogeneity
and isotropy still holds. The temperature fluctuations of the CMB were only on the order
of AT/T ~ 1075, which directly translates to fluctuations in the density of baryonic matter
of the same magnitude. Before the recombination of charged electrons and protons into
neutral atoms, which led to free photons that make up the CMB, radiation and baryonic
matter were tightly coupled. Frequent interactions and radiation pressure prevented bary-
ons from clustering before recombination. However, due to the non-interacting nature of
CDM with photons, any inhomogeneities in CDM were able to gravitationally cluster even
before this time. As baryons and radiation decoupled after the CMB, baryons were now
able to collapse as well, and the already present gravitational potential wells from CDM
boosted the structure formation of baryons.

In order to understand how inhomogeneities in the density field evolve into the observed
(nonlinear) structures, we need to investigate how these idealized fluids are influenced by
their own gravity. Since the initial variations in density were quite small, for now we can
explore their evolution at linear order in perturbation theory. At some point structures
become nonlinear and a more sophisticated treatment than linear theory becomes necessary.
Furthermore, in the case of non-relativistic matter and on scales smaller than the Hubble
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radius H~!, we can use Newtonian gravity to describe these inhomogeneities, although
some cosmological effects like an expanding background and an evolving average density
must be included in this description. For the sake of simplicity and since the evolution
of CDM and baryons is coupled by gravity, we will treat them as one single ideal fluid.
This idealized non-relativistic fluid is characterized by its density pn, = pm(x,t), a small
pressure p,, < pm, and its velocity v, with |v| < ¢. However, we will refer to its density
and pressure simply as p and p, respectively, as we ignore other components in this section.

For now we will briefly ignore the expansion of our Universe and solely focus on the
evolution through gravity. From conservation of mass, we once more get the continuity
equation, albeit now in different form than equation (2.10), given by:

op+V-(pv)=0, (2.22)

where 0, = %, with identical definitions for other derivatives. Equation (2.22) states

that any change of density in a fixed volume can only occur due to an influx or outflow

of matter in this volume. Requiring the conservation of momentum results in the Euler
equation [89]:

d
p =P +v-V)v=—Vp—pVa, (2.23)

where @ is the gravitational potential, which is determined by the Poisson equation:

V20 = 47Gp. (2.24)

The continuity, Euler and Poisson equation form the basis for determining our unknown
functions p, p, v and ®. If we assume a static fluid, i.e. u = 0, equations (2.22) and (2.23)
are solved by constant values of density and pressure, p = p and p = p, although this would
also imply V® = 0, which is inconsistent with equation (2.24), unless p = 0. This simply
tells that there cannot be infinite, static and self-gravitating perfect fluids [89], unless some
‘antigravitational’ force exactly balances gravity [86], a reason Einstein first introduced the
cosmological constant to general relativity. Nevertheless, we will continue our study even
without a consistent solution of the background and finally introduce small perturbations
to our assumed solutions in a static fluid:

p(w,t) - ﬁ(t) + 5p(w,t) s p(w,t) = ﬁ(t) + 5p<w,t) )
v(z,t) = dv(x,t) , ®(x,t) = 0(t) +6P(x,t).

Any quantities with a bar, e.g. p, are part of the background. Hence, they have to
be homogeneous and isotropic. Furthermore, we already indirectly assumed a barotropic
fluid, which is a fluid whose pressure solely depends on its energy density, p = p(p), like
for the equation of state (2.11). This allows us to express perturbations in pressure as
op = g—iép = 20p, where ¢, is the speed of sound. If we were to solve equations (2.22)

(2.25)

and (2.23) at linear order while ignoring gravity completely, this would result in a wave
equation for dp and its solutions are given by sound waves, namely a sum or integral over
plane wave solutions [89]. However, we will not go into more detail on solutions without
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including gravity. Using these perturbations in equations (2.22) to (2.24) and keeping only
terms of linear order in perturbations, we arrive at the following set of linearized equations:

di0p = —V - (pov), (2.26)
pOv = —Vip — pVid, (2.27)
V20d = 47Gép. (2.28)

These equations can be combined and rearranged, which ultimately yields a single
equation for density perturbations:

62
— — 2 V? —4nGp ) dp(x,t) = 0. (2.29)
ot?

If we express dp(x,t) as a Fourier expansion, the Fourier modes dp(k,,t) must now

obey [86]:

0%5p(k, t)
a2

which has the following two independent solutions:

+ (2k* — 47Gp) dp(k,t) =0, (2.30)

dp(k,t) oc exp (Liw(k)t) , where w(k) = \/c2k? — 4nGp . (2.31)

This defines a wave number, or equivalently a length scale known as the Jeans length
Aj, at which oscillations have a frequency w = 0:

s
= [— . 2.32
)\J Cg Gp ( 3 )

Solutions of equation (2.31) behave differently depending on their length scale or
wavenumber. Namely on small scales (A < Aj) pressure dominates and leads to oscillat-
ing sound waves, while on large scales (A > \j), gravity dominates and pressure becomes
negligible. Ignoring pressure on these large scales leads to solutions of the form:

dp(k,t) o< exp (£|wlt), (2.33)

where inhomogeneities in density either decay quickly or grow exponentially fast, lead-
ing to a gravitational collapse. However, a proper treatment of nonlinear effects from
baryons, such as their pressure and shocks across small and large scales, as well as during
gravitational collapse, necessitates complex hydrodynamical simulations (see chapter 4).

So far we ignored the expansion of the Universe, which we will now include. For
this, we use the previous equations in physical coordinates &, but now move to comoving
coordinates g, with & = aq, where a is the scale factor. The velocity field then becomes:
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v(t) = =Hx+aq = Hx + Vpec, (2.34)

which consists of the physical peculiar velocity vpe. and the Hubble flow Hz. With
the inclusion of expansion, we now have to adapt our derivatives. In the previous static
space both 0, and V were independent, but are not in an expanding space. While V,
in physical coordinates simply transforms as V,, = a™' V, for comoving coordinates, the
partial derivative of a function f(a,t) with respect to time ¢ at constant physical location

x becomes:
of B 0
(_at ) _ [(&) _Hq. vq] / (2.35)

Using these transformations of derivatives and the velocity v from equation (2.34),
equations (2.22) to (2.24) become:

1
O+ 3Hp + - V- (pvpec) =0, (2.36)
ec 1 1
(&+UP-V>U:——YB——V®, (2.37)
a a p a
V20 = 41Ga’p. (2.38)

where we dropped any subscripts ¢ and used V - g = 3. Of course all time derivatives
are at fixed comoving q and all V are with respect to comoving coordinate q. This set
of equations consists of the continuity, Euler and Poisson equation, all for an expanding
background, for which we set v,ec = 0. With this, equation (2.36) is simply 0,p+3Hp =0
and the solutions for our background parameters become p oc a3, © = Haq, p = const.
and V& = —iag.

We once more introduce the perturbations like in equation (2.25) and use our solution
of the background velocity v = Ha q + vpe.. Furthermore, we define the density contrast
0 as:

5= _ P (2.39)

where positive values of § correspond to overdensities with respect to the background
value and negative ones to underdensities. As long as |§| < 1 holds, keeping only terms of
linear order is a valid approach. Once more we keep only terms of at most linear order in
perturbations in equations (2.36) to (2.38). Using the evolution of the background density
(p oc a™3) in the continuity equation (2.36), we find for the density contrast:

o
§ = _E V- Upec (240)



2.3 Spherical evolution of underdensities 13

where the dot on & denotes a derivative with respect to time at fixed g. Similarly,
keeping only terms of linear order in the Euler equation (2.37) results in:

Bpee + Hopee = ——— Vip— - V60, (2.41)
ap a

where (Vpec - V)& = Upec was used. From equation (2.41) we clearly see that in the
absence of gravity and pressure, the peculiar velocity scales as vpe < a™*. After combining
equations (2.40) and (2.41), and using dp = ¢? p ¢, as well as the linearized Poisson equation
in an expanding universe, we ultimately find an equation that describes the evolution of
small density fluctuations in an expanding universe [89]:

) e i
5+ 2H b — (? V2+47er(t)) §=0. (2.42)

The Jeans length for these perturbations has identical form to equation (2.32), although
it now depends on time due to ¢, and p depending on the expansion of the background.

In a universe that is filled solely with non-relativistic matter and on scales larger than
the Jeans length, we can once more neglect the influence of pressure and set ¢, = 0. This
simplifies equation (2.42), since spatial derivatives vanish and it only contains derivatives
with respect to time. Hence, any solution to this equation can be separated as follows:

5(k,t) = Do ()6, (k) + D_(t)0_(k), (2.43)

where the functions D, describe the linear evolution of densities in time and d. (k) are
the Fourier modes of the density field at some initial point in time. D_(t) and D, (t) are
the decaying and growing modes. They are normalized such that D+(t0) =1 and D+ is
referred to as the linear growth function. For a flat matter-dominated universe, solutions
are given by:

D.(t)ocaot?? and D_(t) oca™? oct™, (2.44)

where we used a o< t?/3 for a matter-dominated universe. The actual fluctuation in
density, dp, then evolve as 6p = pé o< a~2, since the background density evolves as p oc a3
for such a universe. In real space, we can similarly split the evolution of §(q, t) in a temporal
and spatial component:

5(a.t) = Dy (1)d(q) (2.45)
We will revisit this growth function in section 9.4, where we test its prediction around
voids in a more realistic model of our Universe.

2.3 Spherical evolution of underdensities

As we introduced the evolution of inhomogeneities at linear order in section 2.2, we now
want to focus specifically on the evolution of underdensities, i.e. voids. This section is
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based on the considerations in reference [87]. For the sake of convenience we will drop the
explicit time dependence of variables in most cases, e.g. d(r,t) = d(r). For a spherically
symmetric fluctuation in density, §(r), its average density contrast A(r) is:

A= / " s(a) dg. (2.46)

This average density contrast can be related to the radial velocity field via [92]:

o(r 1) = —% F(#) alt) H(t) r A(r 1), (2.47)

which contains the linear growth rate f given by f(t) ~ Q%55(¢). This equation can be
derived from equations (2.43) and (2.41), assuming spherical fluctuations in density. We
will reintroduce this relation in more detail in section 3.2 and test its validity for voids in
chapter 7. The total mass inside a sphere of radius r is then given in terms of its average
density contrast as:

M(r)=—rp 1+ A(r)) . (2.48)

Birkhoff’s Theorem states that any spherically symmetric body gravitationally affects
external objects as if all its mass would be located at its center. Hence, in our Newtonian
approach the equation of motion for any outside test particle is given by ¥ = —GM (r)/r?.
Integrating this equation of motion and using the total mass M (r) from equation (2.48)
leads to:

8rG
72— WT pr2 (1+A(r) = 2K, (2.49)
where K is a constant of integration and connected to the curvature in equation (2.8).
For the special case of K = A = 0, we find the same critical density as in equation (2.14),
where 7/r = H = a/a. Introducing the dimensionless density parameter €2, once more,

we find:

P2 — Qu H2r2 (14 A(r)) = 2K . (2.50)

For simplicity, we will consider an Einstein-de Sitter universe (EdS) with €2, = 1 for
the rest of this section. In such a case, the initial total velocity 7; is composed of the
Hubble flow and the peculiar velocity from equation (2.47), with f = 1:

1
vy~ Hy — gHz‘ ri Ai(r;) (2.51)

which can be used in equation (2.50), which then yields at initial time:

~ -2 (reH;)* A, (2.52)

2
QK:(TZ‘Hi)Z'[<1—%) -1-A; 3
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where in the latter part, only terms of at most linear order in |A;| < 1 were kept.
As mass must be conserved, we can relate the initial and final density contrasts via equa-
tion (2.48):

L+ AF) = (14+A) L2 (2.53)

With Q,, = 1 in an EdS universe, where p = pet, we find p;/p = (Hi/H)Q, which can
be used to rearrange equation (2.50):

(;)2=H3- (1+A4q)- (%)3—2& (;)2] (2.54)

This equation closely resembles the first Friedmann equation (2.8) in a curved matter-
dominated universe, with small perturbations to the densities of matter Q,,; =1+ A, at
initial time t; and curvature Qg = —gAi. In case no initial perturbations exist, A; = 0
and we recover the Friedmann equation in an EdS universe, which is solved by r/r; =
(H/H;)"*® with H = 2/3t. However, in the case of initial perturbations A; # 0 we can
only find solutions in parametric form, which are given by:

r_ 1 5A‘ 71(1—cos ) (2.55)
T - 2\3 i n :
1(5 \7*
H;t= 3 (§ Ai) (n —sinn) , (2.56)

where we introduced the parameter 7, defined as:

dnp =" gAi Hidt. (2.57)

r

For initial underdensities we have A; < 0 and n becomes imaginary. Using the substi-
tutions A; <> —|A;| and 7 <> in, we can express equations (2.55) and (2.56) as [87]:

r 1/(5 -
15, \¢ .
H;t= 3 (§ |AZ|) (sinhn —mn) . (2.59)

Underdensities with A; never reach a point where 7 = 0, hence they continue to expand
forever. Only if an overdensity exists on a larger scale, referred to as the ‘void-in-cloud’
scenario, can the expansion stop and 7 become 0.

Let us now consider shells of different initial radius r;. The moment these different
shells cross each other is interpreted as the time a void is formed and additionally marks
the stage where nonlinearities become relevant. In the instant of time at which these shells
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cross, the distance between shells vanishes, i.e. dt = dr = 0. Calculating both dr and dt
from equations (2.58) and (2.59), and using the fact that both become zero at the moment
of shell-crossing, we can ultimately find:

dln AZ
dlnr;

(2.60)

1 3sinhn - (sinhn —n) | 1
2 (coshn—1)?

Furthermore, we can use the definition of the integrated density contrast A in equa-

tion (2.46) to find:
dln A o(r)
= -1 2.61
dlnr 3 <A(7’) ) ’ (261)

The condition of shell-crossing in equation (2.60) depends on the slope of the initial

underdensity. If we assume an initial density contrast J; in the form of an inverted top-hat
distribution with size rq > 0 and underdensity oy, < 0, we have:

0 for r;
(51(7’1) _ 0 orr;, <rgp
0 for r; > rg
2.62
50 for r; < To ( )

3
f> for r; > rg ,

Using this inverted top-hat density contrast, the first part of equation (2.60) becomes:

(2.63)

dln4d; 0 forr; <mry
dInr,

-3 forr; > r

For r; < ro we only find the trivial solution n = 0 for equation (2.60), but for r; > r,
we find instead:
sinhn-(sinhn;n) :§’ (2.64)
(coshny — 1) 9
which is solved by n at shell-crossing for n,. ~ 3.488, which is first satisfied at the
boundary shell of the top hat at r; = rg, but shells of larger size will cross afterwards.
Taking a derivative with respect to time of the solution in equation (2.58) computes the
shell velocity v and using equation (2.59) ultimately yields with H = 2/3t for an EdS
universe:

. 7‘H§ _sinhp - (sinhn;n)
2 (coshn —1)

which becomes v, = %rH at the moment of shell-crossing 7,.. Hence, shells move at

a peculiar velocity of vpec = vy /3 in addition to them following the Hubble flow vy = rH

, (2.65)
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of the expansion of the EdS universe. Moreover, we can find that average density contrast
inside this underdensity is given by [87]:

9 (sinhn — n)”
2(coshn —1)

For our top-hat at the moment of shell-crossing 7. ~ 3.488 we find 1 + A, >~ 0.2047
and therefore dp 4. >~ —0.8 for the density contrast.

Of course the inverted top-hat density contrast is not a realistic model for an initial
underdensity. However, it has been shown numerically that the density around the minima
of a Gaussian random field evolves similarly to a top-hat configuration [93, 94]. In observa-
tion we only identify voids in biased tracers such as galaxies, so the density contrast has to
be modified and include the bias of such tracers. Reference [44] showed that in the linear
regime around voids, a multiplicative constant b is sufficient to approximate the density
contrast of tracers as &y = bd,,.

These results are based on the assumption of an EdS universe in order to get insights on
the evolution of underdensities. Although this assumption is far from reality, calculations
in more realistic models of our Universe result in similar values [95], so the dependence on
cosmology is rather weak.

Of course in reality voids are neither perfectly spherical, nor are they completely isolated
objects. Throughout their evolution in time, they can contain sub-voids, neighboring voids
may merge and some voids might even collapse. Such effects lead to far more complicated
structures than we investigated in this section and suggests the need for complex N-body
simulations of our Universe.

1+A=(1+A) (2.66)
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Chapter 3

Methodology

3.1 VIDE void finding

To identify voids in both the halo, as well as the underlying matter distributions, we use
the Void IDentification and Examination toolkit VIDE! [96]. VIDE works by implementing
an enhanced version of the ZOnes Bordering On Voidness algorithm zoBov [97], which
is a watershed algorithm [98], identifying local basins in the three-dimensional density
field estimated from the positions of (any) chosen tracer particles. This density field is
constructed via Voronoi tessellation, in which each tracer particle j is assigned a unique
Voronoi cell of volume V;. These Voronoi cells are defined as the volume of space that is
closer to its associated tracer particle than to any other particle in the entire simulation.
Therefore, combining the volumes of all Voronoi cells fills the whole simulation box. The
tracer density anywhere inside the Voronoi cell of particle j is simply given by its inverse
volume, n; = 1/V,. Starting from local minima in the density field, the watershed al-
gorithm searches for neighboring cells with monotonically increasing density, in order to
find extended basins of density depressions, which are our cosmic voids.

In addition, VIDE implements a density-based merging threshold within ZzoOBOV, which
is a free parameter in newer versions. Adjoining basins will be added to a void only if the
minimal density along their shared ridge line is below this merging threshold in units of
the mean tracer density n. A small threshold prevents voids from extending deeply into
overdense structures, which limits the depth of the void hierarchy [96, 97]. If two adjacent
basins are merged, this will result in two voids, with one encompassing the other, creating
a ‘parent’ and a ‘child” void. Hence, the original number of voids is preserved even after
merging. The only difference is that the child-level void is now considered as a sub-void of
the larger parent-level void, which encompasses the volume of both original voids. With
this definition, every void can only have one parent, but in turn multiple children, or sub-
voids. The default value of the merging parameter is set to a very small number, in order
to prevent any merging between adjacent basis. This results in a sample of only parent
voids, with no sub-voids present. Approaching higher values of the merging threshold on

https://bitbucket.org/cosmicvoids/vide_public/wiki
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the order of one and above creates a hierarchy of voids with potentially many levels of
sub-voids, though the total number of voids remains independent of the chosen merging
threshold. Unless stated otherwise, we will always use the default merging threshold of
10727, small enough to prevent merging.

In the literature it is also common to use a merging threshold value of 0.2, which has a
special physical significance. It is derived from the spherical expansion model of an inverted
top-hat perturbation in an Einstein-de Sitter universe (see section 2.3). The derived value
of 0.2n marks the characteristic density inside the top hat perturbation when shell crossing
occurs at its boundaries [94, 97, 99]. However, this value only applies when the threshold
is defined in the complete matter density field and assuming spherical symmetry. For voids
identified in the number density field of biased tracers, one has to additionally account for
the tracer bias [44, 100-102]. Additionally, the sparsity of tracer particles accounts for an
effective smoothing of the density field on scales below the mean tracer separation, which
in turn can affect the density ridges between voids [103].

When we investigate effects of merging, we restrict ourselves to two extreme thresholds
for merging, namely a value close to zero for no merging of voids (our default 107%71) and
a value of infinity to create a fully merged void hierarchy. We will refer to the former case
as an isolated and the latter one as a merged void catalog, respectively. These resulting
catalogs encompass all cases of finite merging thresholds in between. The merged catalog
with infinite threshold consists of one single parent void with a deep hierarchy of children,
whereas isolated void catalogs only contain separate and non-overlapping voids.

Performing the void finding with VIDE results in catalogs of non-spherical voids, includ-
ing a variety of their properties. The center of a void is defined as the volume-weighted
barycenter of all of its member particles’ Voronoi cells, at comoving tracer locations x;:

ijjvj
>V

The barycenter can be thought of as the geometric center of a void, since its posi-
tion is constrained by its boundary, where most of the tracer particles are located. This
definition makes the barycenter of a void robust against Poisson fluctuations and preserves
information about the topology of a void. However, it does not necessarily coincide with
the position of the Voronoi cell of lowest density due to the lack of spherical symmetry in
voids. For this very reason, we can also only define an effective void radius r,, which is the
radius of a sphere of identical volume as the void. This volume is calculated simply using
the sum over all the associated Voronoi cell volumes of a void:

X, = (3.1)

J

5 1/3
ry = (Ez VJ> . (3.2)

In order to quantify the shapes of voids, VIDE calculates their inertia tensor, defined
as:
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M=) (4 +7)
j
My ==z,
j

where the summation goes over all member particles with comoving coordinates x;,
yj, and z; relative to the barycenter. Other components of the inertia tensor are defined
accordingly. The ellipticity of a void is then given in terms of the smallest (J;) and largest
(J3) eigenvalues of its inertia tensor [96]:

co 1 (%)1/4 | (3.4)

Additional void properties of interest in this work include the core density 7,;, and the
compensation A [69]. For the latter, the index ‘t’ for tracers is either ‘h’ in case of finding
voids in the halo distribution or ‘m’ for matter (CDM or baryons), respectively. The core
density is the density of the largest Voronoi cell of a void and thus the cell of minimal
density, expressed in units of the mean density of tracers:

(3.3)

P = i (3.5)

n

The compensation of a void is a measure of whether it contains more or less member
particles /V; than an average patch of same volume V' in the Universe. It therefore conveys
information about the environment a particular void is located in, whether it is one of lower
or higher local average density My, in units of the mean n. Voids with Ay < 0 are referred
to as being undercompensated and voids with Ay > 0 as being overcompensated [32, 38].
The compensation is simply defined as:

NV

AtE

1= flayg — 1. (3.6)

3.2 Void profiles

The density profile ns,i)(r) /n — 1 of each individual void ¢ is defined as the spherically
averaged density contrast around the void center from its mean value n in the Universe.
For discrete tracer particles, the density in radial shells of thickness 20r at comoving
distance r from the center at the origin can be estimated as:

YR w; O(ry)
n{(r) = e z]: o — (o (3.7)

where O(r;) = [r; — (r — r)] O [—r; + (r + dr)] makes use of two Heaviside step func-
tions ¥ to define the radial bins of each profile, with r; being the distance of tracer j from
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the void center. The summation goes over all tracers j in the vicinity of the void and not
just its associated tracers, up to the desired maximal distance. The w; in equation (3.7)
represent a placeholder for optional weights for each tracer and w = N% >, wy is the av-
erage of weights over all N; tracers. When investigating the usual (unweighted) density
profile, we simply set w; = 1 for each tracer. An alternative option is the inclusion of halo
masses as weights, which we will explore in section 6.2.

Most of the time we are not interested in the individual density profiles of voids, but
in the stacked density profiles. These stacks are simply an average over individual void
profiles in ranges of various void properties, although typically their radius r, is used. To
maintain characteristic features of voids, such as their compensation walls, at a constant
location from the center in a given stack, and in order to have better comparisons between
different stacks, we calculate the profile of all individual voids using a constant radial bin
size when expressed in units of their radius, i.e. ér/r, = const. This ensures that every
void’s compensation wall is centered closely around r = r,, and is not scattered across
different distances when using constant units in physical scale. In this manner, the stacked
density profile of voids is simply given by an average over equation (3.7):

no(r) = Ni >, (3.9)

When calculating density profiles of voids using baryon and CDM tracers, we will
denote these profiles by p,(r)/p — 1 instead of n,(r)/n — 1 for (biased) halo tracers, and
n{™ (r)/n™ — 1 for the mass-weighted density profiles based on halo tracers.

