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ABSTRACT

Spherical void models of Gpc-scale have widely been discussed in the literature as a possible al-
ternative to the spatially homogeneous Friedmann models with dark energy. In this framework, the
local universe is modeled by an exact solution of Einstein’s field equations, the so-called Lemaitre-
Tolman-Bondi (LTB) metric, which constitutes a spherically symmetric spacetime that is solely filled
by pressureless dust. In extension to recent multi-probe analyses of void models in a cosmological
context, we study the evolution of linear, gauge-invariant perturbations on top of LTB backgrounds
starting from a full spectrum of Gaussian initial conditions. The relativistic framework of perturba-
tion theory on radially inhomogeneous spacetimes is substantially more complicated than in standard
homogeneous models of FLRW type, because the spacetime is intrinsically dynamical already at first
order which causes gauge-invariant perturbations to couple. As shown by Clarkson et al. in 2009
([29]), their evolution is constrained by a system of linear partial differential equations which need
to be integrated numerically. We present a new numerical scheme based on finite element methods
to solve this equation system and generate appropriate scalar initial conditions in the homogeneous
asymptotic limit of the LTB patch. In this context, we involve realisations of Gaussian random fields
with an underlying power spectrum for the Bardeen potential. After spherical harmonic decompos-
ition, the initial fluctuations are mapped to the corresponding LTB gauge-invariant variables and
those evolved into the radially inhomogeneous LTB regime. Estimates of angular power spectra of
each gauge-invariant quantity are computed as functions of redshift on the past null cone. This en-
ables us to analyse the coupling strength in a statistical way. We find significant couplings up to
25% for large and deep voids of Gpc scale as required to fit the distance redshift relations of SNe.
As a major complication, LTB gauge-invariant perturbations are abstract mathematical objects that,
although in principle observable, cannot feasibly be transformed to physically meaningful quantities.
We therefore adapt a relativistic framework of light propagation to perturbed LTB models that allows
to map the combined contribution of gauge-invariant metric and matter perturbations to sources of
the optical tidal matrix. The corresponding Sachs equation is derived for generically perturbed LTB
spacetimes and numerically investigated in case of negligible perturbation coupling.



ZUSAMMENFASSUNG

Sphérische Void Modelle mit einer Ausdehnung von mehreren Gigaparsec sind ausgiebig in der
Literatur diskutiert worden, da sie eine mogliche