To investigate the radial movement of tracers around voids, we calculate their velocity
profile around the barycenter. In our definition, positive velocities correspond to an outflow
of tracers from the perspective of the center, whereas negative velocities correspond to an
inward movement towards the void center. The velocity profile of every individual void ¢
can be estimated by calculating:

> uy T Vi O(ry)
Zj Vj ©(r;)
In equation (3.9), u; is the peculiar velocity vector of a given tracer j, ©#; = r;/r; the
unit vector which connects the tracer particle j with the void center and V; its Voronoi
cell volume. By weighting the velocities of individual particles with their Voronoi volumes
Vj, we ensure that our calculated velocity profile is a volumetric representation of the true
underlying velocity field [38, 104]. This volume weighting takes into account that a uniform
sampling of velocity fields from an uneven tracer distribution is biased high in more dense
and biased low in emptier regions [83].
Moving to stacked velocity profiles, there are two different ways for their calculation.
The first option is equivalent to the previous way of stacking density profiles, namely by
simply averaging over the individual velocity profiles of each void in the desired stack:

w(r) = Ni >, (3.10)

(3.9)
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We will refer to the stacks using this method as individual stacks. Alternatively, we
can average both denominator and numerator of equation (3.9) separately for all voids
included in the stack, before finally taking their ratio:

5[5, Vi 00
> [Z] Vj @<Tj)](2)

This method of stacking velocity profiles will be referred to as global stacks. Typically
there are many voids, especially small ones, which contain no or only very few tracer
particles close to their centers. Hence, an estimation of the velocity field is not possible
there and it is simply set to zero by default. Stacking many such individual profiles with
zero velocity in the center via equation (3.10) will not result in a much better velocity
estimate. However, using the method of global stacking one first gathers all tracers within
the entire void sample of the stack and then divides by the normalization of equation (3.11).
This guarantees better statistics for the tracer counts in shells, although it comes with the
disadvantage of statistically favoring larger voids, whose shells are of larger volume in
physical scale and usually contain more particles per shell. Both indiwidual and global
stacks come with advantages, as well as disadvantages and depending on the application,
one method may be preferred over the other. We will discuss the issues with each method
in more detail in the following chapters.

At last, imposing local mass conservation allows us to relate the density profiles of
voids with their velocity profiles via the linearized continuity equation [92, 105], which was
previously introduced in section 2.3:

uy(r) =

(3.11)

1R HE)

UV(T7 Z) = 3 bt 1 + z

A(r), (3.12)

where f(z) = Q) (z2) is the linear growth rate of density perturbations, with v ~ 0.55
being the growth index of matter perturbations in GR. Furthermore, H(z) is the Hubble
parameter, {),,(z) the matter density parameter and by the bias of tracer particles, with
b, = 1 for baryons and CDM. Lastly, the integrated density contrast A(r), introduced in
equation (2.46), is given in terms of void density profiles as:

A(r) = %/0 (nvr([/q) - 1) ?dq. (3.13)

Combining equations (3.12) and (3.13) ultimately yields:

uy (7, 2) :—m“b—t@f?@r—lz /0 ("V—(Q)—l) ¢*dq. (3.14)

n

This allows us to see the direct relation between density and velocity profiles. In
chapter 7 we will investigate the validity of equation (3.14) in the environment around
cosmic voids and across vast scales.
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Chapter 4

The Magneticum simulations

This work is based on simulations from the Magneticum' suite, multiple state-of-the-art
hydrodynamical simulations covering a variety of cosmological volumes at different mass
resolutions, ranging from 48 Mpc/h to 2688 Mpc/h in box length and 7.3 x 10° to 1.3 x
10'°Mg /h in particle mass in this work. In addition to the hydrodynamical simulations,
which we will refer to as hydro, each box has a corresponding dark matter only simulation
with identical initial seed, referred to as DMo. We will briefly describe the Magneticum suite
below and refer to previous work using these simulations for more details [e.g., 24, 106—
114]. The Magneticum runs used in this work adopt a flat ACDM cosmology, for which the
best fitting values of WMAP7 [115] are chosen, with h = 0.704, Q) = 0.728, Q,, = 0.272,
Qp, = 0.0456, ng, = 0.963 and og = 0.809, except for different cosmology runs in box 1la.

The simulations have been conducted using an advanced version of the tree particle
mesh-smoothed particle hydrodynamics (TreePM-SPH) code P-GADGET3 [116], which
includes an improved SPH solver [117]. The code implements a large variety of processes
that describe the physics and evolution of baryons, such as the distribution of various
metal species [118], prescriptions describing the growth of black holes and the feedback
from active galactic nuclei (AGN), based on the work in references [119-121].

Prior studies with the Magneticum simulations include the reproduction of many ob-
servables over multiple scales, such as the observed SZ-power spectrum [24] and the ob-
served thermal history of the Universe [122] on large scales. On smaller scales such as
the ones of clusters, the simulations were used to successfully reproduce the pressure pro-
file and chemical composition of the intra-cluster medium [118, 123, 124], the observ-
able luminosity-relation in X-ray [125], as well as the high concentration of halos in fossil
groups [126] and gas properties in between galaxy clusters [127]. On even smaller scales,
the aforementioned implementation of baryonic physics led to the successful reproduction
of various galaxy properties, including realistic stellar masses [128, 129], cluster environ-
ment impact on galaxies [130], the population of AGNs [106, 124, 131] and post-starbust
galaxy evolution [132].

In this work we mainly focus on the Magneticum boxes 0 and 2b, as these two comprise

http://www.magneticum.org
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Figure 4.1: Halo mass function in the midres, highres and ultra-hr hydro simulations
at redshift z = 0.29. Vertical lines indicate the chosen halo mass cuts for void finding at
1.0 x 10* My /R (mr), 1.0 X 10" M /h (hr) and 1.3 x 10° M, /h (uhr) at this redshift.

the largest volumes of medium (box 0) and high (box 2b) mass resolution. Their volumes
are of large enough size to contain sufficient void numbers (see table 5.1), whose typical
sizes are in the range of 5 — 80 Mpc/h (see figure 5.1). Hence, from now on box 0 will be
referred to as midres (mr) and box 2b as highres (hr). Analysis of the tracer bias around
voids already made use of the midres simulation in previous work [44]. For additional
tests on smaller scales, we make use of box 4 with an even higher resolution, although with
the caveat of fewer voids, and refer to it as ultra-hr (uhr). Moreover, box la is a smaller
box of identical mass resolution as box 0 and includes a variety of runs with different
cosmologies. In further tests using this box, we will refer to it as midres-1a (mrila) and
give details on the different cosmological parameters used for tests in the relevant sections.
Furthermore, we will investigate voids across a wide range of redshifts, which will be
stated at the beginning of each chapter or in the relevant figures. For a summary of details
on the number of simulated particles, box sizes Loy, and mass resolution of CDM and
baryons in the hydro Magneticum simulations, we refer the reader to table 4.1. In the DMo
simulations the box size is unchanged, but the mass of their CDM particles is simply given
by Mpart = McDM + Mparyon from table 4.1, namely the combined mass of CDM and baryon
particles of the corresponding hydro simulation.

To find voids in the biased tracers, we identify subhalos, as well as their properties
via the SUBFIND algorithm [133], which was modified to take baryonic components into
account [134]. From now on, we will refer to subhalos simply as ‘halos’. Their centers are
defined as the location of the member particle with minimal gravitational potential and
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Name Box LBox [Mpc/h] Nparticles mCDM[MQ/h] mbaryon [MQ/h]
midres (mr) 0 2688 2 x 4536 1.3 x 10" 2.6 x 10°
midres-la (mrla) | la 896 2x1512% 1.3 x 10 2.6 x 10°
highres (hr) 2b 640 2 x 28803 6.9 x 108 1.4 x 10%
ultra-hr (uhr) 4 48 2 X 5763 3.6 x 107 7.3 x 108

Table 4.1: Properties of the Magneticum simulation boxes used in this work. Particle
masses (Mmepm & Mparyon) are given for the hydro simulations.

the halo masses are defined by their total mass of baryonic and CDM particles, according
to the definition of subhalo mass in SUBFIND. Since the simulations use different mass
resolutions, we can select halos at different minimal masses for the void finding process. In
midres and midres-1a we typically use 1.0 x 10'2 M, /h, in highres 1.0 x 10" M /h and
in ultra-hr 1.3 x 10° My /h, as well as 1.6 x 10°M /h, depending on the redshift. These
mass cuts were chosen such that each one is above the resolution limit of the simulations
at a given redshift, which is presented for z = 0.29 (with 1.3 x 10° M /h in ultra-hr) in
figure 4.1. We will not consider halos with masses below these mass cuts in any further
analysis in this work. In these aforementioned boxed we analyze voids found in halos from
both hydro and DMo simulations, as well as in subsamplings of the underlying baryons and
CDM that formed these halos.



28

4. The Magneticum simulations




Chapter 5

Magneticum catalogs

5.1 Tracers

As the void finding with VIDE solely requires the positions of any kind of tracer particles
we will use the distributions of CDM, baryons, as well as halos from both hydro and DMo
simulations to identify voids in this work. We will not identify voids in the total distribution
of matter, i.e. baryons and CDM combined. From here on, we will refer to voids identified
in the CDM and baryon distributions of the hydro simulations simply as CDM voids and
baryon voids respectively, while voids identified in the CDM of the DMo simulations will be
referred to as CDMo voids. When using halos, voids identified in the halos of the hydro
simulations are simply referred to as halo voids, while in the case of halos from the DMo
simulations, they are referred to as DMo halo voids. However, voids identified in the DMo
simulations, as well as the baryon particles will only be of relevance for baryonic effects
around voids in chapter 8.

Before investigating the impact of baryonic physics on void statistics, we want to ex-
plore more general properties of tracers and voids from the midres and highres hydro
simulations in this and the following sections, as well as more general characteristics of
void profiles in chapter 6, all at redshift z = 0.29. The corresponding numbers and num-
ber densities of halos which have masses above the mass cuts M, of 1.0 x 10*? M /h in
midres and 1.0 x 10" M /h in highres are given in table 5.1. The midres simulation is
the closest match to the expected tracer densities attainable with state-of-the-art galaxy
surveys, such as the Euclid mission [135].

Besides the investigation of halo voids, we additionally perform subsamplings of the
CDM particles which closely match the number of halos used for the void identification.
This is done in order to have identical mean tracer separations 7, which results in halo- and
CDM-defined voids of similar ranges in void radii. Moreover, the matched subsamplings
of CDM and halo tracers eliminate any differences in the statistics of CDM and halo voids
that are merely caused by the different tracer number densities. Furthermore, running VIDE
on the whole simulation is neither feasible in most cases due to computational limitations,
nor is it practical, because it would result in extremely small voids, foiling any reasonable
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Name | My [Mo/h] Ny [x10°] 7y, [(Mpe/h)™] 7 [Mpc/h] N, in halos N, in CDM

midres | 1.0 x 10! 62.1 3.2-1073 6.8 356 597 600273
highres| 1.0 x 10! 8.21 3.1-1072 3.2 33324 52951

Table 5.1: Number of halos NV}, with My, > M., mean halo density ny, and tracer separation
7¢, number of halo voids and number of CDM voids in the different hydro runs, all at
redshift z = 0.29. For CDM voids, subsamples of the CDM tracers that closely match Ny

are used for void finding.

comparison between CDM and halo voids. Matching number densities at redshift z = 0.29
equates to subsampling to around 0.066% of the total CDM particles in midres and around
0.034% of all CDM particles in highres, and these subsamplings will be used throughout
this work, unless mentioned otherwise. Even though voids found in the three-dimensional
distribution of matter are not directly accessible to observations, we nevertheless study
these voids in order to compare them to the ones identified through the use of halos, which
can be used as proxies for galaxies.

5.2 Voids

Here we present isolated, as well as merged void catalogs extracted from the distribution
of CDM and halos in both midres and highres simulations at redshift z = 0.29. For more
details on the number of tracers used for the void identification, we refer to table 5.1 and
section 5.1. Table 5.1 additionally contains the numbers of voids that were found using
the stated mass cuts and subsamplings, with no change in void numbers between isolated
and merged catalogs.

Figure 5.1 presents the abundance of isolated and merged voids as a function of their
radius (up to around 80 Mpc/h), ellipticity, and core density (up to a value of 1.5). The
former is commonly known as the void size function [e.g., 33, 37, 95, 101, 136, 137]. First
we note that whether or not voids are merged or isolated only affects their distribution
in radius significantly, but their distributions in ellipticities and core densities are almost
indistinguishable. Voids from the highres simulation are of smaller size than in midres, as
the increased resolution provides more low-mass halos and an overall higher tracer density.

Note that even though the total number of halos and CDM particles are matched in
each simulation box, we observe almost twice the number of voids in CDM (see table 5.1),
which implies smaller CDM voids for a fixed volume. This difference is due to the halos
being biased tracers, which are preferentially located in regions where the matter density
is higher. CDM particles sample the density field more evenly without this bias, which is
the reason we are able to detect voids in less dense regions as well. Hence, establishing
a one-to-one correspondence between CDM voids and halo voids in any one simulation is
not straightforward [103].

However, the void size functions of merged CDM and halo voids in both midres and
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Figure 5.1: Abundance of isolated and merged voids defined in the distribution of halos
and CDM particles in the midres and highres simulations at redshift z = 0.29. Presented
as a function of void radius (top), ellipticity (bottom left) and core density (bottom right).

highres on the top of figure 5.1 all agree within their error bars for voids larger than
around r, ~ 45Mpc/h. This suggests that above a certain size the abundance of merged
voids is much less dependent on the tracer bias, mass cuts, subsamplings and resolution.
In an additional test we ran VIDE on a subsample of around 200 million CDM particles in
midres, which confirms this result for merged voids. In contrast, no such convergence can
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be found for the void size functions of isolated voids. These isolated voids continuously
fragment into smaller voids as the tracer density increases. However, at the smallest radii
the void size function is unaffected by the merging and agrees between both merging
parameters. These are small voids in the isolated catalog, which get relabeled to ‘child’ or
sub-voids in the merged catalog. As already noted, the total number of voids in isolated
and merged catalogs is identical, since no new voids are ‘created’ and only some voids are
merged, which results in the hierarchical structure of parent and child voids.

From the ellipticity distribution in the lower left plot of figure 5.1 it is evident that
the distribution of void shapes is more or less identical for all cases, be it CDM or halo
voids. The curves in highres simply experience a vertical shift towards higher values due
to the larger number density of voids that can be identified when resolving CDM particles
at higher density, or halos of lower mass. All ellipticity distributions consistently peak
around a value of ¢ ~ 0.15. However, we observe a mild indication for merged voids to be
slightly more elliptical, most likely due to the increased amounts of substructure within,
which results in the possibility of more complex void shapes.

In contrast, the distributions in core density on the lower right panel exhibit clear
differences between the resolutions and the tracer types used. Halo voids typically exhibit
deeper underdensities in their cores than their CDM counterparts due to the halo bias,
which amplifies the fluctuations in the density field [44, 103]. Moreover, core densities
show clear deviations between midres and highres beyond a simple vertical shift of the
distributions due to different number densities. Their maxima move towards lower core
densities with increasing resolution. This is because at higher resolution, more nonlinear
fluctuations in the density can be resolved on smaller scales. On the other hand, the
merging of voids does not have an effect on the core densities, because the local minima
in the density field remain identical by construction, as merging does not affect the initial
Voronoi tessellation.

The joint two-dimensional distributions of various void properties are presented in fig-
ure 5.2 for isolated halo voids of the midres simulation. Voids identified in other merging
thresholds, tracer types, and resolutions have qualitatively similar distributions, except for
a significantly larger range in r, when merging is applied. We observe that the ellipticity
of voids only slightly depends on their radius, although the distributions becomes more
narrow towards larger voids. Amongst the smallest voids we find a few highly elliptical
voids with € &~ 1. These voids are most likely spurious due to the effects of tracer sparsity
(see section 7.1). Contrary to this, the core density of voids exhibits a stronger correlation
with their radius, clearly evident from the upper right plot of figure 5.2. Larger voids tend
to exhibit lower densities in their center with a more narrow distribution [138]. Towards
smaller voids this distribution widens considerably, featuring some voids that have min-
imum densities even above the value of the mean background density. This is a natural and
expected consequence of a parameter-free void definition based on the watershed technique,
since no density threshold on the interior of voids is imposed. Because the void definition
is purely topological, the watershed method is able to identify local basins at any density
level, therefore above the mean as well. The distribution between void compensations and
their radii is depicted on the bottom left of figure 5.2. Its shape lies between the cases
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Figure 5.2: Two-dimensional distributions of radius with ellipticity (top left), core density
(top right) and compensation (bottom left), as well as distribution of core density with
compensation (bottom right) from isolated halo voids in the midres simulation. Brighter
colors correspond to higher numbers of voids per bin.

for core density and ellipticity, as it exhibits an anti-correlation between compensation
and void radius. Small voids have a wide distribution, where they can be either overcom-
pensated when found in environments of high local density, or undercompensated when
found inside larger underdensities. However, as their distributions are skewed towards
positive values of compensations, small voids are on average slightly overcompensated. On
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the contrary, large voids have a strong preference towards being undercompensated [32],
simply because within they exhibit small densities while their compensation walls typically
are on the order of the mean density.

Finally, the distribution between the core density of voids and their compensation is
depicted on the bottom right of figure 5.2. Both these void properties correlate, namely
voids with higher core densities are typically also overcompensated, while most voids with
nearly empty centers are also undercompensated. However, there is a considerable number
of voids with low core densities that are still overcompensated over their total volume, and
some voids with n,;, >~ 0.5 are undercompensated despite their high inner densities. In
all depicted panels we refrain from including voids of very high 7., and A, as there are
only few of them.



Chapter 6

Void profiles

In this chapter we focus on the general characteristics of the stacked (averaged) density
and velocity profiles of voids from the hydro simulations, all presented at redshift z = 0.29,
although our main findings should be valid across all redshifts. As we will compare void
statistics between the hydro and DMo simulations, as well as between CDM and baryon
tracers solely in chapter 8, we will refrain from mentioning that the hydro simulations
are used for the rest of this chapter. The profiles are calculated for each individual void
out to five times its effective radius in bins of width 0.1 x 7, according to equations (3.7)
and (3.9). However, we will only focus on the stacked profiles in bins of different properties,
instead of individual void profiles. These stacks are calculated for the density profiles
according to equation (3.8) and in case of velocity profiles for both individual (Eq. (3.10))
and global stacks (Eq. (3.11)). As our default we use isolated halo voids, but we also
investigate the impact of merging, as well as CDM voids. In addition, we calculate the
density profiles of halo voids using the underlying distribution of the (subsampled) CDM
particles. Depending on the tracers used for the profiles, we distinguish between the
number density profiles and matter density profiles of voids, when either halos or CDM
tracers are used for the calculation, respectively. The latter case of CDM around halo voids
is relevant in weak lensing studies, where voids can be identified via luminous tracers (such
as galaxies) and the matter density around them is probed via the gravitational shear of
background objects [43, 46].

6.1 Density profiles

Figure 6.1 presents the matter density profiles of CDM voids on the left and the number
density profiles of halo voids on the right, both for isolated voids on the top, as well as
merged voids on the bottom, all from the midres simulation. These profiles are stacked
in contiguous bins in void radius of 5 Mpc/h width. The legends indicate the number of
voids, as well as the mean void radius of each stacked bin. For isolated voids the smallest
chosen bin starts at 5 Mpc/h, while for merged voids only at 20 Mpc/h, since for stacked
profiles of merged voids smaller than 20 Mpc/h the profiles are nearly indistinguishable to
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Figure 6.1: Density profiles from the midres hydro simulation for isolated (top) and merged
(bottom) voids identified in CDM (left) and halos (right). Profiles are stacked in consec-
utive void radius bins of width 5 Mpc/h, starting at 5Mpc/h for isolated voids and at
20 Mpc/h for merged voids. The mean void radii and void numbers of each bin are indic-
ated in the legend. Error bars depict standard deviations on the mean profiles.

the ones of isolated voids.
For isolated voids the density around them gradually increases with smaller void size

and even reaches values above the mean background density in the centers of the smallest

depicted voids.

As their size is close to the mean tracer separation of the simulation,

one might classify this smallest subset of voids as spurious. However, as they are mostly
embedded in environments of high local density [32], the local mean tracer separation
decreases as well. These voids exhibit clearly defined compensation walls near r = ry,
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Figure 6.2: Same as figure 6.1, but in the highres simulation. Void radius bins have been
adapted to better cover their ranges, for isolated voids between 4 Mpc/h and 30 Mpc/h
(top) and for merged voids between 4 Mpc/h and 60 Mpc/h (bottom).

which topologically defines them as local underdensities, i.e. voids. In the inner part
of the smallest voids a slight increase in density towards the center can be observed,
which is caused by the sparse sampling statistics on scales smaller than the mean tracer
separation. As these small voids are only defined by few particles, the density estimation
from equation (3.7) returns biased results. In particular, our density estimate is biased
high when the shell volume in the denominator of equation (3.7) is very small near the
center, but happens to contain one or more tracer particles.

When comparing halo voids with CDM voids, we observe that the former have higher
compensation walls and slightly lower densities near their centers. This is consistent with
the distributions in core density in figure 5.1, and the impact of halo bias, which amplifies



38 6. Void profiles

the CDM density fluctuations [44, 103]. However, we must emphasize that comparing halo
voids with CDM voids of the same size is not necessarily meaningful, as they have significant
differences between their void size functions. For merged voids we find a different behavior,
presented in the lower panels of figure 6.1. The density profiles of the smallest voids remain
virtually unchanged and are therefore not presented for merged voids, but merging gives
rise to much larger voids, which have slightly higher compensation walls and shallower
cores than isolated voids, an effect already noted in reference [38]. This effects happens
because merged voids can contain sub-voids and hence their internal sub-structures. When
these merged void profiles are stacked, the sub-structures effectively get smoothed, which
leads to more shallow cores and higher compensation walls in the density profiles.

Density profiles of voids at higher resolution from the highres simulation are depicted
in figure 6.2, where halos with masses above 10'! M /h are used for the void identifica-
tion instead of 10'2 M /h in midres. In order to obtain a sufficient number of voids in
each stacked bin, we now adapt their width in radius, covering a range from 4 Mpc/h to
30 Mpc/h for isolated voids in the top panels, and from 4 Mpc/h to 60 Mpc/h for merged
voids on the bottom. The results we find are consistent with the ones from the midres
simulation shown in figure 6.1, but now we resolve even smaller voids, as evident from fig-
ure 5.1. Since the small merged voids are now depicted as well, we see that their profiles are
nearly indistinguishable to the isolated ones, which is clear from the minor changes in void
numbers in these bins between merging. Once more, we caution against directly comparing
voids of any given size between simulations of different resolution, similarly as for voids
defined through different tracer types. Only near the regime where the void size functions
converge, which happens typically for larger merged voids, may this be meaningful.

Figure 6.3 depicts the matter density profiles, p,(r)/p — 1, of isolated halo voids in
both simulations, i.e. instead of using the halos as tracers for the profile calculation (as
presented in figures 6.1 and 6.2), we now use subsamplings of the CDM particles for this.
Differences compared to the number density profiles of halo voids calculated with halo
tracers, n,(r)/n — 1, are presented on the bottom panel of each plot. We observe similar
trends as for the profiles of CDM voids, although now less pronounced. The matter density
profiles generally experience slightly higher densities in the void centers, while at the same
time the height of their compensation walls are decreased [44]. This is due to the more
even distribution of CDM particles in space compared to halos (i.e., halo bias), which in
turn makes their matter density profiles of halo voids more similar to the profiles of CDM
voids.

Until now we exclusively focused on density profiles in stacked bins of void radius 7.
Figure 6.4 additionally depicts the number density profiles of isolated halo voids from the
midres simulation in other void properties, namely in bins of ellipticities € (top right), core
densities Ny, (bottom left), and compensations Ay, (bottom right). As in the bins in ry, we
limit ourselves to only using voids with radii between 5 Mpc/h and 50 Mpc/h in the other
void property bins for the sake of comparability, as otherwise we would have an additional
impact of smaller and larger voids. As already seen in figure 5.2 and evident from the
bins in ellipticity on the top right, the ellipticity of voids only weakly correlates with their
radius, especially in the range of € between 0.0 and 0.26 that is presented in the figure.
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Figure 6.3: Same as figures 6.1 and 6.2, but depicting the matter density profiles based on
CDM particles around isolated halo voids in the midres (left) and highres simulations
(right). Differences between halo number density and matter density profiles are presented
on the bottom.

Because the void size function peaks at small radii, these small voids dominate in every bin
of £, which leads to the relatively high compensation walls in the stacked profiles. The least
elliptical voids exhibit the sharpest walls, as well as the deepest cores in the stacked profiles,
and vice versa. This is simply a consequence of the spherical averaging in shells around
the void center: if regions of roughly similar density are non-spherical, they will overlap
with shells at different distances, which effectively smooths out the density profiles and
explains the ‘stretched’ density profile of more elliptical voids compared to more spherical
ones. To account for these effects, an alternative stacking method has been proposed by the
authors of reference [42], which follows the geometry of void boundaries when constructing
their density profiles. This leads to even deeper cores and sharper compensation walls, in
agreement with our findings above.

In the lower left panel of figure 6.4 we depict the density profile stacks in bins of core
density Ny, within a range from 0.0 to 0.8. As expected, voids of small core density exhibit
deeper density profiles and vice versa. Moreover, the height of the compensation wall is
anti-correlated with the core density, which results in the close resemblance to the stacks
in bins of ry, where a similar pattern is observed for isolated voids. This is consistent
with the findings from the joint two-dimensional distribution of radius and core density in
figure 5.2, where smaller voids feature higher core densities, as well as compensations.

Lastly, bins in compensation are shown on the bottom right of figure 6.4, where val-
ues from —1 (undercompensated) to 2 (overcompensated) are covered. Undercompensated
voids tend to have the deepest cores and exhibit no clear compensation wall. In fact, the
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Figure 6.4: Stacked number density profiles of isolated halo voids from the midres simu-
lation in bins of their radius (top left, as in figure 6.1), ellipticity (top right), core density
(bottom left), as well as compensation (bottom right). All voids are selected only within
a radius range from 5 Mpc/h to 50 Mpc/h.

density profiles of the most undercompensated voids have the smallest densities up to a
significant distance from their centers amongst all bins in Ay, gradually increase outwards
and only approach the mean background density at much larger distance from the void
center, typically larger than the void itself. Nevertheless, there is a hint of the void bound-
ary at r = r,, where the slope of the density profile becomes flatter. With increasing
compensation, the height of the compensation wall increases as well and becomes more
pronounced. The bin of the most overcompensated voids barely reaches below the mean
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density near the void centers, which resembles the behavior of small voids. Figure 5.2
supports this, as these small voids on average exhibit higher values of compensation, while
larger voids have a tendency to be more undercompensated. As the compensation depends
on the void size and its total number of member particles, it is a measure of the environ-
ment a particular void is located in. Overcompensated voids reside in regions of higher
local density, whereas undercompensated voids happen to be within more underdense en-
vironments, which is reflected in the stacked profiles. These two phenomena are typically
known as the “void-in-cloud” and “void-in-void’ scenarios, respectively [94]. For exactly
compensated voids with A, = 0 this defines an interesting transition point [32]. Their
density profile converges to the mean background density at the shortest distance from the
void center in units of r, among all stacks in compensation bins, at around r ~ 2r,. We
will revisit these profiles in compensation bins in section 9.5 and investigate them in more
detail.

6.2 Mass weighting
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Figure 6.5: Stacked mass-weighted density profiles of isolated halo voids from the midres
(left) and highres simulations (right). Lower panels compare them with the unweighted
number density profiles of halo voids from figures 6.1 and 6.2 in identical bins of void
radius.

So far we have neglected the masses of halos for the calculations of the density profiles
of voids, apart from the imposed mass cuts on our halo catalogs for the void identification.
However, using the halo masses as weights w; = M; for every halo j in equation (3.7),
we can use them to estimate the mass-weighted density profiles around voids from all
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matter that is contained in halos. This is different from previous profiles of CDM particles
around halo voids, as not all of the CDM is clustered inside halos. Nevertheless, this mass-
weighted estimation yields a special type of the matter density profile around voids, which
additionally probes the spatial distribution of halos of different mass. While the individual
masses of halos are difficult to obtain through observations in large-scale cluster surveys,
the magnitudes of their hosted galaxies could provide an observational proxy weight for
them [139, 140].

In figure 6.5 we depict stacks of the mass-weighted density profiles of halo voids in
both the midres and highres boxes, with differences to the regular unweighted number
density profiles on the bottom. Once more, the profiles are stacked in bins of r, identical
to the ones used in previous figures 6.1 and 6.2. With respect to the number density
profiles, mass-weighted profiles are amplified and feature higher compensation walls, as
well as deeper cores, most notably for smaller voids. This implies that the most massive
halos are rather located in more densely clustered regions at and near the void boundary;,
whereas the least massive halos tend to reside closer to the centers of voids, as expected
from previous studies [e.g., 70, 102]. With increasing void size, however, this effect de-
creases. Alternatively, this effect of mass weighting can be interpreted as a boost of the
halo bias [140].

6.3 Velocity profiles

After investigating the spatial distribution of both CDM and halos inside, as well as around
voids, we now focus on their movements. Typically the dynamics of voids are character-
ized by a coherent and radially directed flow of matter around their centers, which can
be explored via the stacked velocity profiles. As previously described in section 3.2, we
distinguish between two different ways of calculating these stacks, using global stacks via
equation (3.11) and individual stacks via equation (3.10). Figures 6.6 and 6.7 present both
methods for isolated, as well as merged halo voids from the midres simulation, while fig-
ure 6.8 presents it for isolated voids from the highres simulation. All are depicted with
identical void radius bins as those used in previous figures 6.1 and 6.2 for number density
profiles. We depict both the velocities of halos (solid), as well as CDM (dotted), with
differences highlighted in the lower panels.

First of all, we note an exquisite agreement of the velocities between CDM particles
and halos around halo voids in both stacking methods. This is as expected, since the
equivalence principle states that test particles in a common gravitational potential fall
with identical speeds, irrespective of their mass and composition. Differences between
CDM and halo velocities become more visible when approaching the centers of voids,
where tracer statistics are sparser. However, the CDM particles might be a better tracer of
the velocity field in simulations, as they are more uniformly distributed than halos, which
leads to better sampling in sparse regions. When investigating the general movement of
tracers, we note that large voids are characterized by outflows, with steadily increasing
velocities from almost zero in their centers to a maximum velocity near the compensation
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Figure 6.6: Velocity profiles from individual stacks (left), as well as global stacks (right)
around isolated halo voids from the midres simulation with identical void radius bins as
in figure 6.1. Solid lines indicate the velocity of halos, dotted lines of CDM, while their
differences are shown in the lower panels.

wall, which then drops again and approaches zero in the large distance limit. This is
consistent with deep and extended matter underdensities in the vicinity of these voids,
as seen in figure 6.3. Since the compensation wall of smaller voids becomes much more
pronounced, their average direction of motion features a turning point and tracers flow
radially inward towards the compensation wall [38]. This influx of matter is most extreme
around the smallest set of voids, which may eventually overcome their interior expansion,
leading to a collapse that eliminates them [94]. One may argue that this is already the
case for the smallest voids of midres in figure 6.6, but our results in figure 6.8 from the
highres simulation show that voids of even smaller size can experience outflows from their
centers.

While the most prominent features of velocity profiles are similar for both stacking
methods, some important differences can be noticed in the proximity to the void centers.
In individual stacks the velocities closely converge towards zero in the center, while in
global stacks finite values are reached in the center. As the inner shells of small voids often
contain no tracers, the velocity is set to zero in these shells, and averaging many profiles
in the bin of small radii with zero velocity results in individual stacks giving a velocity
estimate close to zero as well, while global stacks can average out the tracer sparsity more
reasonably. In global stacks the differences between CDM and halo velocities decrease with
increasing void size, while the opposite trend happens in individual stacks, where the best
agreement happens in the smallest voids, which should be affected most due different levels
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Figure 6.7: Same as figure 6.6, but for merged voids. Identical void radius bins as in
figure 6.1.

of tracers sparsity from CDM and halos. At closer look we see that mainly the velocities
of halos are affected by the choice of the stacking method, while CDM velocities are more
consistent with each other in both methods. Since the same halos are used for the profile
calculation as for the void identification, this suggests that the residuals in velocity between
halo and CDM we observe are caused by the same sparse sampling effects that were already
found near void centers in the density profiles of the smallest voids in figures 6.1 and 6.2,
as previously discussed in section 6.1.

In fact, the velocity profiles of CDM voids, which are presented in figures 7.4 and 7.5 of
chapter 7, experience similar artifacts from sampling, because once more the same tracers
are used for the void identification and the profile calculation. This effect becomes most
severe for voids defined by the fewest tracers. Of course we should bear in mind that
any direct comparison between halo voids and CDM voids is of limited scope, as their
size functions significantly differ. One could alternatively argue for other potential causes
leading to a discrepancy between CDM and halo velocities, like a velocity bias from halos,
or some kind of relevant nonlinear dynamics [141, 142]. However, when increasing the
resolution of the simulation in figure 6.8, the discrepancies between velocities diminish
and move towards smaller scales. We therefore cannot find any evidence which may be in
favor of such effects beyond a simple resolution limit in simulations, which leads to sparse
sampling, especially for biased tracers.

When comparing the velocity profiles of isolated and merged voids through figures 6.6
and 6.7, we note that our general conclusions remain valid even for merged voids, although
the magnitude of their velocity changes significantly compared to isolated voids of similar
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Figure 6.8: Same as figure 6.6, but in the highres simulation. Identical void radius bins
as in figure 6.2.

sizes. While the maximal velocity around #solated voids increases steadily with increasing
size, merged voids of same size have significantly smaller velocities and they also feature
a turning point in the height of their maxima for large voids, at around the bin of 7, =
47.31 Mpc/h, and decrease slightly for even larger voids. These lower values in velocities
in and around merged voids are caused by the structures around their sub-voids. As these
sub-voids feature compensation walls as well, these walls can lead to a decrease in outflow
velocities of merged voids due to their gravitational potential. This potential leads to an
acceleration of matter towards the sub-voids’ compensation walls, which do not necessarily
align with the locations and orientations of the boundaries of merged voids, decreasing
their overall velocities.

Analogous to the density profiles in figure 6.4, we can use other void properties than
radius to stack their velocity profiles. Figure 6.9 presents this for the global stacking method
of profiles for isolated halo voids from the midres simulation in bins of void ellipticity e,
core density N,i,, and compensation A}, in addition to the bins in void radius r, presented
earlier, although solely for halo velocities. As done before, we only select voids with radii
between 5 Mpc/h and 50 Mpc/h in the stacks for the sake of comparability, but we now
also compare both methods of stacking velocity profiles through differences in the lower
panels.

When we consider the stacked bins in ellipticity in the upper right plot of figure 6.9,
we notice that all bins in € experience the same characteristic outflow of halos from the
center, with their maximum velocity steadily decreasing with increasing ellipticity, which is
in correspondence with the shape of their density profiles in figure 6.4. This is true in both
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Figure 6.9: Velocity profiles using global stacks, for halos around isolated halo voids in
the midres simulation for bins in void radius (top left), ellipticity (top right), core dens-
ity (bottom left) and compensation (bottom right). Lower panels depict the differences
between individual and global stacks. The bins, as well as the void selection are identical

to figure 6.4.

stacking methods, although the profiles using individual stacks result in generally lower
velocities than in global stacks, even at distances far out from the void center. In global
stacks the most elliptical set of voids is dominated by outflows of halos across all scales,
while only the more spherical voids exhibit the inflow of halos toward their compensation
walls. This is contrary to effects in individually stacked profiles, which feature inflows
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in all bins of ellipticity. This significant difference in behavior of halo velocities can be
understood when considering the definition of both stacking methods in equations (3.10)
and (3.11), combined with figure 5.2, which shows that radii and ellipticities of voids are
largely independent from each other. This results in bins of ellipticity covering a significant
range of void sizes within them. Therefore, averages over the individual velocity profiles
from equation (3.9) are biased towards the more numerous small voids. On the other
hand, equation (3.11) sums up the volume-weighted velocities of tracers around the full
void sample of the stack before normalizing by the total volume of Voronoi cells of all
tracers per shell, which in contrast is biased towards shells that contain a higher number
of tracers, hence it is biased towards typically large voids. The dependence of velocity
profiles on the radius of voids, as depicted on the top left of figure 6.9, then ultimately
translates into the noted differences between the two stacking methods that appear in the
upper right panel.

In the lower left panel of figure 6.9 we show the velocity stacks in bins of core density
Nmin- LThe correspondence with their associated number density profiles from figure 6.4 is
once more evident: voids that feature the most underdense cores experience the strongest
outflow velocities of halos, while voids with the densest cores experience enormous inflows.
Differences between the two stacking methods are apparent, although they do not affect the
general trends in profiles already manifest in figures 6.4 and 6.6. This is due to the stronger
correlation between void radii and their core densities, compared to their ellipticities, which
in turn leads to the averaging effects discussed above being of lower importance in these
stacks.

For velocity profiles in stacked bins of their compensation, as presented in the lower
right panel of figure 6.9, general trends in the profiles are similar to previous cases, although
we note that the compensation of a void has a stronger impact on its environment than
its core density, as expected from their density profiles in figure 6.4. Undercompensated
voids expand out to enormous distances from their centers, while overcompensated voids
are dominated by the influx of tracers. In between those two regimes, the peculiar motions
around exactly compensated voids with Ay = 0 vanish at the shortest distance from the
void center, as test particles near a region of average background density do not experience
any net force and simply move with the Hubble flow [38].

To summarize, an important conclusion from bins in different void properties in fig-
ure 6.9 is the fact that the different estimators for stacked velocity profiles around voids
can be biased in different ways, which depends on both the diversity of the considered
void sample and the property that is selected for the stacked bins. Velocity profiles using
individual stacks are biased towards the profiles of more numerous small voids, whereas the
profiles using global stacks are biased towards the ones of voids that are sampled with more
tracer particles, i.e. larger voids. This issue can be partially alleviated by placing limits on
the range of void radii in any given stack, but a comparison between both stacking methods
is nevertheless helpful in revealing residual biases that the velocity profile estimators may
encounter.
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Figure 6.10: Stacked number density profiles of isolated halo voids in the highres simula-
tion after applying mass cuts (left) and subsamplings (right) to the halo tracers. Voids are
always identified in the full (unsampled) halo distribution and selected in a radius range
from 16 Mpc/h to 20 Mpc/h. Legends indicate the chosen minimum halo masses My,
(left) and the number of halos N}, after subsampling (right).

6.4 Sampling effects

Our comparison of different profile estimators in the previous sections revealed some of their
limitations and biases in certain regimes. We expect that these limitations mostly arise
from sparse statistics of both voids and tracers, which are unavoidable when approaching
scales close to the mean tracer separation at any resolution. However, we can artificially
amplify this impact of sparse statistics by randomly subsampling the tracers used in the
profile calculations, or by removing the halos of lowest mass. Nevertheless, we do not
repeat the void finding process on these modified tracer samples, as this would render
any direct comparison between different void samples impossible due to the altered void
size function. This can be seen for example when we compare number density profiles of
1solated halo voids in both midres and highres simulations from figures 6.1 and 6.2. Their
distributions in void sizes are significantly different between both cases, and voids of same
radii do not necessarily share the same properties at different resolutions.

Without loss of generality we restrict ourselves to usolated halo voids from the highres
simulation in a void radius range from 16 Mpc/h to 20 Mpc/h, and subsequently apply
mass cuts in the halos and subsamplings to the halo sample for estimating void profiles.
Figure 6.10 shows the stacked number density profiles after selecting halos above different
mass thresholds M, given in the legend, and after random subsamplings that match
these previously selected number of halos after mass cuts. Applying mass cuts to the halo
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Figure 6.11: Same as figure 6.10, but for the velocity profiles using halo velocities in
individual stacks (top) based on equation (3.10) and in global stacks (bottom) based on
equation (3.11).

tracers affects the density profiles in a similar way as previous mass weights (cf. figure 6.5)
and reveals once more that more massive halos have a tendency to be more likely located
within the compensation walls of voids, while being scarcer near the void centers. On
the contrary, randomly subsampling the halos has no significant effect on the number
density profiles of voids, except for a noticeable increase of the error bars, as expected.
This certifies that the density estimator from equation (3.7) is not biased in sparse tracer
samples, except for the bias of few particles in extremely small shells inside small voids,
previously discussed in section 6.1, and of course the small bias of averaging non-spherical
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objects in spherical shells.

The corresponding velocity profiles of this bin in void size are depicted in figure 6.11.
Evidently, applying mass cuts and subsamplings to the halos affects individual stacks and
global stacks in significantly different ways. While the velocity profiles from individual
stacks continuously decrease when the number of tracers is reduced through either mass
cuts or subsampling, the profiles from global stacks remain stable within their error bars.
Regarding sampling effects, the global stacking method is clearly preferred, as it does not
generate a bias from the increased sparsity of tracers, nor does the velocity depend on the
tracer mass. A dependence of a tracers velocity on its mass would violate the equivalence
principle adopted in the gravity solver of the simulation, it therefore must be spurious.
Issues arise whenever tracers become too scarce to give a faithful sampling of the velocity
field, yielding too low estimates for the velocity. This is particularly severe near the void
centers in individual stacks, where massive halos, as well as any other tracer particles are
scarcest.

6.5 Velocity-split profiles

So far we were only interested in the average velocity profiles of tracers around voids and
in the density profiles of all selected tracer particles. Instead, we now want to investigate
differences in void profiles between outward flowing particles and tracers experiencing ra-
dial infall. The velocity of every tracer relative to the void center is determined and then
depending on whether it is positive or negative, we use this tracer particle for the calcu-
lation of the velocity, as well as density profiles of either outflowing or infalling tracers,
respectively. The density profiles are simply denoted by nf(r)/n — 1 or ny (r)/n — 1, as
well as ul (r) or uf(r), for positive and negative tracer velocities, respectively. However,
each density profile is still divided by the mean density of all tracers, irrespective of their
velocity.

Figure 6.12 presents these velocity-split profiles for isolated halo voids from the midres
simulation and halo tracers in the profiles, while figure 6.13 presents the same for merged
voids of midres and figure 6.14 for solated voids from the highres simulation. These
figures depict the split velocity profiles using individual stacks (left), as well as global
stacks (right) in the upper plots, and on the bottom the density profiles of outflowing
halos (left) and infalling halos (right).

When first looking at the split velocity profiles, we note that in individual stacks,
both positive and negative velocity profiles start at zero velocity in the void center and
the magnitude of their velocities steadily increases towards the compensation wall and
then drops with increasing void size for positive velocities, or remains almost constant
for negative velocities. On the contrary, the split profiles in global stacks never exhibit
velocities close to zero. Focusing on the centers of voids first, interpreting the profiles
using individual stacks would lead to the conclusion that all halos are almost stationary
close to the void centers. Global stacks instead hint at a more ‘chaotic’ behavior of tracer
particles. Here the tracers move at high velocities near the void center, both inward and
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Figure 6.12: Velocity profiles (top) and density profiles (bottom) for isolated halo voids
from the midres simulation, split for halo tracers with positive (outflowing, bottom left)
and negative (infalling, bottom right) velocities. Velocity profiles are presented in both
individual stacks (left) and global stacks(right), with identical void radius bins as in fig-
ure 6.1.

outward. Some of these particles that move towards the center will surely cross it and
would switch from positive to negative velocity with respect to the center at some later
time and vice versa. This interpretation from global stacks seems more likely than almost
stationary particles near the centers and further showcases the internal biases between
different velocity estimators. Past the compensation wall at » = r,, both stacking methods
agree to a much higher degree, as effects from sparse sampling are eliminated at these
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Figure 6.13: Same as figure 6.12, but for merged voids. Identical void radius bins as in
figure 6.1.

scales.

Regarding the general properties of split velocity profiles, we note that smaller voids
almost always have lower velocities than large voids, except in the innermost regions of
individual stacks due to effects from tracer sparsity. They have either smaller velocities
for positive profiles, or more extreme values for negative velocities. Comparing positive
and negative velocities, we note that while their absolute values differ significantly, their
shapes are surprisingly similar, especially for global stacks. All of this is equally true for
the velocity-split profiles of merged voids, as well as for the profiles of usolated halo voids
from the highres simulation and for CDM voids (not depicted). While the velocity profiles
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Figure 6.14: Same as figure 6.12, but for the highres simulation. Identical void radius
bins as in figure 6.2.

of both in- and outflowing tracers combined have significantly different values in highres
(cf. figure 6.8) compared to the ones in midres (cf. figure 6.6), their split profiles have
much more similar values. Furthermore, the split velocity profiles of merged voids are more
similar to the ones of isolated voids than their regular velocity profiles.

Of course the ‘true’ velocity profiles of particles with both negative and positive velo-
cities have more complicated shapes and are not simply given by the difference between
positive and negative velocities, as both profiles have significant differences in their number
densities. These split number density profiles are presented on the bottom of figure 6.12
around isolated halo voids of midres for halos with positive velocities on the left and ones
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with negative velocities on the right, as well as in figure 6.13 for merged voids and in fig-
ure 6.14 for isolated halo voids in highres. We note that in split density profiles of isolated
voids in midres, outflowing particles have almost identical profiles within voids, except for
smallest voids and in the innermost shells. The larger voids become, the more their outflow-
ing density profiles align within, and only outside voids we see environmental differences in
the profiles. We observe a similar behaviour in highres, however the alignment is slightly
worse, as these voids are potentially still too small for this effect. In contrast, the density
profiles of outflowing particles around merged voids do not align, evident from figure 6.13,
as their internal structures around their sub-voids add to the density of outward moving
particles inside large voids. Moreover, we found this alignment only in the isolated halo
void profiles, while the profiles of CDM around both isolated CDM and halo voids do not
align, but are still rather similar, far more than for merged voids.

On the contrary, the inward moving tracers experience significant differences between
the bins in 7, over all distances. Their shapes highly resemble the shapes of the usual
stacked density profiles in all cases, just at smaller values. Especially for large merged
voids the densities become quite small, while the outflowing densities increase with ry,
as these large voids expand across their whole interior and loose more tracers than they
gain. In contrast, the compensation wall of the smallest isolated voids is quite large in
split profiles as well and further supports the dominated inflow velocities seen previously
in figure 6.6. In the smallest depicted bin of 7, the majority of tracers even moves towards
void centers, instead of the usual domination of outflowing tracers inside voids. This inflow
of halos around small voids supports conclusions that voids can accrete significant amounts
of matter over time [143], here in the form of halos, but split profiles of CDM around halo
voids suggest a similar accretion of matter inside small voids. On the other hand, large
voids are dominated by the outflow of tracers.

Comparing the density profiles of tracers with both positive and negative velocities, we
see that the larger voids become, the closer their density profiles moves towards —0.5 on
large scales, either from below or above, respectively. This ultimately results in densities
near the mean background seen in the usual density profiles in figure 6.1 and a net velocity
close to zero for large voids, as split velocity profiles are rather similar.



Chapter 7

Linear mass conservation

After examining properties of stacked density, as well as velocity profiles of various voids
separately in the previous chapter, we now want to investigate their close interrelation via
the linear continuity equation (3.14), discussed in more detail in section 3.2. For any given
density profiles, we refer to their velocity profiles calculated via that equation as linear
theory profiles. Equation (3.14) still contains a free parameter that is to be determined
when using halos as tracers: their bias b;. We achieve determining this parameter by fitting
our linear theory profiles to the velocity profiles that were estimated via equation (3.9) for
individual voids, and via equations (3.10) and (3.11) for stacked voids, treating this bias
as a free (inverse) amplitude. Except for tests at different redshifts in section 7.3, all void
catalogs are at redshift z = 0.29.

7.1 Individual voids

We begin testing the validity of equation (3.14) on the density and velocity profiles of
individual voids, estimated via equations (3.7) and (3.9), respectively. The left panel of
figure 7.1 presents the individual matter density profiles of five isolated CDM voids from the
midres simulation, while their velocity and linear theory profiles (with b, = 1) are depicted
on the right. These five CDM voids are more or less a random draw from our void catalog,
with the only condition to sample a range of significantly different void radii. Although
these individual density profiles are subject to a high sample variance and scatter, one can
still perceive the characteristic underdensity near the center of voids, an overdensity in
the compensation wall around r = r,, and the trend of profiles going towards the mean
background density at large scales. A particular void with r, = 32.06 Mpc/h (depicted in
yellow) exhibits a peak in the density in its very center, which serves as a good example for
the effects of tracers sparsity that can occur in the density estimator from equation (3.7)
at the smallest inner shells.

Their velocity profiles measured from tracer velocities mirror these fluctuations, where
some voids are dominated by outward motion of tracers across all scales and other voids
experiencing an infall towards their compensation wall from large distances. Nevertheless,
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Figure 7.1: Matter density (left) and velocity (right) profiles of isolated individual CDM
voids from the midres simulation. Dotted lines show the measured density and velocity
profiles based on equations (3.7) and (3.9), respectively. Solid lines in the right panel depict
the linear theory predictions based on equation (3.14), with by = 1 for CDM. The legend
provides the effective radii of the individual voids.

the linear theory profiles match the measured velocities with a remarkable accuracy for
every single case. However, due to the integral over the density profile appearing in equa-
tion (3.14), the linear theory profiles become much smoother than the measured velocity
profiles, as the scatter is averaged out. Near the centers of voids differences are more
significant due to the sparsity of tracers inside voids, but they are still consistent with the
scatter of the measured velocity. We emphasize that in this procedure, no free parameters
have been adjusted and the tracer bias of CDM is simply fixed to its value by =1 .

When we use halos as tracers for the profiles, we can no longer assume a unity bias
by = 1, but have to determine this bias separately. The individual number density profiles
of five usolated halo voids selected at random of the midres simulation are depicted in
figure 7.2. Moreover, we revisit the mass-weighted density profiles on the bottom panel
for the same five voids, as introduced in section 6.2. These two types of density profiles
follow similar shapes, although the mass-weighted ones have a tendency for deeper troughs
and higher peaks, since more massive halos are more likely to reside in regions of higher
density, as discussed before. One particular void with with r, = 23.7Mpc/h (in red) is
embedded within a much larger underdensity, located between r = 3r, and r = 4r,, and
it serves as a nice example for the void-in-void scenario.

The individual velocity profiles once more reflect the density structure of all five de-
picted voids. We now treat the bias b; in equation (3.14) as a free parameter, in order to
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Figure 7.2: Same as figure 7.1, but for isolated halo voids with both unweighted (top), as
well as mass-weighted (bottom) number density profiles of halos. The bias b; is now a free
parameter and fitted to the measured velocity profiles from velocities of halos, with best-fit

values given in the legend.

fit the linear theory profiles to the measured velocity profiles. Again, both profiles share
a striking similarity, even for the case of using mass-weighted density profiles. The only
difference from the latter are enhanced values of the best-fit bias parameters, which further
corroborates our conclusions from section 6.2.

For completeness we additionally present five profiles of isolated halo voids from the
highres simulation in figure 7.3. This time we have intentionally selected four voids of
around similar size in order to point out the diversity in their profiles. The void with
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Figure 7.3: Same as figure 7.2, but in the highres simulation.

ry = 19.71 Mpc/h (in red) could be associated with a rare “void-in-void-in-void” scenario,
which exemplifies how deep hierarchies with multiple levels of sub-voids can occur. This
fact is substantiated by its velocity profile, which exhibits three distinct peaks of enhanced
outflow of tracers around the boundaries of each sub-void in the density profile. No mat-
ter the complexity of a void’s structure, linear theory manages to successfully reproduce
the dynamics even within individual voids. The only major difference in highres are
lower values of the bias obtained from our fitting, due to the lower mass cuts in halos at
10 Mg /h.

To summarize, mass conservation based on the linear continuity equation (3.14) can
provide an extremely accurate description of the dynamics around individual voids that
are well resolved, independent of whether CDM or halos are used as tracers for the void



7.2 Stacked voids 59

individual stacks global stacks

300 7y[Mpe/h] Ny by 3007
—— 857 39714 155
12,76 162646 1.79
1743 193470 1.54 2001
2224 129575 13 | &
27.06 56630 1.16 =
3186 15402 1.07 | == 1004
=
3

by
—— 1.66
~— 1.67
1.43
1.23
1.11
1.04
1.0
—— 097

36.61 2461  1.01
—+— 4144 202 0.99

—1004 CDI\/Ivolds 1004 : CDI\IVOldS

501 501

ERASSifjs2eeasns Lo S ibiRRufibdnauiss s

B e R T R R e R s

—504

data - model
data - model

—1001 —1004

Figure 7.4: Application of equation (3.14) on the stacked matter density profiles of isolated
CDM voids in the midres simulation (from the top left of figure 6.1). Solid lines depict
the linear theory predictions and dotted lines the measured velocity profiles for individual
(left) and global stacks (right). The bottom panels highlight differences between measured
velocity profiles (data) and linear theory profiles (model).

identification. To the best of our knowledge, this unique behavior of simple dynamics has
not been found in any of the environments of large-scale structure so far.

7.2 Stacked voids

In the same manner as done for individual voids, we may apply the linear continuity
equation (3.14) to the profiles of stacked voids. Here we can make use of the previously
examined matter density profiles of CDM voids, the number density profiles of halo voids
(with and without mass weighting), as well as their corresponding velocity profiles in
individual and global stacks. With all these different variants there are multiple options
to test linear dynamics with stacked profiles. Reference [38] already depicted such a test
based on individually stacked velocity profiles of merged CDM voids, which we repeat here
with isolated CDM voids in both stacking methods in figure 7.4. We use the identical bins
in void radius as already used in the upper left panel of figure 6.1. Furthermore, even
though the bias of CDM tracers is by = 1, we treat b; as a single free parameter, through
which deviations from by = 1 can indicate any additional biases of estimators.

We confirm the very good agreement between the prediction from the linear continuity
equation for both individual and global stacks, especially for the largest voids. The profiles
from global stacks exhibit a more linear rise in velocity near the void center, which is
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Figure 7.5: Same as figure 7.4, but for individual fits (top), as well as global fits (bottom) of
the tracer bias. In individual fits the tracer bias is determined via the linearized continuity
equation (3.14) for each individual void before averaging. For global fits a single tracer bias
parameter is determined after averaging all individual linear theory profiles with by = 1 and
applying equation (3.14). Shaded regions indicate standard deviations around the mean
linear theory profiles.

slightly better in line with the linear theory prediction than in the case of individually
stacked velocity profiles. Deviations become stronger in small voids, especially close to
their centers due to the sparsity of tracers within, as discussed in section 6.3. However,
even at larger distances from the void centers a significant constant offset remains for small
voids. The best-fit values of the tracer bias converge towards by = 1 for large voids, which
is as expected for CDM tracers. Smaller voids exhibit bias values significantly higher than
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Figure 7.6: Same as figure 7.5, but for isolated halo voids in the midres simulation.

unity, in accordance with the results of reference [44]. The choice of a different merging
threshold than for isolated voids does not affect these conclusions and they remain valid
for halo voids and their number density, as well as velocity profiles, which yield higher
values for b, as expected for halos.

With the methodology we developed for the profiles of individual voids in section 7.1,
we can now introduce two additional tests for the linear dynamics around stacked voids.
In the first option we apply equation (3.14) to each individual density profile of a given
void sample of the stack, fit b; for every individual void profile separately, and average the
linear theory profiles, as well as best-fit bias parameters in the end. This method will be
referred to as individual fits. For the second option, we once more apply equation (3.14)
to the individual density profiles of voids, but fix the bias b; to 1. We then average the
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Figure 7.7: Same as figure 7.6, but for the highres simulation.

resulting linear theory profiles and fit for a single ‘global’ tracer bias parameter for each
stacked bin in the end. We will refer to this method as global fits. Both methods come with
the advantage that they naturally provide an entire posterior distribution of predictions
for linear theory profiles, which can be used to quantify any uncertainties (error bars).
Figure 7.5 depicts the results from the two linear theory methods (individual and global
fits) for isolated CDM voids. In all cases the linear theory predictions and measured velo-
city profiles match closely, while stronger differences once more occur around small voids.
Furthermore, the differences between data and model gradually reduce towards larger voids
in global stacks, whereas in individual stacks differences are of the same magnitude for all
void radius bins. Generally, results from global fits are quite similar to the previous case
from figure 7.4. In contrast, profiles from individual fits feature a slightly better agreement
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Figure 7.8: Same as figure 7.6, but using mass-weighted density profiles in equation (3.14).

between data and model, especially at larger distance from the void center. On the other
hand, in the case of global fits the best-fit values of the tracer bias are somewhat closer to
unity. It must be noted that for individual fits the obtained bias values are identical in both
stacking methods of velocity profiles, since the fitting is performed before stacking. For
global fits there are slight variations in the bias values between the two stacking methods.

Subsequent figures 7.6 and 7.7 present the individual and global fits to profiles of
isolated halo voids in both the midres, as well as the highres simulation. Essentially
all conclusions from CDM voids remain valid even for halo voids. Only the values of the
tracer bias parameters are higher, as expected, but they also decrease towards larger void
radii. A comparison across the different resolutions of the simulations allows us to explore
a wider range in void sizes and enables us to potentially identify a limit of the validity
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of linear theory for voids below some characteristic scale. For the highres simulation,
the following bin edges in void radius are used: 4 Mpc/h, 8 Mpc/h, 11 Mpc/h, 13 Mpc/h,
16 Mpc/h, 20 Mpc/h, and 30 Mpc/h. In contrast, in the midres simulation bins in void
radius are arranged from 5 Mpc/h to 50 Mpc/h, always in steps of 5 Mpc/h width. Now we
can compare voids within a given range in radii at different resolutions. For example, the
voids in highres with radii around 12 Mpc/h exhibit significantly smaller residuals between
model and data than voids in midres. In order to reach a similar level of agreement in
midres, one has to look at the profiles of much larger larger voids, of around 22 Mpc/h
in radius. Voids of this size are amongst the largest voids in highres and exclusively
feature outflows of tracers, similar to the largest voids above radii of 40 Mpc/h in midres.
This strongly indicates that residual mismatches between data and model are due to tracer
sparsity in the midres simulation, rather than an existing limit of linear theory below some
fundamental scale.

For a final test we exchange the number density profiles with their mass-weighted
versions for halo voids. This is depicted in figure 7.8 for the midres simulation. Our
theoretical model still produces correct shapes of stacked velocity profiles, although the
residuals somewhat increase in comparison to using the unweighted number density profiles.
For individual stacks, the differences now increase with the size of voids, however the mass-
weighted density profiles of the largest voids are most similar to their number density
profiles (see figure 6.5). In each stacking method we observe that individual fits experience
the largest discrepancies in the inner regions of voids, where the maximal velocity predicted
by linear theory falls considerably short of the measured velocity. At larges scales the
profiles align once more, except for the smallest subset of voids. In contrast, global fits
reproduce the maxima in the velocity profiles more accurately, although they disagree more
in regions near the compensation walls. In all cases, the fitted values of the tracer bias
increase, which is expected from mass weighting, but the agreement between data and
model is generally worse than for the unweighted profiles. This decrease in accuracy can
be explained by the fact that mass weighting further amplifies the impact of high-mass
halos, which are much scarcer than the majority of the halo population. This in turn leads
to a stronger sensitivity to the impact of tracer sparsity in void profiles, most notably close
to the centers of voids.

We repeated the same analysis on the matter density profiles of halo voids, as well as for
merged voids. Furthermore, we tested additional mass cuts at higher values when selecting
halos for the void identification and profile calculation. We find identical conclusions in all
scenarios, so we refrain from presenting these in additional figures. Another option is to
stack voids based on other properties than their radius, as already presented in figures 6.4
and 6.9. Here linear theory profiles often yield less accurate predictions due to the extended
ranges in void size in each stack. This can be slightly remedied by using the methods of
individual fits combined with individual stacks, as then voids are modeled completely
independent from each other.
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7.3 Alternative cosmologies and redshifts

So far we have only tested the validity of linear mass conservation via equation (3.14) at
the ‘default’ cosmology of the Magneticum simulations, namely the best fitting values of
WMAPT [115], with values Q,, = 0.272, 2, = 0.0456, 03 = 0.809 and h = 0.704. For more
details, we refer to chapter 4. However, the Magneticum simulation suite additionally offers
simulations (boxes 1a) at identical mass resolution as the midres simulations at smaller box
length, which we will refer to as midres-1a and mrla. These midres-1a simulations are
performed in a box of Loy = 896 Mpc/h, with further details provided in table 4.1. They
consist of a range of simulations with varying values of the cosmological parameters. Most
importantly, their matter content starts at a smallest value of 2,,, = 0.153 in box C1, and
increases with its numbering to the maximum value of €2, = 0.428 in box C15. In order to
test linear mass conservation in more extreme cosmological scenarios, we will makes use of
boxes C1 and C15, whose other varying cosmological parameters are €, = 0.0408/0.0492,
os = 0.614/0.830 and h = 0.666/0.732 for boxes C1 / C15, respectively, while Q4 is given
by Q A= 1— Qm.

For the void identification process we apply the identical halo mass cut as in midres,
namely M, = 102 M /h, as then halos are still resolved. The number of halos above this
mass cut and subsequently the number of identified voids therein strongly correlates with
the amount of matter in the Universe, i.e. €. We ultimately end up with 0.967 x 10°
halos and 4 807 voids in the C1 run, while C15 contains 4.35 x 10% halos, as well as 27 693
identified voids, all at redshift z = 0.29.

We tested our analysis on the linear mass conservation in the same manner as for midres
in these two cosmologies and a summary is presented in figure 7.9 for the C1 box on the
left and the C'15 box on the right, where the normal number density profiles are used. It is
presented for both linear theory and velocity profiles of individual isolated halo voids in the
upper panels, as well as for their global stacks of velocity profiles on the bottom, including
linear theory profiles with individual fits. While the radii of voids between C1 and C15
differ significantly due to the shift in the void size functions caused by enormous differences
in the number of voids identified, and the height of maximal velocities in identical bins of
ry almost triple in C15, we observe that the general results at different cosmologies look
more or less identical to the ones of the midres and highres simulations, although with
significantly different values of the tracer bias b;. At small €2, we find high values b;, while
at large €, by is much closer to unity. With these results we argue that the application
of linear theory via equation (3.14) should successfully reproduce the dynamics of both
individual and stacked voids in all observationally relevant ACDM cosmologies to a high
degree.

In addition, we perform tests of our analysis at multiple redshifts. As our previous
results on linear mass conservation were all obtained at redshift z = 0.29, which is already
close to z = 0, we instead present a summary of our analysis at much higher redshifts and
equivalently in a much less evolved Universe. As we will investigate the time evolution of
voids and their profiles, as well as redshift effects in chapter 9, we will not go into more
details here, except when relevant for our analysis, presented in figure 7.10. Once more, we
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Figure 7.9: Linear mass conservation applied on individual (top) and stacked (bottom)
isolated halo voids (using halo tracers) in the C1 (left) and C15 (right) cosmologies of the
midres-1a simulations, at z = 0.29, presented for global stacks of velocity profiles. Solid
lines show the linear theory predictions and dotted lines the measured velocity profiles.

depict the linear theory profiles, as well as velocity profiles of individual voids on the top
and global stacks of velocity profiles in addition to the linear theory profiles using individual
fits on the bottom. Here it is depicted for isolated halo voids in the midres simulation at
redshift z = 2.79 on the left and in the highres simulation at redshift z = 4.23 on the
right. At the usual 10" M /h mass cut in midres we use 9.90 x 10° halos to identify 77 029
voids at z = 2.79, while highres at mass cut 10" M /h contains 6 866 voids within the
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Figure 7.10: Linear mass conservation applied on individual (top) and stacked (bottom)
isolated halo voids (using halo tracers) in midres at z = 2.79 (left) and highres at z = 4.23
(right), presented for global stacks of velocity profiles. Solid lines show the linear theory
predictions and dotted lines the measured velocity profiles.

distribution of 1.23 x 10°® halos at 2 = 4.23.

At these rather early times in our Universe, we find only few halos, which represent
the strongest peaks in the early density field. Due to this, we find significantly higher
values of the tracer bias than previously, on the order of by = 4. Furthermore, voids are
now of larger size due to their limited numbers. However, even at these high redshifts
we find that linear mass conservation successfully reproduces both individual, as well as
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stacked velocity profiles, as evident from figure 7.10. Once again, the results are almost
indistinguishable from those of the previous sections at redshift z = 0.29 and further tests
at z = 0 show equally similar results. We therefore argue that besides being applicable at
different cosmologies, linear mass conservation still holds over the majority of the age of
our Universe.

7.4 Resolution study

Our tests on the linear continuity equation in the previous sections show a remarkable agree-
ment between the measured velocity profiles and profiles obtained from equation (3.14), in
stacked, as well as even individual profiles of both CDM and halo voids. Comparing the
midres and highres simulations has not revealed any limitations for the validity of the
linear continuity equation around voids, apart from effects due to tracer sparsity. In this
section we extend this through a resolution study by one more layer, where we make use of
the ultra-hr simulation. This simulation covers a small box volume of merely 48 Mpc/h
a side, but features a much higher resolution than used in the highres simulation. For the
void identification in halos we used a mass cut of 1.3 x 10° My /h, as at this value, halos
are still resolved. This mass cut led to around 0.136 million halos with a mean particle
separation of 7y = 0.93 Mpc/h, which ultimately resulted in a total of 346 isolated halo
voids in this simulation at redshift z = 0.29. This void sample is too small to consider
for any realistic cosmological applications, although it is still very useful for testing linear
dynamics at very small scales.

Figure 7.11 presents both individual and stacked density profiles of halo voids on the left.
The latter clearly exhibit enormous error bars compared to previously analyzed profiles,
owed to the much smaller number of voids in the sample. Nevertheless, characteristic
features of density profiles are still consistent with our previous findings, except that now
we are investigating voids of only a few Mpc in size, with a maximum radius of 4.5 Mpc/h
depicted. The right side of figure 7.11 shows the corresponding velocity profiles, with
individual stacks used for the velocity profiles on the bottom. Almost all of these small
voids experience infall of tracers from their environment, albeit there is one example of a
clearly undercompensated void with 7, = 4.15Mpc/h (in green) experiencing outflows.

Based on the density profiles on the left of figure 7.11, we once more repeat the applic-
ation of equation (3.14) in order to get predictions of the velocity profiles on the right. In
the individual void profiles on the top we find that even the smallest void depicted, with a
radius of 1.38 Mpc/h (in red), has a velocity profile consistent with linear dynamics within
the scatter. This is still in line with the individual profiles in both midres and highres
simulations from section 7.1. Despite the enormous variety in shape, the individual profiles
are all described strikingly well by the linear continuity equation. Additionally, the stacked
velocity profiles on the bottom confirm this: even in the smallest bin of void radii between
1.0 Mpc/h and 2.5 Mpc/h, the linear theory profiles based on individual fits still align with
the individually stacked velocity profiles within their errors on all scales around the void
center.
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Figure 7.11: Individual (top), as well as stacked (bottom) number density profiles of isol-
ated halo voids from the ultra-hr simulation on the left. Corresponding velocity profiles
(dotted lines) and predictions of linear mass conservation (solid lines) via equation (3.14)
on the right.

Such small scales, reaching 1 Mpc/h and below, are typically considered to be highly
nonlinear in the field of large-scale structure. Nevertheless, we find no evidence for any
onset of nonlinear dynamics around underdense environments in voids of this size. A
similar conclusion on the linearity of voids has been reached in reference [47], where it was
shown that voids of size r, > 5Mpc/h are well-described by the Zel’dovich approximation.
It might be possible that these linear dynamics are a general characteristic of voids and
might hold irrespective of length scale. At the same time, voids clearly dominate the
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volume fraction in the Universe, which indicates that linear dynamics should prevail within
the large-scale structure. It is conceivable that due to practical reasons the study of the
brightest galaxies and most massive objects, typically located in the densest environments
of the cosmos, may have concealed this new insight from cosmologists until now.



Chapter 8

Baryonic effects in voids

In previous chapters we focused solely on voids identified in the hydro simulations of the
Magneticum suite, in order to investigate general properties of voids and their profiles in
chapters 5 and 6, as well as test the validity of linear mass conservation around voids across
a wide range of scales in chapter 7. However, most cosmological simulations do not include
the more complicated baryonic physics and are purely dark matter only simulations, in
order to save significant computational resources. Neglecting the effects from baryonic
physics in these dark matter only simulations naturally leads to substantial changes in the
properties and internal structures of biased tracers, such as halos.

So far the impact of baryonic physics in and around voids has been explored in only
few studies, such as the ones by Paillas et al. [144] and Rodriguez-Medrano et al. [145]. As
these papers only studied spherical voids in either much smaller cosmological volumes or
lower resolutions, we aim to investigate impacts of baryonic physics on watershed voids in
greater detail. Comparing common void statistics from both hydro and DMo simulations can
help determining the validity of void statistics derived from dark matter only simulations
when comparing these statistics with observations. Furthermore, in order to learn more
about the differences between baryons and CDM around voids and where they are of great
importance, we will investigate their different distributions and dynamics around halo
defined voids in the hydro simulations in a variety of resolutions and scale. All this is
explored at fixed redshift z = 0.25 in the highres and ultra-hr simulations.

In section 8.1 we will briefly discuss the relevant changes in tracer catalogs between
the hydro and DMo simulations, as well as baryonic impacts on common void statistics.
Afterwards in section 8.2 we will investigate the density and velocity profiles for a variety
of different cases of voids and tracers used in these profiles.
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Name | hydro/ My Ny nn Tt N, in N, in
DMo [Mg/h]  [x10°] [(Mpc/h)™3] [Mpc/h] halos matched halos

midres | hydro 1.0 x 10*?  65.5 3.37-1073 6.67 366709 -
midres DMo 1.0 x 10?2 66.4  3.42-1073 6.64 371943 367791
highres | hydro 1.0 x 10" 820 3.13-1072 3.17 33254 31139
highres DMo 1.0 x 10" 753  2.87-1072 3.27 32050 -
ultra-hr | hydro 1.6 x 10° 0.113 1.02 - 10° 0.992 281 -
ultra-hr | DMo 1.6 x 10°  0.143 1.30 - 10° 0.917 348 278

Table 8.1: Summary of halo and void numbers in hydro and DMo runs, including the number
of halos Ny, with My, > M., mean halo density n;, and tracer separation 7 after mass
cuts, number of halo voids identified in the halo catalogs after applying the mass cut and
matched halo densities (for simulation with larger N},) in the different Magneticum runs,
at redshifts z = 0 for midres and z = 0.25 otherwise.

Name |subsampling N, after N,in N,in N,in
fraction  subsampling [x10%] CDM baryons CDMo
midres | 0.0665 % 62.1 538255 539284 537951
highres| 0.0344 % 8.21 51741 52712 51772

Table 8.2: Subsampling fraction from total number of particles of each kind and resulting
number of subsampled matter tracers used for the void identification, number of voids
found in the CDM and baryons of the hydro runs, as well as the CDM of the DMo runs
(CDMo).

8.1 Catalogs

8.1.1 Tracers

As previously discussed, the void finding with VIDE solely requires the position of any kind
of tracer particles. Hence, we will find voids in both the distributions of halos, as well as
the different matter tracers. In case of the hydro simulations, we identify voids in both
CDM and baryon particles, while we only identify CDMo voids in the DMo simulations. In
contrast, voids can be identified in the halos of both hydro and DMo simulations and will
be referred to as halo- and DMo halo voids, respectively.

The halos utilized for void identification are once more selected after applying different
mass cuts (see table 8.1), which are above the resolution limit of each box, explained in
more detail in chapter 4. This is valid for halo voids in both the hydro and DMo runs.
However, as the number of halos above a given mass cut differs between hydro and DMo
runs, this results in significant differences in void numbers, which in turn affects common
void statistics, such as their void size functions and void profiles. This could already be
attributed to baryonic effects, though in real observations we only observe a given number
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of galaxies and halos. Therefore, we choose to additionally match the halo number densities
in both hydro and DMo runs to identify voids in these matched catalogs as well. This is
done in order to pinpoint where baryonic physics has an effect on void statistics and to see
if void statistics from other dark matter only simulations at a given tracer density would
have to take into account these effects when comparing the statistics with observations.
For the matching, we select the most massive halos of those simulations, which have the
most halos above a given mass cut. Therefore, when investigating baryonic effects around
halo defined voids, we will present void statistics in both catalogs obtained from mass cuts
and from matched halo densities.

In the midres as well as the highres simulations we additionally identify voids in
subsamplings of the underlying matter particles. These subsamples were chosen to ap-
proximately match the total number of halos used for the void finding, in order to obtain
matter and halo defined voids of similar ranges in r,. This is done for both baryons
and CDM from the hydro simulations, as well as for the CDM from the DMo simulations
(CDMo). The subsampling fractions compared to the total number of tracer particles of
each kind and the resulting tracer numbers are given in table 8.2.

8.1.2 Voids

As we have found no significant baryonic effects between the hydro and DMo runs of the
midres simulations in all matter and halo defined voids, we refrain from presenting plots
from these simulations and instead focus on voids identified in the highres simulations.
However, the numbers of midres voids are still presented in tables 8.1 and 8.2. The
absence of relevant baryonic effects in the midres simulations is also the reason why we
do not investigate alternative cosmologies in this chapter, as they are only available at
identical resolution to midres, but at substantially smaller void numbers. Furthermore,
we analyzed both isolated and merged voids, but merging does not impact our conclusions
so we refrain from presenting the merged void catalogs and solely focus on isolated voids.
Void profiles from the ultra-hr simulation will be presented only in a resolution study
in section 8.2.5 to further corroborate our results and common void statistics will not be
presented in other sections due to the extremely low number of voids identified in ultra-hr.

Table 8.1 contains the number of halo and DMo halo voids identified in the tracer selec-
tion after mass cuts. In addition, it contains the void numbers for the matched halo density
catalogs. These matched density catalogs are constructed for the simulations that have a
higher halo density after the mass cuts. We see that in the case of midres there are more
halos and therefore more voids in the DMo run for the mass cuts. This behavior changes for
highres with a higher halo number density in the hydro simulation and reverses again in
ultra-hr. As expected, after matching halo densities, the number of identified voids are
more alike.

The void numbers found in CDM and baryons are presented in table 8.2. We see that at
a fixed tracer density after subsamplings (slight variations in N, exist), there are generally
slightly more voids found in the baryons than in the CDM of the hydro simulations due
to the more uniformly distributed baryons, while the number of voids in the CDM of both
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Figure 8.1: Projected density field in a 50 Mpc/h deep slice of the highres simulations, in-
cluding projected void boundaries of voids with r, > 15 Mpc/h, whose spherical equivalent
lies completely within the slice. Presented for the density field and therein identified voids
in CDM (left) and baryons (right) of the hydro simulation. For the projected density field
of matter, subsamplings with more particles than used for the void finding are depicted.
Colors of void boundaries indicate the depth of the void centers within the slice.

hydro and DMo simulations is almost identical. This result contrasts previous findings [144],
where significantly more matter voids were identified in dark matter only simulations.
However, as we use a different void finder and do not impose any density or size cuts,
we argue that both results hold, especially when considering the distributions of different
matter voids later on in figure 8.3.

To showcase similarities in both matter and halo voids, figures 8.1 and 8.2 present
the projected density fields across the whole highres simulation box in a 50 Mpc/h deep
slice, including projected void shapes. Regions of higher density are depicted in darker
colors while regions of lower projected density correspond to lighter tones in color. This
is done for CDM (left) and baryons (right) from the hydro simulation in figure 8.1, as
well as for halos (left) and DMo halos (right) in figure 8.2, where only the last case is
from the DMo simulation. For better visibility, we restrict ourselves to depict only voids
with 7, > 15 Mpc/h, whose spherical equivalent lies completely within the projected slice.
While in the case of all halo voids (figure 8.2), the projected tracers are identical to the ones
used for the void finding after mass cuts, the matter voids are identified in subsamples of
around 8.21 million tracers, whereas the projected density fields use subsamples of around
50 million tracers to resolve cosmic structures more accurately. Colors of void boundaries
indicate the depth of the void center within the slice. This is done to illustrate which voids
are next to each other and which ones simply overlap in projection. Purple/blue voids are
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Figure 8.2: Same as figure 8.1, but for the halos at fixed mass cut in the hydro (left)
and DMo (right) simulations. No additional tracers compared to the ones used in the void
finding are depicted in the projected density field.

closest to the beginning of the slice, while orange/red are deepest. It is important to note
that since all voids are isolated ones, there is no direct overlap of voids in real space and
every void occupies a unique volume. Some voids even cross from one end of the simulation
box to the other due to periodic boundary conditions.

Even in projection, the typical structures of the cosmic web are clearly visible, namely
the nodes of clustered tracers in dark, the extended filaments and more empty regions in
lighter colors. While filaments and nodes are clearly visible, most of the visibility of sheets
gets lost in the projection. Between figures 8.1 and 8.2 the nodes and filaments align, as
expected, since any type of matter is attracted to the potential wells of the gravitational
field and halos simply arise from clustered matter particles. Void boundaries align with
these visible structures quite often. However, a one-to-one congruence between the plots
is not quite as clear for the projected void shapes, since only a certain selection of voids
is depicted. Some matter voids get ‘merged’ when looking instead at the biased tracer
field of halos, and the exact shapes of voids are highly sensitive to variations in tracer
positions between the different cases depicted. Additionally, slight variations in the radii
and barycenters might lead to some more or less ‘identical’ voids being left out of the
projection or depicted in different colors. However, there is still an overlap of voids in all
cases, with only slight variations in their projected shapes. Examples include the blue void
present in both CDM and baryons, located at around x ~ 250 Mpc/h and y ~ 50 Mpc/h,
which is also present in the halos though with larger projected size, as well as a void located
at around z ~ 80 Mpc/h and y ~ 20 Mpc/h in both halos and DMo halos. Nevertheless,
finding and comparing ‘identical” voids between the different tracer types is neither possible
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for most of them, nor is it very useful. We are only interested in how void statistics are
affected by baryonic physics, and not the effects on individual voids identified in different
tracers, as variations between tracer positions are expected to be stronger than any effects
caused solely by the implemented baryonic physics.

Furthermore, even in projection we already find that the distribution of baryons looks
more diffuse than for CDM, as previously found in reference [144], which also indicates a
higher baryon fraction inside voids [145]. A prominent difference between the projected
matter and halo voids in figures 8.1 and 8.2 is that there are significantly fewer projected
matter voids seen in the first figure, compared to halo voids in the latter. This can be
explained by looking at N, found in each tracer type and at the void size function in the
upper plots of figure 8.3. As we find considerably more matter than halo voids at similar
tracer densities, the matter voids necessarily become smaller than their halo counterparts,
as all voids combined have to fill the box volume. This results in a shift of the void
size function of matter voids towards smaller voids and less projected voids are present
in figure 8.1 due to the imposed size cut for projected voids. As already discussed in
section 5.2, this higher number of matter voids happens because in case of halos, only the
peaks in the density field are observed, while in matter subsamplings, both matter tracers
that are part of halos are present, as well as matter tracers that have not clustered in
halos, but instead reside in regions where no halos formed. Due to this, a more detailed
structure of the cosmic web can be found inside halo voids, which results in matter-made
structures ‘splitting up’ some of the identified halo voids, leading to the higher number of
matter voids.

Besides these universal differences in the void size functions of matter and halo voids,
figure 8.3 presents the void abundance of isolated voids for all different matter tracers (top
left), as well as for halo voids obtained from mass cuts and matched densities (top right).
For all cases of matter voids, their void size functions are almost indistinguishable, which
can be seen in the lower panels, where the abundances of either baryon or CDM voids are
divided by the abundance of CDMo voids. There is a slight scatter in the divisions, though
within the error bars, the void size functions align almost perfectly, which could already
be expected from the similar void numbers. Just a tiny increase in small baryon voids can
be seen compared to the CDM voids, while CDM and CDMo voids show no substantial
differences.

On the other hand the halo void size functions experience slight changes, caused by the
more significantly different void numbers. The DMo halo voids are used as the baseline and
halo voids from the hydro run after mass cut experience a slight shift towards smaller voids,
while after matching halo number densities, this effect reverses and the matched halo voids
are typically larger than the voids identified in the DMo run at identical halo density. Due
to these fixed halo number densities, we attribute this effect to the implemented baryonic
physics, though it is important to note that when fixing densities, we cut the least massive
halos, which have a larger probability to reside within voids than the more massive ones
(see section 6.2). Therefore, some of the structures at low densities that connect halo voids
obtained from mass cuts at their boundaries might ‘vanish’, resulting in larger, but also
fewer voids in the matched density catalogs.



8.1 Catalogs 77

T o107 T 10744 —
=, =,
£ 1070 & 10753 X
& | & X
= / 2 \
S / \ = A X
— 10~ —— hr-DMo CDMo ; N, =51772 —~ 107°4 —— hr-DMo halos ; Ny =32050
= hr CDM ; N, =51741 = hr halos ; N, =33254
s —-==- hr baryons ; N, =52712 < -==- hr matched halos ; N, =31139 |
=107 , = =107 ‘
1.2 1.2 T
! P
— — o
S FTSCSN AN " s~ N AV Y
A\_‘l 0t |'/ N7 \‘ I'A\‘ I H \__1 01 ':\“ PN = ‘\,‘I v' i ‘| i
S . v \\,’ 2 i S~ Wi == \ 2 1 i
[ A I [ il
| | VA oglid I
0.8 .
10 20 30 0 10 20 30
rv [Mpc/h] rv [Mpe/h]
i’; —_— DMo CDM; ? e DMo halos
‘o /\“ hr-DMo Mo ‘o » hr-DMo halos
= hr CDM =) 1074 hr halos
= - hr baryons = \ -==- hr matched halos
< <107 ey
= = A
~ ~ 6 y
= —~ 107" v
— 5 b N
< < J
£ <1074
s~ =
T 1.2 T T
| '. L1} R
1 1
| o=, D N
ETT A AT
‘V\\/V‘\II’\,I:“"”I‘“'II i |
0.8 0 WA v el \
0.00 025 050 0.75 .00 1.25  1.50 0.00 025 050 075 1.00 1.25 1.50
ﬁmin 7CLmin
:vz —— hr-DMo CDMo og —— hr-DMo halos
b 10-4 hr CDM 7 107 hr halos
g -==- hr baryons g / -==- hr matched halos
2 N =3 /
w 107 \"\ w 1074 /
& \\ & II
= e
=106 \\\/\/ =10-%4 I' \
< / g | \_.
0T 1071 A
1.2 1.2
': i = AR B
1 1 1 1
< B A aa IR = . AR L
\,.10 v/ = == iyl | \—‘10 AT > 7 VHNHAE] ] 1
“Z v Y. i <= A N7\ iR o
A Ll
0.8 : 0.8 \ \ —
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.0 0.1 0.2 0.3 0.4 0.5 0.6
£ £

Figure 8.3: Distributions in radius (top), core density (middle) and ellipticity (bottom)
of isolated voids identified in matter (left) and halos (right) in the highres simulations.
Upper panels show the functions, whilst lower panels present the division of the ith element
(¢ > 1) in the legend by the first one. For halos, catalogs obtained from a fixed mass cut

and the one with matched density are presented.
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In contrast, the abundances of voids as function of their core densities (up to iy, = 1.5)
in the middle of figure 8.3 exhibit much clearer differences. While CDM voids in both hydro
and DMo have the same core density distributions within their error bars, voids found in the
baryons experience a clear shift towards higher values in their core densities, i.e. baryon
voids are typically slightly less underdense than CDM voids, most likely due to their more
diffuse distribution. As for halo voids, when comparing those obtained from mass cuts
in the halos, the ones from the hydro simulation have a slight overabundance of voids
with lower core densities compared to the DMo halo voids, while voids with higher core
densities show no discernible differences between hydro and DMo runs within the scatter
(see panels with divisions). When matching halo densities, this effect shifts towards even
smaller core densities, which generally very few voids have. There is a slight indication
that after matching tracer densities, fewer voids have higher core density values, although
this most likely stems from the reduced void numbers in the matched catalogs of the hydro
run, as this shift seems to be mostly constant over a wide range in nyiy.

Lastly, the distribution in void ellipticities in the plots on the bottom of figure 8.3
suggests that the increase in baryon void numbers happens mostly at the peak of the
ellipticity distribution between ¢ ~ 0.1 and € ~ 0.2, while there are slightly fewer voids
with high ellipticities. Contrary to this, voids in CDM and CDMo have no significant
differences in their shapes. Voids with ellipticities larger than € = 0.6 were cut from these
panels, as these voids are mostly spurious and very few in numbers. When comparing the
different halo void catalogs, we notice that dividing the abundances leads to almost constant
values in each case, representing the simple shift of the distributions due to different void
numbers, while the shapes of their distributions remain the same.

To summarize, most distributions of void properties remain unchanged between hydro
and DMo runs except for changes due to different void numbers, while exclusively baryon
voids experience a clear shift towards higher core densities than CDM voids. For a dis-
cussion on the general differences in void distributions between matter and halo voids, we
refer the reader to section 5.2.

8.2 Void profiles

This section focuses on the effects of baryonic physics on the density and velocity profiles
of voids. Once more, profiles are calculated for each individual void out to five times its
effective radius in spherical shells of width 0.1 x r,, unless mentioned otherwise. Afterwards
we stack them in bins of their void radius, as well as other void properties. We analyze both
the profiles of matter voids, as well as the ones of halo voids, where in the latter case we
distinguish between using halos and different matter tracers for the profile calculation. We
examine both halo voids obtained from halos after performing mass cuts and matching halo
number densities in hydro and DMo simulation. Additionally, we compare the distribution
of baryons and CDM around halo voids and reinforce our results with a resolution study
in the ultra-hr simulation. While calculating the profiles of matter around either matter
or halo defined voids, we always use subsamplings of much higher tracer numbers (around
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50 million) than were used in the void identification (8.21 million), in order to reduce
effects from sparse sampling in regions of low density and to more accurately constrain
baryonic effects. When investigating stacked velocity profiles of voids in this section, we
will always use individual stacks via equation (3.10), as the choice of velocity estimator
does not impact our conclusions.

Figures 8.4 to 8.9 depict the void profiles in stacked bins of their void radii in the upper
plots and in bins of core density on the bottom, with mean values and void numbers of
each bin given in the legends. Even though there is some correlation between the radius of
a void and its core density (see figure 5.2), core density bins cover a wider range of different
void radii and we find that in this case, stronger effects due to the implemented baryonic
physics are present. Stacks in other void properties, namely ellipticity € and compensation
Ay, will be depicted exclusively in figures 8.10 to 8.13, as effects between hydro and DMo
simulations, as well as between baryons and CDM of the hydro simulation are most severe
in radius and core density bins. This is due to ellipticity and compensation bins covering
a much wider range in void radii, which we will argue further in section 8.2.4.

8.2.1 Matter voids

Figure 8.4 depicts the matter density profiles of CDM voids on the left, with differences
compared to the CDMo voids from the DMo simulation in the lower panels of each plot,
while the right side depicts profiles of baryon voids, with differences compared to the CDM
voids in lower panels, all from the highres hydro simulation. In each case, the density
increases outward from the void center, with clear compensation walls around r» = r,.
The largest voids, as well as the voids with the lowest core densities, have much shallower
compensation walls, though a sharp decline in the increase of density clearly marks the
void boundaries, with densities close to the mean density p. The correlation between core
density and void radius can be seen as well, since the profiles of small voids closely resemble
the profiles of voids with high core density, and vice versa.

When comparing CDM voids in both hydro and DMo simulations on the left of figure 8.4,
we see that profiles and void numbers of each bin resemble each other closely. Most
dissimilarities are still within the error bars, namely in the bins of largest and smallest
voids, where in the former, only a very sparse sample is present. Further differences in
voids of medium size, like the bin with 7, = 11.93, are only on the order of |Ap| ~ 0.02
between the simulations. When looking at core density bins, we notice the most substantial
differences in bins of highest core density, which are of order |Ap| ~ 0.1, although with
large errors and effects only exist past the compensation wall, outside of voids. Further
deviations are present in the subset of voids with smallest 7,,;,, though still minor.

More substantial effects are found in the comparison of baryon and CDM voids on the
right side of figure 8.4. We observe substantially distinct profiles near the compensation
walls of the smallest voids, where CDM voids have higher compensation walls, and near
the centers of these small voids, where baryon voids have higher inner densities. The res-
ults from figure 8.3 support these conclusions, as we found that baryon voids typically
have higher core densities and therefore on average higher densities inside. These findings
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Figure 8.4: Stacked density profiles of matter voids in the highres simulations in bins of
void radius (top) and core density (bottom). Plots on the left show the profiles of CDM
voids with differences compared to CDMo voids in the DMo simulations in the lower panels,
whilst plots on the right show profiles of baryon voids, with differences between CDM voids
and baryon voids in the lower panels, both from the hydro run.

from small voids indicate that baryons are distributed more evenly than CDM, supporting
previous results [144, 145]. We will investigate this further in sections 8.2.4 and 8.2.5.
These deviations quickly decrease for increasing void size and vanish almost completely in
the largest voids. When selecting voids by their core densities instead, differences become
more obvious, starting at around r > 0.57,. Of course, close to void centers no signific-
ant variations are expected, as bins in core density automatically limit the range of the
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Figure 8.5: Same as figure 8.4, but for the stacked velocity profiles.

innermost densities. Voids of lowest core density have almost identical profiles between
baryon and CDM voids, but with increasing core density, the profile variations increase as
well, reaching values of up to |Ap| ~ 0.25 near the compensation wall of the voids with
highest i, where again, baryon voids have smaller compensation walls. These smaller
compensation walls stretch out over vast distances from the void centers and differences
only vanish once the profiles themselves are close to the mean density p.

The velocity profiles, depicted in figure 8.5, showcase that CDM and CDMo voids have
almost identical velocity profiles, except for deviations in velocities of order |Au,| ~ 4km /s
in medium sized voids. Only the bin of largest voids hints at strong deviations in velocities,
though even with the increased tracer numbers for profile calculation, error bars are still
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large due to the small number of voids present, and the large variation in velocity profiles
of individual voids (e.g., figure 7.1). These identical profiles can be expected, since their
density profiles are almost identical as well, and in both CDM and CDMo voids, linear
mass conservation holds, which ultimately leads to insignificant differences. In stacked
bins of core density we observe similar results, only the voids with smallest n,;,, which
are typically the ones with largest r,, hint at significant deviations, still with error bars
reaching almost |Auy| ~ 0, though now with more voids present than in the largest r, bin.

In the baryon void profiles of figure 8.5 we notice stronger effects in the core density
bins, while the void radius bins behave similarly to the ones of CDM and CDMo voids,
except for the smallest voids with |Au,| on the order of 10km/s, and for largest voids due
to their small number. The former result is as expected, since the smallest voids experience
small variations between the density profiles of baryons and CDM. As all types of matter
should still obey linear mass conservation (see chapter 7), differences in density profiles
would in turn predict small deviations in their velocity profiles, as both have a tracer
bias by = 1. Contrary to the bins in void radius, the core density bins experience more
substantial shifts between CDM and baryons at a given value of n,,,. Within these voids,
the velocities behave similarly, but once past r = r,, deviations appear in all presented
bins. As seen for the density profiles, variation is strongest for voids of highest core density
and decrease with decreasing n,;,,. These might be physical effects, however it is also
likely that they are spurious. Because we are stacking the velocity profiles of voids within
a larger void radius distribution when selecting core density bins, and baryon voids have
higher core densities, this can lead to differences due to the strong dependence of velocity
profiles on the void radius, as there is some correlation between both void properties (see
figure 5.2).

In conclusion, both density and velocity profiles of CDM and CDMo voids are quite
similar, while mayor differences arise when comparing baryon and CDM voids, where it is
evident that the core density determines the deviations in profiles more strongly than their
radius though there is a strong correlation between both void properties.

8.2.2 Halo voids

Moving on to results more relevant for observations, we present the number density and
velocity profiles of halo voids in figures 8.6 and 8.7, for voids obtained from halo mass cuts
(left) and matched halo densities (right) between the hydro/DMo simulations, once more
presented in bins of their radius (top) and core density (bottom). We depict the profiles
of halo voids from the hydro simulation in the upper panels, while showcasing differences
between DMo and hydro simulations on the lower panels. The binning of void radii is
identical to the one used for matter voids of section 8.2.1 in larger bins, but the two bins
of smallest matter voids are combined into one bin for halo voids, due to larger halo voids
compared to CDM voids and to reduce effects from sparse sampling. Core density bins are
entirely identical.

The density profiles in void radius bins in figure 8.6 indicate small deviations near the
compensation wall, where small voids from the hydro run have higher walls, while the
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Figure 8.6: Stacked density profiles of halo voids in the highres simulations for voids found
in tracers with mass cuts (left) and matched halo densities (right) in bins of void radius
(top) and core density (bottom). Upper panels depict the profiles in the hydro simulation
and lower panels the differences between DMo and hydro simulations.

opposite is true for large voids. However, the most substantial differences are only on the
order of |An,| < 0.025, and when investigating matched density voids, they decrease even
further. We also note that in the largest bin of r,, the strongest difference between mass
cuts and matched density profiles are smaller densities near the void center for matched
density voids. This is expected, since matched densities cut the halos of lowest mass, which
have a higher probability of residing inside voids than more massive halos (see section 6.2).

Similar to the matter void profiles in section 8.2.1, we see that when stacking halo voids
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Figure 8.7: Same as figure 8.6, but for velocity profiles.

by their core densities, differences between hydro and DMo simulations become more sig-
nificant. Once again, after matching halo densities deviations decrease, though less severe
than for stacks in r,, and halo voids in the hydro run have up to |An,| ~ 0.1 higher dens-
ities near their compensation wall, but their central densities are almost indistinguishable,
except for the innermost bin with huge errors due to sparse sampling below the mean tracer
separation. Baryonic effects in the halo void density profiles increase with increasing core
density, reaffirming our earlier result that a voids’ core density is the strongest indication
on how relevant baryonic effects are in the profiles, while the void radius is less important,
even though both properties are strongly correlated. Of course, binning voids by their



8.2 Void profiles 85

radii is more common in cosmological applications of voids. Therefore, effects in bins of r,
would have to be accounted for when comparing simulations with observations, though in
practice, the deviations of |An,| < 0.025 are negligible in radius bins and halo void profiles
from DMo simulations are still useful for comparisons with observations.

For the velocity profiles in figure 8.7, we note that when binning in void sizes, the
largest halo voids of mass cut catalogs seem to have the largest deviations. A similar result
was found for the velocity profiles of CDM voids in figure 8.5, where it was ascribed to the
small number of voids present in the bin and the variations of individual velocity profiles.
In the case of halo voids, a much larger number of voids is present in this bin, so we expect
that our results are more solid here, though smaller voids experience changes in velocity
only of order |Au,| < 4km/s. Matching halo densities reduces these differences again and
most error bars are closely centered around zero deviations between the simulations. In
contrast, when comparing the profiles from mass cuts and matched densities in core density
bins, almost all bins experience slight changes on the order of 10km/s, though error bars
are comparable to the deviations. This leads us to the conclusion that small deviations in
velocity profiles might be present, though not very significant, especially when investigating
halo voids at fixed density and using velocity profiles in bins of their radii.

At even higher mass cuts for void identification, namely M, > 102 M /h as in midres,
we do not find significant effects in the profiles of halo voids, though statistics are more
sparse in the highres simulation. Especially for state-of-the-art galaxy surveys, such as
the Euclid mission [135], we do not see a need in accounting for baryonic effects of halo
voids, as the midres simulations are the closest match in expected tracer densities, and we
find no significant effects at this resolution, or even the identical mass cut in highres.

8.2.3 CDM profiles around halo voids

In order to estimate the impact of baryons on weak lensing studies around halo defined
voids in both hydro and DMo, we investigate the density and velocity profiles of CDM
around halo voids in figures 8.8 and 8.9. As for CDM voids, we use subsamplings of higher
CDM densities to calculate profiles, in order to reduce sampling effects. Comparing these
profiles with the ones of halos around halo voids in figures 8.6 and 8.7, we find higher CDM
densities within halo voids and slightly smaller compensation walls compared to the halo
number density profiles. This is most noticeable in the bin of smallest r, and due to the
halo bias [44, 103].

However, the deviations between hydro and DMo runs are strikingly similar to the
ones on the top of figure 8.6 and once more, vanish almost completely in matched halo
densities. In core density bins, we find conforming results. The density profiles themselves
experience reduced compensation walls, as well as higher inner densities, while differences
between both simulations match the ones of halo profiles and remain significant in matched
densities on the bottom right.

When investigating velocity profiles of CDM around halo voids in figure 8.9, we notice
almost identical velocities to the ones of halos in figure 8.7, except for higher velocities in
the innermost regions of voids. This is most likely not a genuine deviation between halo
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Figure 8.8: Stacked CDM density profiles around halo voids in the highres simulations
for voids found in tracers with mass cuts (left) and matched halo densities (right) in bins
of void radius (top) and core density (bottom). Upper panels depict the distribution of
CDM around halo voids in the hydro simulation and lower panels the differences for voids
between DMo and hydro simulations.

and CDM velocities, but a result from the higher sampling rate for CDM. As discussed in
length in section 6.3, individually stacked velocity profiles are biased towards small voids,
of which most have very small velocities due to sparse sampling in their centers, which
is true for the halo velocities of figure 8.7. Now due to the higher sampling, less profiles
have velocities close to zero inside voids and we get a glimpse at the ‘true’ velocities in
these regions. These velocities behave much more linear, as expected from linear mass
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Figure 8.9: Same as figure 8.8, but for velocity profiles.

conservation. As for the density profiles in figure 8.8, differences between the hydro and
DMo simulations are strikingly similar to the halo velocity differences, both in stacks of
ry and the core densities. Therefore, baryonic effects seem to impact the velocities of the
largest voids after mass cuts, but no substantial effects are present at matched halo density

voids, except of order |Auy| < 6km/s in core density bins.

8.2.4 Baryons and CDM around halo voids

For the last test of baryonic effects in highres we want to investigate how CDM (dashed),
as well as baryons (dotted) are distributed and move around halo defined voids in fig-
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ures 8.10 to 8.13. For this we use halo voids obtained from mass cuts in the hydro run.
Matched halo densities are not relevant here, since there is no one-to-one correspondence
between individual voids from the hydro and DMo simulations, as discussed with figure 8.2.
Furthermore, as we found no relevant baryonic effects in the midres simulations, where
halos with mass M, > 102M, /h have been selected for the void finding, we test this par-
ticular mass cut in the highres simulation, along with the previously used 10* M /h mass
cut. This allows us to test whether baryonic effects are only relevant in voids identified
in lower mass halos, or if the absence of baryonic effects in voids of midres is due to the
lower resolution.

In addition to the previous stacks in void radius (always top left) and core density
(bottom right), we present stacked bins in ellipticity £ (top right), and compensation Ay
(bottom left). Using these two new void properties for the stacks, we will argue why the core
density is the strongest discriminator of baryonic effects. In all cases, we use subsamplings
of higher N; in CDM and baryons to reduce sampling effects in the calculation of profiles.
Contrary to prior analysis, we now compute baryon and CDM differences around individual
voids and stack these ‘individual differences’, presented in the lower panels. They are of
equal magnitude as when simply subtracting the stacked profiles, however, if baryonic
effects are relevant even for (most) individual voids, error bars in the differences can be
reduced.

The matter densities of both CDM and baryons are presented in figures 8.10 and 8.11
for voids identified in halos of mass M, > 10" M, /h and 102M, /h, respectively. Contrary
to previous results of this work and from analyzing midres simulations, we find deviations
from zero outside of the error bars in the CDM and baryon densities for voids of all size, as
well as identified in both mass cuts, although the magnitude of differences is highly scale-
dependent. Baryons are typically distributed more evenly, with higher densities compared
to CDM inside voids and smaller heights of the compensation wall [144, 145]. This can
be expected, as voids identified in the distributions of baryons tend to have higher core
densities than their CDM counterparts, as discussed in figure 8.3. For larger voids, these
effects decrease to the order of an almost constant offset |Ap| ~ 0.01 in both mass cuts in
regions inside voids, starting in the bin of 7, = 14.34 Mpc/h. While small, these findings
show that in order to identify baryonic effects in voids through simulations, a high enough
resolution is necessary and the particle masses in midres (table 4.1) are simply not small
enough for baryonic effects to be of any relevance. In section 8.2.5 we investigate this in
more detail at even higher resolution. At first glance, it may seem like the amplitude of
profiles in void radius bins is simply modulated for baryons. However, tests showed that a
multiplicative amplitude on the depicted profiles of baryons, including an optional offset,
does not reproduce the profiles of CDM accurately.

We find that in bins of ellipticity, the offset between CDM and baryon densities is almost
identical in all € bins, both inside and outside of voids. This is due to ellipticity depending
only slightly on the size of voids (see figure 5.2), and thus, effects from small and more
numerous voids dominate the stacks. This is true in both halo mass cuts. Nevertheless, for
the lower mass cut, effects are more significant compared to the higher one. Due to this
minimal scale dependence of void ellipticity, these bins only hint at the average deviation
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Figure 8.10: Stacked matter density profiles around halo voids identified at ‘standard’
mass cut (My, > 10" M /h ) in the highres hydro simulation in bins of radius (top left),
ellipticity (top right), core density (bottom left), and compensation (bottom right). Upper
panels depict stacked CDM (dashed) and baryon (dotted) density profiles, while lower
panels depict stacks of differences between baryons and CDM around individual voids.

at a given resolution in halo mass and are not well suited to describe scale dependent

effects.

In contrast, binning voids by their compensation (bottom left) results in strikingly
similar deviations to the core density bins. Undercompensated voids tend to experience
the smallest differences in baryon and CDM densities, which continuously increase with
increasing compensation. This is expected, as the compensation is a measure of the envir-
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Figure 8.11: Same as figure 8.10, but for halo voids identified at mass cut My, > 10'2M, /h.

onment a void is located in, of which the inner void regions are part as well. This leads
to the correlation between overcompensated voids and voids with high core densities, as
overcompensated voids are located in environments of high local density, where naturally
most depressions in the density field are also at a higher level (equivalent to ‘mountain
lakes’ in watershed terms). The correlation for undercompensated voids is more complic-
ated, as many voids can have a low density centre while experiencing higher densities near
their walls and fewer voids have low density centres with only slowly increasing densities
towards their wall, while still being below the mean. Due to this correlation, the profiles
of voids with A; > 0 look strikingly similar to the ones of n,;, > 0.25, while profiles of
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Figure 8.12: Same as figure 8.10, but for velocity profiles (M, > 10" My /h ).

undercompensated voids differ significantly outside the void centre, compared to low core
density voids, and have profiles unlike any bin in other presented void properties.

As seen before, bins in core density showcase the most substantial effects, now amongst

all presented void property bins, instead of just the r, bins.

A bin in even higher 7.,

values would have still been possible, yet we refrain from presenting this, as the number
of voids with higher n,,;, is only on the order of 230 and the presented inner densities are
already quite high. Nevertheless, this bin experiences differences inside voids on the order

of |[Ap| ~ 0.5, though at densities around 2p.

The significant deviations in 7,,;, bins reinforce our conclusion that baryonic effects
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Figure 8.13: Same as figure 8.12, but for halo voids identified at mass cut M, > 10'2M, /h.

most strongly depend on a voids’ core density, while still appearing scale-dependent. One
reason is the strong correlation between r, and n.;,. Further tests of binning voids in
ry with a selection on either voids of low core density or high 7., confirm this. Small
voids of low N, have almost no effects except for the constant offset, while in small voids
of high n,;, the effects increase substantially. However, we observe that in the higher
mass cut in figure 8.11, where the void sample is of larger size, differences in identical
bins of ny;, are significantly smaller than in figure 8.10, despite that the same matter
tracers were used for calculations. In addition, restricting the voids in core density bins
at 10 M /h mass cut to only voids of sizes used for the r, bins in figure 8.10 reduces
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the effects, yet they are still larger than in the bin of smallest r,. This suggests a more
complex interplay between a voids’ size and its inner density that ultimately determines
the strength of baryonic effects. Furthermore, as clear differences remain even in the higher
mass cut originally used in midres, this once more affirms the strong resolution dependence
of baryonic effects.

Even though the magnitude of differences is on the order of deviations in other void
profiles from previous figures, errors are noticeably smaller, which can be seen in r, bins
as well. As differences were calculated around individual voids and then stacked, this
indicates that baryonic physics fundamentally affects the profiles of individual voids and
causes effects not merely arising in the statistics averaged over many voids, which will be
explored in section 8.2.5 through profiles of individual voids.

The velocity profiles in figures 8.12 (mass cut 10 M /h) and 8.13 (10'2 M /h) mirror
and support these results. At void identification with the 101! M /h mass cut, differences
are larger than |Au,| > Okm/s in the inner regions of voids and outside near the com-
pensation wall in every bin of all presented void property stacks, with a sign-change in
differences slightly outside » = r,. At most, these deviations in velocities are on the order
of |Au,| ~ 12km/s for all stacks. This suggests that, while velocity profiles in stacks of
different void properties can differ significantly in shape and order of magnitude, baryons
and CDM always move with almost matching velocities around individual voids, while
small deviations persist.

Furthermore, velocity profiles in bins of r, intuitively support the differences in cor-
responding density profiles, clearest for the smallest voids. Baryon velocities are more
negative inside these voids than for CDM, i.e. baryons have a stronger trend to stream
towards void centers due to being pushed out of the compensation walls in higher density
regions due to pressure and shocks, which results in higher densities inside voids. Past
the compensation walls, baryons have smaller inflowing velocities than CDM, i.e. CDM
is mostly attracted to the compensation wall around small voids, while baryons are either
decelerated when moving inwards or are still pushed outwards, which counters the inward
velocities of some particles, resulting in smaller net velocities, as well as higher CDM
densities in compensation walls.

Stacks in ellipticity once more showcase the averaging of baryonic effects over different
void sizes, with a decrease in |Au,| in the 10'? M, /h mass cut in figure 8.13, while absolute
velocities are higher in this mass cut due to the increase in average void size.

For the compensation and core density stacks, undercompensated voids, as well as voids
with lowest density centers experience only slight deviations between CDM and baryon
velocities, which increase both with increasing compensation and core density. This follows
naturally, as overcompensated voids and ones with high core density are correlated (see
figure 5.2), and are both located in environments of higher density, which leads to a more
complicated interplay of matter than in regions of lower density. This in turn can lead to
stronger baryonic effects due to more frequent interactions compared to CDM.
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8.2.5 Resolution study

The previous sections revealed the magnitude of baryonic effects in voids and the complex
interplay of a void’s size and core density to determine the strength of these effects, most
noticeably in differences between CDM and baryon distributions around halo defined voids
in the highres hydro simulation. These effects are dependent on the resolution of a given
simulation, since effects at a halo mass cut of 10'? M /h were found in highres, but not
midres. We investigate this further in a resolution study, by making use of the ultra-hr
simulation. Only 281 voids can be identified in halos above a mass of 1.6 x 10° M, /h for
the hydro simulation, as well as 348 and 278 halo voids in the DMo simulation at mass cuts
and matched halo densities, respectively. No deviations between the halo void profiles are
present between hydro and DMo simulations in both mass cuts and matched densities due
to extremely sparse statistics, hence we refrain from presenting these cases.

Instead, we focus once more on the distribution of CDM and baryons around halo voids
and compare results from ultra-hr (right, with M}, > 1.6 x 10° M, /h ) with the ones from
highres (left, with M; > 10" M /h ) in figure 8.14, now with an additional bin in r, of
even smaller voids than presented in figure 8.10, while voids with r, > 16 Mpc/h were
left out to increase visibility. Due to the limited number of voids in ultra-hr, we use
subsamples of around 60 million tracers of each matter species (~ 31% of all tracers in the
simulation) for the calculations, to increase the significance of results with extremely high
sampling. Furthermore, to test the scale dependence of these effects, we choose to present
the density (top) and velocity (bottom) profiles in comoving scales up to 18 Mpc/h from
the void center instead of in units of r,. For this, we calculated profiles further outward
than 5r,, still stacked voids in units of r, and multiplied the z-axis values with the mean
radius 7, of each stack.

The additional smaller voids in highres on the left have radii on the order of the mean
tracer separation of halos. On average their CDM, as well as baryon densities do not
go below the mean. Typically these voids would be considered spurious, but nonetheless
a clear underdensity can be seen compared to the higher compensation wall, defining
them as local voids in a high density environment, with only slight effects from sparse
sampling near the center due to higher CDM and baryon numbers. These small voids
feature even stronger differences between the matter distributions, on the order of |Ap| ~
0.2. These represent even larger deviations than in core density bins, but as previously
mentioned, restricting core density bins to voids of sizes presented in figure 8.10 revealed
larger differences than in void radius bins, once more hinting at an interplay of size and core
density for baryonic effects. The same is true for the smallest voids presented in ultra-hr,
which experience the largest changes between CDM and baryon distributions, with |Ap|
around 0.5, almost identical to 7y, bins (not presented). Given the CDM density of 0.5 p,
this essentially means that within these voids of radii 1 —2 Mpc/h there are around twice as
many baryons as CDM particles, although in terms of mass, voids still contain significantly
more CDM. In voids of larger size |Ap| quickly reduces and becomes the same order as
in the highres simulations. In higher halo mass cuts for void identification in ultra-hr,
namely 10'° M /h and 10" M /h, we identify even fewer and therefore larger voids, in



8.2 Void profiles 95

density density
Fv[Mpc/h] Ny 7v[Mpe/h] Ny
3 -4 34 764 31 4 161 49
$- 515 3627 25 57
“H 7.03 6034 { 348 58
— 2 * )\‘;\\ 945 9102 — 24 | b 444 42
| f by 11.96 4783 [ |
& ¥ » ':‘\‘ 4 1434 4887 & * t
< h ¢ ’/P 4 R, e, < {I * l + H M
. it , ; R eI o HHf * i t‘H“ sk M'MW@M‘Q‘QM e
begnp e { ;
T f ¥
----------------------------- halo voids :’r* halo voids
-1 -1
% 0.5 % OOHHH
o Feioag O \H
L oo PR AN e T ool i Ay SR VN
g i W‘l‘/}iiﬂ"' - g ) [%H !
= 2 }
x-05 g —0.5
0 2 4 6 8 0 12 14 16 18 0 2 4 6 8 0 12 14 16 18
Mpc/h Mpec/h
velocity velocity
100 1001
e . 7[Mpc/h] N, 7v[Mpc/h] Ny
T 4 34 764 4 161 49
50 e t- 515 3627 501 25 57
703 6034 k",{:’j':': h fo 348 58
= opti— 945 o124 L ok aEm wepe 424
g Y1y 1196 4783 g ! ALl “ 5
E | PR I A T
= N = Wﬁ MHHHHHHHHWHHM i
R 5] M
N 1 Sl
. e ’
~150 + iy bt ~1501
F gt *ialo voids halo voids
= 20 =
a a H iy
O @)
| l L] H% H% N Hiypdd a4, m D PRPEER, [ e HH{E}H%%H ity
P 0 [1“"’1-‘ * /‘f/‘g,, L — . n 0 I«ﬁ*] 11 USSR
s W‘T ' s w ot
< 20 \F j;“ —20 *
0 2 1 6 8 0 12 14 16 18 0 2 1 6 8 o 12 14 16 18
Mpc/h Mpc/h

Figure 8.14: Stacked density (top) and velocity (bottom) profiles of baryons (dotted) and
CDM (dashed) around halo voids in the highres (left) and ultra-hr (right) simulation in
bins of void radius, with the profiles plotted in comoving scale on the x-axis to showcase
scale dependent effects. The highres profiles contain an additional smaller bin in r,
compared to figure 8.10 for better comparison with the ultra-hr profiles, whilst bins of
large 7, have been left out.

which deviations in the baryon and CDM distributions are again at most on the order of
results from the highres simulation. This indicates an upper limit on the differences in
matter distributions, irrespective of resolution.

A prominent feature seen when presenting voids in comoving scales is that the outer
tails of their compensation walls align almost perfectly and go towards the mean density
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at similar distances from void centers, except for smallest voids, which typically reside
in higher density environments. Moreover, in highres the differences between CDM and
baryons in the compensation walls start aligning at distances of around 7 Mpc/h from void
centers, if voids are of small enough size, and vanish at around 12Mpc/h. On smaller
scales they differ substantially, especially inside voids. For ultra-hr this shifts towards
even smaller scales. Some small deviations outside errors still appear on larger scales,
however due to the small number of voids, we do not place too much importance onto
these deviations.

The velocity profiles in the lower panels of figure 8.14 confirm previous results from fig-
ures 8.12 and 8.13. Around the smallest voids in highres (left), matter tracers experience
even more substantial differences in their velocities, mostly on the order of |Au,| ~ 15km/s,
except for scatter. In comoving scales we see that deviations in velocity vanish almost com-
pletely at similar scales as differences in density, albeit slightly farther outside, at around
15Mpc/h instead. In ultra-hr (right), these scales once more shift towards smaller values
and differences increase to at most |Au,| ~ 18km/s. While the stacked profiles signi-
ficantly overlap within their error bars due to sparse statistics, most clearly seen in the
smallest voids, differences between CDM and baryon velocities persist. This once more
confirms that these discrepancies are relevant even for individual voids. Furthermore, all
stacked bins in figure 8.14 experience an infall of matter towards the compensation wall
from outside, albeit due to comoving scales, this is only barely noticeable for the largest
presented voids of highres.

Before concluding, we want to take a last look at the structure, as well as dynamics
of CDM (dashed) and baryons (dotted) around four individual halo voids of ultra-hr in
figure 8.15, once more as functions of r/r,. Here profiles are calculated in 100 shells per
ry instead of the previous 10, to investigate differences at tiny scales. This corresponds to
a physical shell width of 47.9kpc/h, or correspondingly 2.22 x 10° light years (h = 0.704),
for the largest void depicted with r, = 4.79 Mpc/h. Hence, shells have a width only around
twice the size of our own milky way galaxy. These four voids are an almost random draw
from the catalog, only with the condition of significantly different shapes in density and
velocity profiles at similar radii.

All four density profiles in the upper plot of figure 8.15 exhibit a clear peak in density
near r = r, and around most voids, the density fluctuates around the mean further out.
In contrast, the smallest depicted void (in red) is clearly undercompensated and only near
the void boundary does the density reach values slightly above the mean, whilst being
embedded in an underdense environment on larger scales.

Comparing CDM and baryon distributions, we note that peaks in the densities are
always higher in CDM and baryons are spread out over the surrounding volume, with
smaller peaks in the density field at identical locations to CDM. This is not only true for
overdensities above the mean, but instead any local overdensity and local underdensity
exhibits these effects. In global overdensities, e.g. in the two voids with the highest
compensation walls, we see that in regions outside of these voids there are many local
peaks in the CDM densities. In between those peaks, CDM densities almost never go
below the mean, whereas baryons exhibit smaller peaks and higher densities compared to
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Figure 8.15: Density (top) and velocity (bottom) profiles of baryons (dotted) and CDM
(dashed) around individual halo voids identified in halos with a mass cut of 1.6 x 10°M, /h
in the ultra-hr simulation. Profiles are calculated in 100 shells per r,, corresponding to
a physical shell width of 47.9kpc/h for the largest void depicted.

CDM in between. Similarly, in global underdensities, e.g. in the profile of the smallest void,
we still see peaks in the density field with higher CDM densities, while more baryons are
distributed around local minima. This is identical to the effects in stacked profiles, where
local underdensities (voids) contained more baryons and CDM clustered more heavily in
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local overdensities, i.e. the compensation walls. The undercompensated void exhibits the
smallest differences compared to the others depicted, further showcasing the environmental
dependence of baryonic effects.

These density profiles clearly show that baryonic physics has a direct impact on indi-
vidual voids and does not merely cause effects arising in the statistics of many voids, as
already indicated by smaller errors in stacks of differences around individual voids. CDM
is always more clustered, as it has no self-interaction, while baryons are spread out more
evenly, caused by the impact of other forces than gravity. We interpret this as AGN
feedback and other implementations of baryonic physics pushing baryonic matter to the
outskirts of clustered regions, i.e. baryonic physics leads to some of the matter being ejec-
ted from galaxies and halos into the surrounding regions, whereas CDM is only indirectly
affected by this through the gravitational force from baryons. This on average leads to the
lower compensation walls in baryons and higher densities inside voids. An observational
example of baryonic physics affecting the distributions between baryons and CDM can be
found in the ‘Bullet cluster’ (1E 0657-56) [e.g., 146, 147].

The individual velocity profiles of these four voids in the bottom plot of figure 8.15
exhibit a large scatter in velocities up to around r = 0.57, and become much smoother
further outward. This is solely an effect from the tiny shells. In the previously used 0.1 7,
wide shells, scatter is significantly reduced and these particular voids have inner velocities
of matter on the order of 15 — 40km/s. The velocity deviations between different matter
species happen on much larger scales compared to density fluctuations and are typically
higher when closer to the compensation walls, as already seen in the stacks in figure 8.14.
In addition, the general shape and magnitude of deviations looks strikingly similar to the
ones of stacks.

The void with the most negative velocities exhibits a higher infalling velocity of baryons
inside the void and up to around r = 1.2r,, where CDM and baryons move at the same
speed in a small region. Further outward, baryons on average move with slightly smaller
net velocities towards the compensation wall. This once more depicts the effects where
some of the baryonic matter is accelerated to the outside regions of the compensation wall
or decelerated in their infall due to interactions, while CDM is only accelerated towards
the compensation wall. The most undercompensated void (in red) has a matching velocity
profile, as matter tends to stream outwards of underdense environments. Furthermore, it
exhibits almost perfectly matching baryon and CDM velocities with only slight deviations,
due to the dependence on the environment. Another feature only present in these small
shells is that while the shapes of the velocity profiles look smooth on large scales, e.g. in
0.1 7, shells, on small scales CDM exhibits a stronger scatter in velocities and moves much
more ‘chaotic’ than baryons, as interactions through other forces smooth the velocity flow
much better than only gravity in the CDM.



Chapter 9

Evolution of voids over cosmic time

So far we always investigated voids at constant, albeit sometimes different, redshifts. How-
ever, as the Universe evolves with time, so do voids, as they follow the expansion of the
Universe, merge together into larger voids and become more devoid of matter. In this
chapter we do not follow the evolution of individual voids, which can be done when follow-
ing the evolution of CDM, like in reference [148], but proves much more difficult for halo
voids due to their formation and merging, which does not happen for CDM. Consequently,
we follow only the statistical evolution of voids. Hence, we now focus on the evolution of
common void properties in section 9.1, as well as the redshift evolution of their density and
velocity profiles in stacked bins of 7, in sections 9.2 and 9.3, all in the hydro simulation
and using CDM as the tracers of matter, since we already explored the impact of baryons
in chapter 8. Unless mentioned otherwise, we always discuss the properties and profiles of
isolated voids. Furthermore, we investigate the growth of structures in section 9.4. While
a clear evolution in time can be observed for most void statistics, section 9.5 investigates
a more universal void density profile.

9.1 Properties

Before exploring the evolution of common void properties in redshift, we first want to
examine how the number of halos above given mass cuts and the corresponding number of
voids identified therein grow with decreasing redshift. Figure 9.1 presents the halo mass
functions at selected redshifts in the highres simulation. The vertical line indicates the
mass cut of 1.0 x 10! M /h that is chosen to select halos for the void identification (see
chapter 4). As expected, a steady increase in halo masses with decreasing redshift can be
seen. Most notably, at around z = 1.98 and below, the halo mass function remains almost
constant at the position of the mass cut. Only at higher halo masses, the mass function
continues to evolve at lower redshifts, as halos attract more matter and their masses grow.

Figure 9.2 depicts the number of halos above the mass cuts and the number of identified
halo voids, as well as the number of voids identified in constant subsampling of CDM from
both midres and highres simulations. Tracer numbers are depicted in red to yellow colors
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Figure 9.1: Redshift evolution of the halo mass function in highres at selected redshifts,
given in the legend. The vertical line indicates the chosen halo mass cut for void finding
at 1.0 x 10™ M /h.

with axis values given on the right side, while the left axis depicts the number of voids,
given in blue and green colors. Once more, halos are always selected at a mass cut of
My, > 10" M, /h in highres and M, > 10'2 M, /h in midres for the void identification,
except for an analysis at additional halo mass cuts for the void identification in section 9.5.

For the midres simulation, the highest presented redshift is z = 2.79, as the halo mass
function is not well resolved at higher redshifts for the given mass cut, while the lowest
redshift is z = 0. Higher redshifts would be attainable at higher mass cuts, although the
reduced number of halos above these mass cuts severely limits the number of identified
voids. For example, in a mass cut of My, > 103 My /h at redshift z = 4.23 only 433 halos
remain in the hydro simulation, which are too few to obtain reasonable void catalogs. In
highres we showcase tracer and void numbers from z = 4.23 up to z = 0.25. At even
higher redshifts halos are still fully resolved at the given mass cut, although their numbers
are extremely small, resulting in even fewer voids. These will not be of any further relevance
in this work, hence we refrain from including them in figure 9.2. Moreover, we analyze
halo voids at a larger number of different redshifts than CDM voids. Not all redshifts will
be presented in plots of void property distributions and void profiles, but when redshifts
are left out, the void statistics at these redshifts naturally follow the evolution we observe
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of around 62 x 10° in mr and 8.2 x 10° in hr at all redshifts.

between other redshifts.

In addition to identifying voids in halos above the given mass cuts, we further identify
voids in constant subsamplings of the underlying CDM particles, namely in subsamplings
of 62 x 10° in midres and 8.2 x 10° highres. These subsamplings are not chosen at
random, as we previously used them to match the number densities of halos and CDM
at z = 0.29 in chapters 5 and 6. Using a constant number of CDM particles at different
redshift is more reasonable than matching the halo number densities for each redshift, as
the number of CDM tracers in the simulations is constant, while halo numbers evolve in
time as they form and grow in mass. A constant CDM number density therefore ensures
that our results are not impacted by any influence of the halo formation, as it would be
for matched number densities, and we can explore how these fixed number of CDM tracers
evolve in time, while fixed halo mass cuts ensure that the impact of halo formation is
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included in halo void evolution.

At constant CDM subsamplings in both midres and highres, the number of voids
identified therein decreases with decreasing redshift. At the highest redshifts in figure 9.2,
we find around 9.9 x 10° voids in midres and 1.2 x 10° voids in highres, which decreases
to around 5.4 x 10° and 0.52 x 10° at lowest redshifts, respectively. This decrease in CDM
void numbers happens because at early times, matter was more uniformly distributed,
with a large number of small local underdensities within. As the Universe evolves, matter
continues to cluster and forms the structures of the cosmic web. Many small CDM voids
merge into larger ones, as former structures between them cluster together and boundaries
between voids ‘vanish’, which is true for every resolution. Reference [148] finds opposite
conclusions, namely an increase in void numbers, as more and more voids form in CDM over
time. However, this previous work imposed cuts on the minimal void size and additionally
used the full CDM distribution for void identification, which decreases the size of voids. In
our work we impose no minimal void size and argue that the different evolutions in void
numbers are caused by these cuts.

In contrast, at early times there are only few halos that have already formed, which
results in a smaller numbers of halo voids. These few halos represent the highest peaks
in the cosmic density field and the most strongly clustered regions of the Universe. Many
halos that will ultimately reside in clusters, filaments, walls and voids have not yet formed
at these early times and therefore, many of the void boundaries at late times are not yet
present in the halo density field, which results in fewer voids at early times. With decreasing
redshift, the number of halos with masses above the mass cuts increases significantly, and
many of the visible structures in our Universe appear, which split up the few voids at
high redshift, resulting in the increasing number of halo voids. In midres the number of
halos and halo voids steadily increases, as halos accrete more mass and cross the mass cut.
However, in highres the number of halos above the mass cut peaks at z = 0.34 and slightly
decreases at lower redshifts, as only few new halos form and some merge. Similarly, the
number of halo voids in highres peaks at slightly higher redshifts and decreases for later
times, which is most likely due to the merging of some cosmic structures that trace the
boundaries of voids, such as halos in filaments moving towards clusters and merging with
halos residing in these clusters. This ultimately leads to the merging of a small number of
voids, as some of their shared boundaries ‘disappear’ over time. Moreover, the evolution
of void numbers in figure 9.2 suggests that at some point in the future of our Universe, the
number of voids identified in both CDM and halos could match, or at least become even
closer than at present times.

As the number of voids evolves in time, so do their properties. Figure 9.3 presents
the evolution of void radii (top left), ellipticities (top right), core densities (bottom left),
and compensations (bottom right), for both isolated CDM, as well as halo voids in the
highres simulation. At selected redshifts we present schematic histograms of halo void
properties facing left and CDM void properties facing right. These histograms showcase
the shape of the distributions in void properties, although they do not accurately portray
the evolving number of voids. In addition, the medians of each property are depicted for
every redshift in dark (halo voids) and light blue (CDM voids) markers. Furthermore,
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Figure 9.3: Redshift evolution of medians (connected markers) and schematic histograms
(normalized, not representing the void numbers) of void radius (top left), ellipticity (top
right), core density (bottom left) and compensation (bottom right) for isolated halo voids
(left facing histograms), as well as CDM voids (right facing histograms) in highres, with
My, > 10" My /h and Nepy = 8.2 x 10° for the void identification.

figure 9.4 depicts the void size functions of isolated CDM (top) and halo voids (bottom)
in the midres simulation at different redshifts, while figure 9.5 depicts their distributions
in ellipticity (top), core density (middle), and compensation (bottom) for CDM (left), as

well as halo voids (right).

For the distribution in void radii, we observe the largest differences between CDM and
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Figure 9.4: Evolution of the void size function of isolated CDM voids (top) and halo voids
(bottom) in midres, redshifts are given in the upper legend and respective void numbers

in both legends.

halo voids at highest redshifts, as at these early times their numbers differ most, albeit
by construction of the tracer catalogs. There are numerous small CDM voids, while few,
but large halo voids exist. With decreasing redshifts, CDM voids increase in size as their
numbers decrease, while the opposite is true for halo voids. At the lowest redshifts, their
distributions in r, are almost alike, similar to the void size functions presented on the
top of figure 5.1. While not presented in figure 9.4, at the lower end of redshifts the void
size functions of merged voids in midres once more align on large scales, which does not
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happen at high redshifts, as even isolated voids have higher number densities at large size
than merged voids at low z due to the small halo void numbers at high z. Moreover, in
highres the void size functions of isolated halo voids align almost perfectly at redshifts of



106 9. Evolution of voids over cosmic time

z = 1.32 and below, due to minor changes in the void and halo numbers at low redshift.
A similar pattern can be observed in midres, starting at z = 0.67 and below, although
with slightly worse alignment than in highres due to more substantial shifts in halo and
void numbers. Even though these void size functions align, the physical size of halo voids
increases with the expansion of the Universe, and the alignment of void size functions in
their comoving radii simply implies that at these times, the evolution of void size closely
follows the evolution of the Universe.

In contrast to their sizes, the shapes of voids, represented by their ellipticities, do not
evolve as significantly in time, supporting previous findings [143, 149]. The medians for
CDM voids tend to evolve towards slightly higher ellipticities at low redshifts, while the
opposite is true for halo voids. These shifts of the medians occur near £ ~ (.15 and are on
the order of Ae < 0.02. Since void numbers change, we cannot follow the redshift evolution
of individual voids, so we can only make reasonable assumptions as to why this shift in the
medians happens. CDM voids decrease in numbers as the Universe evolves and some of
them merge into larges ones, which offers the chance for more complex shapes, resulting in
potentially higher ellipticities. On the other hand, halo voids at early times are defined by
the highest peaks of the density field, which could lead to more irregular shapes. At low
z, this complexity in void shapes might reduce, since many irregularly shaped voids break
up into smaller and on average slightly more spherical voids.

The distributions in core densities on the bottom left of figure 9.3 for voids in highres
and the middle panels of figure 9.5 for midres showcase how the most underdense regions of
CDM voids become more devoid of matter over time [143, 148, 149]. CDM voids experience
high core densities at early times and with their evolution, matter accretes and moves away
from their centers towards the boundaries, hence their core densities decrease substantially.
Halo voids experience much smaller changes in their distributions, except due to changes
in the void numbers, as the medians of core density remain almost constant over a vast
amount of time. Only a slight decrease of the median can be observed in highres, as well
as a slight shift of the peak in the distributions in midres. Moreover, at around the same
redshift at which the void size functions start aligning, the maxima in the core density
distributions align as well, which can be seen in the distributions of halo voids in midres.
As previously discussed in section 5.2, voids in midres typically have slightly higher core
densities compared to voids in highres, but their evolution follows a similar path.

Even though the evolution of core densities is fundamentally different between halo and
CDM voids, both can be expected. As explained above, matter moves out of the centers
of CDM voids and since no new matter particles are ‘created’, their centers become more
underdense in time. In contrast, even at early times there are only few halos near the
centers of halo voids. These are typically the least massive halos (see section 6.2), so they
most likely formed at later times than halos near the void boundaries and continue to
grow slower in mass, since just a smaller amount of matter is available to be accreted by
them. As halo voids evolve, halos continue moving outwards, but as this happens, new
halos form as well and cross the threshold of the mass cut. This leads to minor changes
in the core density values, since the newly formed halos can almost balance the amount of
halos leaving void centers.
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Lastly, we explore the evolution of void compensations in midres and highres. For
CDM, as well as halo voids, we find that medians are almost constant over all redshifts.
In the case of CDM voids the median is extremely close to 0, hence the number of under-
and overcompensated voids is almost identical. At late times we observe a slight decrease
of the median for CDM voids, while the median of halo voids shifts towards slightly higher
values. This indicates that the compensation of a void at early times most likely de-
termines its compensation at late times. Furthermore, it indicates that voids typically do
not evolve from being undercompensated to overcompensated and vice versa, since the
compensation is a measure of the environment around voids, which is already determ-
ined by the initial cosmic density field [32, 38]. Of course as halo void numbers evolve,
some undercompensated, as well as overcompensated halo voids are most likely split up
into smaller ones, with similar values in A;. The opposite happens for CDM voids. As
they as merge over time, their compensations combine and it is to be expected that most
adjoining voids at early times have at least similar values in compensations, which get
combined in the merging. The mean values in compensation (not depicted) of both CDM
and halo voids evolve towards slightly higher values, as matter accretes more in regions
of overcompensation, which amplifies A; with time. In undercompensated regions matter
moves towards regions of high density, which further decreases the compensation of already
undercompensated voids. However, as the compensation has a lower bound of Ay = —1,
the evolution of overcompensated voids has a stronger effect on the evolution of the means.
The effects of undercompensated voids becoming more undercompensated with time and
similarly overcompensated voids becoming more overcompensated can be clearly seen in
the distributions of CDM voids in figure 9.5. They start with a narrow distribution in
A, which becomes much broader as the redshift decreases. On the other hand, halo voids
have much more similar shapes in their distributions over all times and their distributions
are mostly shifted vertically towards higher values as the number of voids increases, with
a slight amplification of extreme values in A;.

9.2 Density profiles

After examining how void properties change with time, we want to analyze the evolution of
their density profiles. Previously we analyzed density profiles in stacked bins of other void
properties, namely their ellipticities, core densities, as well as compensations. However, as
void profiles are almost exclusively investigated in stacked bins of their radii, we will solely
focus on those 7, bins except for revisiting compensation bins later in section 9.5.

Figure 9.6 presents the evolution of density profiles for isolated CDM voids identified
in the midres simulation, with redshifts given in the legend and bin edges on the bottom
of each panel, identical to the ones previously used for midres. The evolution of CDM
voids in highres is not depicted, as our conclusions from midres also apply to voids from
highres, just at different values in density and size. In all bins of r, we can observe
how matter clusters over time and is attracted to the overdense compensation walls, thus
moving away from the centers of voids [38, 148, 149]. This leads to increasing heights of
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Figure 9.6: Density profiles of isolated CDM voids from the midres simulations at different
redshifts, given in the legend on the top left. Profiles are stacked in void radius bins, with
bin edges given on the bottom of each panel.

the compensation walls, except for largest voids with no significant walls, while the void
centers become more underdense as redshift decreases. Densities inside voids that are close
to the mean density do not evolve significantly and the distance from the void center in
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Figure 9.7: Same as figure 9.6, but for isolated halo voids in the highres simulation.

units of r, at which p, ~ p remains almost constant in time for a given bin size. This
distance moves closer to the compensation wall as the range of r, in the bins increases.
Of course it is once more important to mention that these results represent the statistical
evolution of voids of similar size, as void numbers and their sizes evolve in time.

Next, we want to focus on the redshift evolution in the density profiles of halo voids,
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Figure 9.8: Same as figure 9.6, but for isolated halo voids in the midres simulation.

depicted in figure 9.7 for voids in highres and in figure 9.8 for midres. Contrary to CDM
voids, we now observe the highest densities in the compensation walls at highest redshifts
and they decrease with time. However, when we stack all voids of a given redshift, we
instead find a similar evolution as for CDM voids. All halo voids combined (not depicted)
have the highest compensation walls, as well as the deepest centers at lowest redshift, and
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Figure 9.9: Same as figure 9.6, but for the density profiles of CDM around isolated halo
voids in the midres simulation.

lowest density in the compensation walls, as well as highest densities near their centers
at highest z. While the observation of highest densities near void boundaries at high
redshift might seem unexpected, the stacks of all void profiles suggests that it is merely
an effect originating from stacking in bins of fixed r,. Since the void size functions of halo
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voids change substantially with time, we compare highly different voids at fixed radii. For
example the bin with r,[Mpc/h] € [15.0;20.0] covers a fraction of comparatively small voids
at high redshift, while at low z the same bin covers a fraction of voids of roughly average
size for the given redshift. When comparing voids at different resolutions in chapter 6, we
found that the smallest subsets of voids always have high compensation walls, irrespective
of their actual size. Combined, this results in halo voids having higher compensation walls
at high redshift for fixed bins in r, compared to voids at low z. In addition, effects from the
halo bias can potentially amplify the high peaks in the compensation wall, since halos first
formed at the highest peaks of the matter density field, which are usually located at the
boundary of voids. Hence, we can expect a higher fraction of halos near the compensation
walls, as many halos inside voids have yet to form at lower redshifts.

Furthermore, at around the same redshifts at which the void size functions of halo voids
start aligning, namely z = 0.67 in midres and z = 1.32 in highres, their density profiles
align as well. This redshift value is highly dependent on the halo mass cut that is used for
the void identification. At later times, the densities in scales of r, inside and around halo
voids do not evolve, except for voids themselves following the expansion of the Universe.
This is further supported by the evolving halo numbers in figure 9.2 for highres, as well
as the halo mass function evolution in redshift, depicted in figure 9.1. Since the number of
halos above M, > 10 M, /h does not change significantly at lower redshift than z = 1.32,
almost all halos have already formed and simply grow in mass as the Universe evolves. In
fact, when using mass-weighted density profiles (not depicted), the density profiles do not
align at low redshifts due to this growth in mass. Naturally the effect of constant density
profiles happens at later time in midres, as the mass cut is much higher.

To conclude the evolution of density profiles in stacks of r,, figure 9.9 presents the
profiles of CDM around halo voids in midres, which look more similar to the ones of CDM
voids from figure 9.6. In contrast to the rather constant evolution of halos around halo
voids at low redshifts, CDM continues to evade these void centers, leading to lower densities
as redshift decreases. In most bins, the height of compensation walls increases and solely
in the largest depicted bin, the compensation wall is near constant in time. This might be
an effect due to changes in the void size function of halo voids, similarly to the effect in
the evolution of halo void profiles. We will revisit the density profiles of CDM around halo
voids once more in section 9.4 to investigate the growth of structures in more detail.

9.3 Velocity profiles

As we have seen how the density evolves around voids, we now turn to the movement
of tracers. In this section we only depict velocity profiles using global stacks via equa-
tion (3.11), since both stacking methods lead to identical conclusions. Any significant
changes in individual stacks will be mentioned in the text.

Unlike the density profiles of CDM voids, their velocity profiles in figure 9.10 have a
more complex evolution in redshift. While the velocities outside of small voids experience
a linear increase in the absolute magnitude of their velocity, the velocities of larger voids
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Figure 9.10: Velocity profiles of isolated CDM voids from the midres simulations at differ-
ent redshifts, given in the legend on the top left. Profiles are stacked in void radius bins,

with bin edges given on the bottom of each panel.

experience both a decrease in velocities (e.g. in the bin with r,[Mpc/h| € [25.0;30.0]) and
velocities outside of voids remain almost constant. Inside CDM voids, the velocities first
increase with time, but experience a turning point at z = 0.67 in midres (z = 1.18 in



114 9. Evolution of voids over cosmic time

300
- 2=10.25
1 z=0.29
200 A 2= 047
z = 0.67
E z=0.90
£ w &
= =171 Wa
< 04— z=198 ] Iy
NI 2=2.79 i
i A toz=423
—1001 ro Mpe/i] € [40:80] | ] ry [Mpe/h] € [8.0;11.0]
300
200 -
=
g 100{ 1 M
S ': i
3 ot -
V' ‘"’..:j':uu".",..r""'”"""““ ‘ '."'”"“ ''''' N
—1001 ry [Mpc/h] € [11.0;13.0] ry [Mpc/h] € [13.0;16.0]
300
200 -
£ 1007 [ FatN
= i i Mien
§ o {“ ....... i
s |
—1007 ry [Mpe/h] € [16.0;20.0] 1 ry [Mpe/h] € [20.0;30.0]
0 2 4 0 2 4
r/ry /Ty

Figure 9.11: Same as figure 9.10, but for isolated halo voids in the highres simulation.

highres) and decrease at later times. Currently we have no clear interpretation as to why
this happens, but it might simply be an effect originating from the changes in the void
size function, similar to effects in the density profiles of CDM voids. Another potential
cause might be effects from the accelerated expansion due to the cosmological constant A.
The only difference in individual stacks is that velocities in the centers of voids are always
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Figure 9.12: Same as figure 9.10, but for isolated halo voids in the midres simulation.

extremely close to zero due to the inherent bias of this velocity estimator.

The velocity profiles of halo voids, presented in figures 9.11 and 9.12 for voids in highres
and midres, experience a slightly different behavior in redshift than CDM voids. Small
voids have the largest inflowing velocities past their compensation walls and the smallest
outflowing velocities inside them at high redshift. The velocities increase with time and in
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Figure 9.13: Same as figure 9.10, but for the velocity of CDM around isolated halo voids
in the midres simulation.

highres they become almost constant at around the same redshift at which their density
profiles start aligning, although we still observe a slight decrease in velocities at the peak
for low z, similar to CDM voids. In both midres and highres, the velocities outside of
large voids continually increase and do not align at any redshift. In their centers, velocities
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increase as well, become almost constant, but we once more observe a turning point, after
which they slightly decrease. At identical bins in midres, the profiles of halo and CDM
voids share few similarities due to their inherently different nature.

Finally, we present the velocity of CDM around halo voids from the midres simulation
in figure 9.13. As previously seen in section 6.3, CDM and halos move at almost the
same speed around halo voids, especially outside of voids. Any differences, which typically
arise within voids, are most likely due to effects from tracer sparsity. This is clearest at
high redshift, where we note significant deviations between CDM and halo velocities even
outside of voids. At z = 2.79 we only have around 9.9 x 10° halos above the mass cut and
for the calculations of profiles, while the subsample of 62 x 10° is used for CDM, which
can lead to deviations due to the large differences in number densities.

9.4 Predicting the growth of structures around voids

Section 9.2 examined the evolution of various density profiles in redshift, some of which
experience a continuous increase in the depths of void centers and heights of compensa-
tion walls with decreasing redshift. We now want to investigate these evolving profiles in
more detail and see how well the theoretical predictions from the linear growth of density
perturbations compare against measured profiles in the simulations. If A is a cosmolo-
gical constant and €),,, as well as €2, are the only relevant background parameters in our
Universe, the growth factor D, is given by [88]:

D= A0 [F__ (0.0
o Jo (aH(a)/Ho)

Assuming linear mass conservation once more and using this growth factor, although
now in normalized form D(t,t*) for any reference time t*, the density profiles should evolve
in time as p (x,t) /p(t)—1 = D(t, t*) [p(x,t*) /p (t*) — 1] (see section 2.2). The normalized
growth factor D increases with time and is by convention equal to 1 at current time (z = 0).

Figure 9.14 presents a summary for the density profiles of CDM around isolated halo
voids. Here we first use the density profiles at lowest redshift due to solid statistics with high
void numbers, and divide them by the value of the growth factor at the given redshift. This
gives us a ‘universal growth’ profile, namely the prediction of the density profile as it would
be at z = 0. This profile is then multiplied with the value of the growth factor at other
redshifts, resulting in predictions for density profiles at any redshift. These predictions
(dotted lines) are then compared with the profiles measured from data (solid lines) at
multiple redshifts, with differences between data and prediction presented in the lower
panels of each plot. These differences only include the error of the measured profiles, as
we purposefully underestimate the errors in order to see how predictions fare against data
in the worst case.

In the upper row of figure 9.14 we present CDM density profiles around halo voids
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Figure 9.14: Density profiles of CDM around halo voids (‘data’, dashed) and the growth
factor prediction of profiles (dotted), including differences (lower panels), see main text for
more details. Presented in stacks of all voids in highres (top left) and midres (top right),
as well as for a selected bin in radius (bottom left) and compensation (bottom right), both
in midres. Values of the normalized growth factors D are given in the lower legends.

in stacks of all voids in the highres (left) and midres (right) simulations, as well as
the predictions from the growth factor. We find a similar agreement between measured
profiles (‘data’; in dashed lines) and the growth factor prediction (dotted lines) in midres
and highres, where deviations are mostly on the order of |Ap| < 0.05, except for the
innermost regions of voids. The shape of deviations also looks remarkably similar at
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identical redshifts, even though profiles between highres and midres differ.

In contrast, when analyzing the profiles in stacked bins of void radii (bottom left), we
selected the bin with r,[Mpc/h] € [30.0;35.0]. In this bin the discrepancies between data
and prediction have the smallest values out of all bins in r, depicted in figure 9.9. The
predictions fare significantly worse than in stacks of all voids, which is most likely due
to shifts in the void size functions at different redshifts, since the predictions assume the
growth at unchanging sizes. However, this can be remedied by stacking in bins of void
compensation (bottom right), using A; € [0.1;0.3] as our example. Here differences are
once more on the same order as for all voids combined, and only in bins of extremely under-
or overcompensated voids, predictions match the data slightly worse, with |Ap| < 0.15.
While the radii of voids still change in redshift, compensation bins most likely result in
better agreement because the compensation is a measure of a voids’ environment, which
does not change as substantially in time as its size.

We additionally analyzed the profiles of CDM voids, halo voids, as well as of baryons
around halo voids. The latter case works as good as the profiles of CDM around halo voids,
but the profiles of CDM and halo voids do not yield good predictions when comparing
them with measured profiles. For halo voids this can already be expected from figures 9.7
and 9.8, since the growth factor evolves with time, but profiles remain almost constant
over a range of redshifts. In the case of CDM voids in midres, the predictions at z = 2.79
yield substantially higher densities inside voids on the order of |Ap| ~ 0.3 and smaller
compensation walls with |Ap| ~ 0.1. These deviations are presumably caused by the
effects of redshift evolution in CDM voids, as they merge and grow in size.

9.5 Universal characteristics of compensated profiles

After investigating the evolution of density profiles in stacks of void radii, we once more
investigate them in bins of their compensation A;. While not depicted here, the density
profiles of halo voids in stacked bins of ellipticity experience an increase in density of the
compensation walls, as well as a decrease in densities near their centers with increasing age
of the Universe, and profiles in core density have a similar increase in the compensation
walls, but almost constant densities in their centers, which naturally follows from stacking
in bins of their most underdense regions.

The stacks in compensation bins for profiles of CDM voids and CDM around halo voids
experience similar effects to bins in void radii, the density of already overdense regions
increases and underdensities become more underdense as the Universe ages. However, halo
voids showcase a major difference in their evolution in compensation bins, namely they do
not experience any substantial changes in their density profiles over time.

Figures 9.15 and 9.16 present the redshift evolution of density profiles for halo voids
in stacked bins of compensation, for highres at halo mass cut 10" M, /h and midres at
M, > 10" M /h, respectively. In both mass cuts, the profiles of undercompensated and
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Figure 9.15: Density profiles of isolated halo voids from the highres simulations at different

redshifts, given in the legend on the top left. Profiles are stacked in compensation bins
with bin edges given on the bottom of each panel. Selected halos have M > 10 M /h.

compensated voids do not show any substantial evolution in their densities, except for
small deviations in void centers and compensation walls at very high redshifts. At these
high redshifts there exist only few halos, so effects from tracer sparsity could potentially
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Figure 9.16: Same as figure 9.15, but for voids in the midres simulation at halo mass cut
M, > 102 M /h.

explain these deviations. Only in stacks of overcompensated voids do small differences
arise, although they are significantly smaller than differences in the evolution of profiles in
other void properties. It is quite remarkable how little these density profiles evolve, despite
the fact that we cover the evolution of void profiles over most of the age of the Universe. For
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the given cosmology of the Magneticum simulations, the age of the Universe is around 13.8
billion years' and the redshift range of 2y = 4.23 to 2y, = 0.25 in highres corresponds
to an evolution of density profiles from the time the Universe was only 1.5 billion years old
until 2.9 billion years ago. The results from midres suggest that at even smaller redshift
than z = 0.25, the profiles of voids identified in halos of mass M, > 10! M /h would align
with the stacks in compensation at higher redshift.

To explore this effect in more detail, we additionally analyzed the profiles of halo voids
at even higher halo mass cuts, namely at My > 10'® My /h and M, > 10 My /h in the
midres simulation. At all times we only used halos above these mass cuts for both void
identification, as well as the calculation of profiles. In the 10 M /h mass cut we once
more investigated profiles between z = 0 and z = 2.79, but at 10 M, /h we can only
identify voids starting at z = 1.18 and below, due to an insufficient number of halos at
higher redshifts. While we do not depict their redshift evolution, we find similar conclusions
to figures 9.15 and 9.16. In these higher mass cuts only a slightly ‘stronger’ evolution can
be found, potentially from the sparsity of few massive halos at high redshift. Furthermore,
we tested the evolution of merged halo voids in compensation bins in midres and find that
their density profiles are almost indistinguishable to the ones of isolated voids. They still
show no significant evolution in redshift and simply experience slightly higher densities in
their centers than isolated voids, as previously discussed in section 6.1. In addition, we find
an identical evolution of density profiles in the DMo simulations, as expected from chapter 8.
Of course, since we bin solely in compensation, most of the stacked bins contain a large
number of small voids, which surely contribute to this effect. Eliminating these voids
through a simple cut in radius would not be appropriate, as their sizes evolve significantly,
so a more intricate selection cut should be used in further tests in future work.

Next to their almost constant evolution in redshift, the profiles between figures 9.15
and 9.16 look extremely similar, even though the underlying halos differ significantly in
mass. We therefore investigate the impact of halo mass in compensation bins further in
figure 9.17. We present the profiles at fixed redshift z = 0.29 for a larger range of halo mass
cuts used in the void identification and profiles compared to previous figures. In ultra-hr
we depict profiles using halos with M, > 1.3 x 10° M, /h, while the other mass cuts are as
previously described, from both highres (10 M, /h) and midres for even higher masses.
In the profiles at lowest mass cut, some bins feature decreasing densities below the mean
far outside of voids. This is however not a physical drop in densities, but simply an effect
from the calculations of individual profiles before stacking. As the ultra-hr simulation
has a box length of only 48 Mpc/h, large voids occupy a significant volume of this box.
When calculating individual profiles, the distances from the void centers can reach values
larger than the box length for some voids. While we use periodic boundary conditions for
the calculation of profiles, we do not count tracers more than once, so naturally the density
goes towards zero at large distances for these voids, which gets imprinted in the stacks as
well. As already discussed with figure 5.2, large voids tend to be undercompensated, hence
the drop in density outside voids is most noticeable in these compensation bins.

https://www.astro.ucla.edu/~wright/CosmoCalc.html
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Figure 9.17: Density profiles of isolated halo voids at z = 0.29 for voids identified in various
halo mass cuts, given in the legend.

Nevertheless, density profiles of halo voids in compensation bins look quite similar
between different mass cuts, even though they cover a range of almost 5 orders of magnitude
in minimal halo mass. Profiles in other void properties, such as ellipticity and core density,
look significantly different at various mass cuts, and for bins in void radii, this comparison
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Figure 9.18: Density profiles of isolated halo voids in stacked bins of compensation in the
midres-1a simulations at z = 0.29 for the C15 cosmology, with differences compared to
the C1 cosmology on the bottom.

is almost pointless to even attempt, since void sizes change substantially between mass
cuts (see e.g. figure 5.1).

Moreover, figure 9.18 presents the compensation bins for profiles of isolated halo voids
at different cosmologies in the midres-1a simulation at redshift z = 0.29. In order to test
the impact from different values of cosmological parameters on these profiles, we present
the profiles for the two most extreme cosmologies available, the C1 and C15 boxes. These
cosmologies most notably differ in their matter content, namely €2, = 0.153 in box C1 and
O = 0.428 in C15. For more details, such as the other values of cosmological parameters,
we refer the reader to table 4.1 and section 7.3.

In figure 9.18 we depict the halo void profiles of the C15 cosmology in the upper panel,
as well as void numbers of each bin in the legend. Differences between C1 and C15 are
presented in the lower panel, where the legend indicates void numbers for C1. As is typical
at this resolution, halos are selected with M, > 10'2 M /h. We find a striking resemblance
in profiles with only relatively small differences, even though the matter contents of the
simulations differ substantially. As expected from this little influence of cosmology on
the profiles, they also look remarkably close to the ones of the ‘standard’ cosmology of
the Magneticum simulations from previous figures. From this, we expect that even in
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different cosmologies, our results from the evolution of compensation bins should still hold.
While not depicted in figures, the density profiles in bins of void radius, ellipticity and
core density do not share this resemblance between C1 and C15, as they have significantly
larger differences between these cosmologies.

So far we have not discussed the evolution of halo void velocity profiles in stacked bins
of compensation and we refrain from depicting them in this work. However, they do not
share the surprising lack of evolution in time we found in their density profiles, except for
the bin of exactly compensated voids with Ay € [—0.1;0.1]. Only in this bin do the velocity
profiles of halo voids remain almost constant in redshift, the values of which can be seen
for voids identified in the midres simulation at z = 0.29 in figure 6.9. Although velocity
profiles of compensated voids remain mostly constant in time, they have substantially
larger differences in their magnitudes at different halo mass cuts.

To conclude this section, we have found a remarkable new characteristic of halo voids
when investigating their redshift evolution from the perspective of stacking them in bins
of their compensation. As the Universe evolves, the profiles do not change significantly
over a vast amount of cosmic time, nor between different mass selections of halos and
different resolutions. Furthermore, even when analyzing them in cosmological parameters
of rather extreme values, these profiles look remarkably similar. As of yet, we do not
have a satisfying explanation for this behavior and can only speculate. Namely, as the
compensation is a measure of the environment of a void and its average density compared
to the Universe, this should somewhat determine the shape of these profiles. In spite of
this, the average density of voids can still remain unchanged if some tracers move from the
centers towards the void boundaries at the compensation wall, as more underdense centers
and slightly higher compensation walls can balance each other and still result in identical
average densities. In fact, this exact behavior is seen in the redshift evolution of CDM
around halo void and CDM voids themselves (both not depicted), which is similar to the
evolution of CDM in stacked bins of void radius. However, we suspect that reasons for the
constant density profiles lie on one hand in the insignificant evolution of distributions in
compensation, except for changes in number density (see figures 9.3 and 9.5), and on the
other hand are caused due to a complex interplay of halo formation and halo bias. As the
profiles already align at high redshifts, we additionally rule out A as the source for these
constant profiles.
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Chapter 10

Conclusion and outlook

In this thesis we investigated the interrelation between various general properties of voids,
as well as their density and velocity profiles. We explored these relations across a sub-
stantial range in both mass and scale by analyzing the hydrodynamical simulation suite
Magneticum, as well as counterpart simulations containing only dark matter. This enabled
us to reveal and further inspect a multitude of void characteristics, some of which are scale
and resolution dependent, while others are universal across simulations. Furthermore, we
explored the impact of baryonic physics on common void statistics and even individual
voids, as well as the evolution of voids and their statistics over cosmic time. The main
results of this thesis can be summarized as follows:

e Merging voids creates significantly larger voids, including a hierarchy of sub-voids.
On average, these merged voids have shallower density profiles, due to internal struc-
tures of their sub-voids, and slightly higher densities in their compensation walls
(figures 6.1 and 6.2). The smallest voids remain unaffected by merging, as they host
no sub-voids, and they are identical to isolated voids. In contrast to the void size
function of #solated voids, the size function of merged voids converges on large enough
scales, irrespective of the tracer type voids were identified in and the resolution of
simulations (figure 5.1).

e Stacked number density profiles of halo voids feature similar characteristics as the
matter density profiles of CDM voids, although with an enhancement of their amp-
litude caused by the halo bias (figures 6.1 and 6.2). Using halo masses as weights in
the calculation of density profile further enhances this effects, as the masses of halos
correlate with the density of the environment they reside in (figure 6.5). Further-
more, the CDM density profiles of halo voids are quite similar to the density profiles
of CDM voids (figure 6.3).

e The ellipticity of voids is strongly reflected in the shape of stacked density, as well
as velocity profiles due to spherical shell averaging. More elliptical voids experi-
ence smoother density profiles with shallower cores and wider compensation walls
(figure 6.4).
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The minimum (core densities) and average densities (compensations) inside voids
correlate to an extent and both are anti-correlated with the heights of their com-
pensation walls: the most shallow voids feature the highest walls and vice versa.
Overcompensated void, usually residing in overdense environments, are typically sig-
nificantly smaller than undercompensated ones, some of which can be interpreted
as sub-voids inside their larger parent voids. Both these void properties are clearly
reflected in the shapes of their density and velocity profiles (figures 6.4 and 6.9).

The stacked velocity profiles of voids follow expectations from the structure of their
density: large and undercompensated voids are dominated by a coherent outflow of
matter, while in and around small and overcompensated voids, infall of matter to-
wards the compensation wall dominates. Around the same voids, halos and CDM
move at identical speed, as expected from the equivalence principle of general relativ-
ity (figures 6.6 and 6.8). The velocities around merged voids are typically smaller
than for isolated ones of equal size due to the movement of tracers around sub-voids.
Moreover, the radial velocity profiles of voids accurately obey predictions from linear
mass conservation. Residual deviations are most likely caused by artifacts arising
from the sampling of sparse tracer statistics. Especially inside small voids, these
become increasingly significant due to length scales close to the resolution limit and
the mean tracer separation. In addition, they depend on the type of estimator that
is used for the calculation of velocity profiles (figures 7.4-7.8).

Applying mass cuts and subsampling tracers to calculate profiles of voids identified
at fixed tracer density affects the estimators in significantly different ways. Density
profiles are stable against subsampling except for larger errors, while reducing halos
through mass cuts has a similar effect to mass weights in density profiles. For velocity
profiles, global stacks are more independent of the tracer mass and subsamplings
compared to individual stacks (figures 6.10 and 6.11).

Splitting both the density and velocity into profiles for inflowing, as well as outflowing
tracers reveals more substantial deviations between the different velocity estimators,
each with a different interpretation for the movement of tracers close to void centers.
The density profiles of inflowing particles closely resemble the shape of their regular
density profiles, just at lower densities, while the density profiles of outflowing tracers
align almost perfectly inside voids (figures 6.12-6.14).

All our previous conclusions on stacked profiles remain valid even for the profiles of in-
dividual voids, although their profiles are significantly affected by noise and sampling
variance. Nevertheless, individual voids still obey linear mass conservation with ex-
quisite accuracy (figures 7.1-7.3), irrespective of tracer type. This can be exploited
to explain and further improve the linear interrelation between the corresponding
stacked profiles of voids, which plays an essential role in cosmological applications.

The apparent breakdown of linear dynamics in the inner regions of voids analyzed
at moderate resolutions seems to be merely caused by the sparse sampling of tracers
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when scales are close to their mean separation. We tested this by comparing voids of
identical sizes in simulations of increasing resolution, and we find no sign for an onset
of nonlinear dynamics around voids, down to scales of order 1 Mpc/h (figure 7.11).
At a given resolution, sparse sampling affects velocity profiles more severely than
the density profiles, so the application of the linearized continuity equation to their
densities is better suited for the modeling of both velocities and observable RSD
around voids compared to using more biased templates for velocity profiles measured
in simulations. In addition, linear dynamics are valid over a wide range in redshift,
as well as for significantly different values of cosmological parameters (figures 7.9
and 7.10).

The magnitude of effects from baryonic physics is highly resolution dependent. Dif-
ferences between hydro and DMo simulations in midres exist only within statistical
errors, but we were able to identify deviations between hydro and DMo, as well as
between CDM and baryons of the hydro simulation in the highres and ultra-hr
simulations, even using halo mass cuts typically applied in midres. Investigating
deviations in individual voids between hydro and DMo simulations is not feasible, as
there is no one-to-one correspondence between individual voids (figures 8.1 and 8.2)

Within their errors, the statistics of CDM voids are identical between hydro and DMo
simulations. Compared to CDM voids, voids identified in baryons exhibit significantly
higher core densities and are slightly smaller due to higher numbers identified in fixed
subsamplings of matter (figure 8.3). Only the smallest subset of baryon voids features
slightly higher inner densities, as well as smaller compensation walls in the density
profiles, while investigating profiles in bins of core density reveals more significant
deviations in density and small deviations in the velocity profiles (figures 8.4 and 8.5).

The number densities of halos at fixed mass cut noticeably differ between hydro and
DMo simulations (table 8.1), which in turn leads to differences in void numbers and
slight variations in the distributions of their properties. Voids in the highres hydro
simulation are slightly smaller and both core density and ellipticity distributions
experience a vertical shift due to higher void numbers compared to DMo. When
fixing halo number densities instead, deviations in the distributions of void properties
decrease significantly (figure 8.3).

Compared to halo voids in the DMo simulation at fixed mass cut, the density pro-
files of the smallest halo voids in the hydro simulation feature higher compensation
walls and lower inner densities, while large voids exhibit smaller compensation walls
and statistics of intermediate sized voids remain unaffected. In fixed halo number
densities these differences vanish almost completely. In contrast, binning in core
density reveals more significant deviations, which increase with increasing n,,;, and
are of same magnitude in mass cuts and fixed halo number densities (figure 8.6).
Velocity profiles only feature slight variations for the largest subset of voids and in
core density bins, which once more decrease at fixed number densities (figure 8.7).
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When using CDM as tracers for the profiles around halo voids, the density profiles
differ significantly compared to the ones with halo tracers, but in both density and
velocity profiles, deviations between hydro and DMo simulations are almost identical
to deviations of profiles using halo tracers (figures 8.8 and 8.9).

We find similar effects to the ones between CDM and baryon voids when investigat-
ing the structure, as well as dynamics of baryons and CDM around halo voids in the
hydro simulations. The relative abundance of baryons compared to CDM is higher
inside voids and smaller around the compensations walls, but differences decrease
with increasing void size and decreasing core density/compensation, where a void’s
core density is the strongest indicator of baryonic effects (figures 8.10 and 8.11). Even
though the equivalence principle states that matter should move at the same speed
irrespective of tracer type, we find small deviations between the velocity of baryons
and CDM, where the former typically have a smaller absolute velocities. These de-
viations once more decrease similar to differences in density as voids increase in size
(figures 8.12 and 8.13). This does not necessarily imply a violation of the equivalence
principle, since the dynamics of baryons are not only affected by gravity, but also by
pressure and other baryonic effects. These effects can cause an additional accelera-
tion of baryons and expel them out of overdense halos residing near compensation
walls and into underdense regions. This feedback explains both the differences in
velocity, as well as the higher baryon content inside voids, which holds even for local
underdensities around individual voids in ultra-hr at scales on the order of 50 kpc/h
(figure 8.15).

A comparison of profiles in comoving scales between highres and ultra-hr not only
reveals an alignment of compensation walls at identical scales, but also allows us to
place an upper limit on deviations between baryons and CDM around halo voids
(figure 8.14).

The evolution of voids over cosmic time reveals significant differences between CDM
and halo voids. Identified in constant subsamplings, the former decrease in numbers
due to merging as the Universe evolves in time, while halo voids identified at fixed
mass cuts increase in numbers, as more halos form and reveal more details in the
structures of the cosmic web, splitting up large voids from earlier times (figure 9.2).
However, depending on the selected mass cuts, the number of voids almost stops
evolving once most halos have formed and crossed the threshold of the mass cut.

Due to these changes in void numbers over time, halo voids decrease in size, but
remain almost constant once most halos have formed, while the size of CDM voids
increases as CDM continues to cluster. In contrast, distributions in ellipticity only
experience vertical shifts due to changes in void numbers and the average void shape
remain almost constant in time. In halo voids, both core densities and compensations
are almost solely affected by changes in N,, while CDM voids experience a decrease
in core densities and their compensations move towards being more under- or over-
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compensated (figures 9.3-9.5). This decrease in core densities is also noticeable in
the density profiles of CDM voids, where void centers become more underdense and
compensation walls grow in height, as matter moves outside of voids and clusters at
their compensation walls as redshift decreases (figure 9.6).

e The evolution of density profiles for halo voids of fixed size is highly dependent on
the selected mass cut. At high redshift we find the largest compensations walls due
to the halo bias. In their evolution we find that the lower the chosen mass cut, the
earlier the density profiles start aligning and stop evolving when depicted in units of
ry, typically at similar redshift at which their size functions stop evolving significantly
(figure 9.7 and 9.8). As halos still move towards compensation walls, this implies a
complex interplay of halo formation inside voids and halo dynamics that leads to
these constant profiles. Of course in comoving scales both the size functions and
density profiles still evolve, but simply follow the expansion of the Universe.

e While large CDM voids exhibit almost constant velocity profiles in time, the dynamics
of small CDM voids and all halo voids closely follow the evolution of their density
profiles. For CDM voids we observe an increase in absolute velocities over time,
while the dynamics of both CDM and halos around halo voids are once more alike.
They have the largest negative velocities at early times, which increase towards more
positive values and become almost constant at similar times when density profiles
align, although velocities inside them slightly decrease afterwards (figures 9.10-9.13).
Small deviations between CDM and halo velocities at early times are most likely
caused by sampling effects to due the significantly higher CDM number density.

e While the evolution of CDM density around halo voids looks similar to the evolution
of CDM void density profiles, differences compared to CDM voids remain due to
different evolution of the CDM and halo void size functions. In fact, we find that the
growth of matter structures around halo voids closely follows the predictions from
linear growth (figure 9.14), especially when averaging all voids or stacking in their
average densities.

e Investigating the evolution of halo void density profiles from the perspective of their
average density, i.e. in bins of their compensation, we find no significant evolution
at all for most of the age of the Universe, between z = 4.23 to z = 0 (figures 9.15
and 9.16). Moreover, these profiles are remarkably similar across a vast range of differ-
ent halo mass cuts and are only slightly affected by different cosmological parameters
(figures 9.17 and 9.18). This suggests a previously unknown universal characteristic
of halo voids.

These findings have various important implications for observational studies on voids,
their use as cosmological probes, and for theoretical studies on voids. While the identi-
fication of voids in the full three-dimensional matter distribution of the Universe is not
yet feasible, a variety of luminous tracers have already been considered for void find-
ing. These luminous tracers include, but are not limited to galaxies [e.g., 150-154], galaxy
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clusters [155], the 21cm emission from neutral Hydrogen [156, 157] and the Ly-a forest [158—
161]. For most of our conclusions, except effects from baryonic physics and certain aspects
of redshift evolution, we cannot foresee compelling reasons as to why they would not apply
for voids identified in a variety of different tracers.

Additionally, testing our conclusions with alternative void definitions and void finders,
such as the one introduced in reference [162], might be of great interest, either to see if
they still hold, or if not, to test the fundamental differences between void definitions. Even
though most of our general conclusions do not depend on varying cosmological parameters
in a ACDM universe, except for variations in numerical values in profiles and shapes
in the distributions of void properties, testing some conclusions in alternative models of
CDM and dark energy, as well as simulations employing modifications to GR might reveal
more insights on these models in underdense environments. Analyzing the impact of other
particle species, such as massive neutrinos or axions, on our conclusions might be beneficial
as well. Furthermore, continuing the study of voids in simulations of ACDM models such
as the ones employed in this work may reveal additional universal properties of voids.

Our conclusions open up a vast observational window for conducting cosmological ex-
periments with voids. They allow us to make use of voids ranging in sizes from only few
(or potentially less) to hundreds of Mpc in size and from inner densities even above the
mean density, which are typically not considered as cosmic voids, but still behave as local
underdensities. Comparing the statistics of voids from much simpler dark matter only simu-
lations with observations instead of needing hydrodynamical simulations should be feasible
when applying appropriate cuts in size or core density, which eliminates voids from the
sample that are typically classified to be of type “void-in-cloud”. In current observational
studies, cuts in void properties might not even be necessary, as baryonic effects for voids
identified in halos (and most likely galaxies) are almost negligible. They are only relevant
at quite small tracer masses and scales, which are not yet attainable in large-scale surveys.
Furthermore, as linear dynamics holds up in voids irrespective of their size and redshift,
void catalogs from observations can be extended by conducting deeper observations that
provide dense tracer samples at low redshift and thus smaller sub-voids (e.g., as planned for
4AMOST [163] and Roman [164]), as well as by enlarging the volumes of large-scale struc-
ture surveys at higher redshifts (as it is planned for a number of next-generation surveys,
such as Fuclid [135, 165-167]). As large-scale observations at increasing redshifts will be
attainable with these surveys, the negligible evolution of void profiles for voids binned by
their compensation might be beneficial in developing new cosmological tests using voids.

These findings allows us to maximize the number of observable linear modes of the
density field of large-scale structure than can be utilized for inference of cosmological
parameters far beyond previously imposed limits, for example via the Alcock-Paczynski
effect, as well as RSD [76, 82, 135|, where the redshift evolution of void shapes plays a
major role. Moreover, data sets from upcoming surveys over a vast range in redshift will
contain hundreds of thousands of voids, as well as their individual properties. This will
be useful for the latest machine learning applications [73, 168, 169] and in addition, these
observations will allow us to verify some of our conclusions in observational studies and
potentially in other biased tracers.
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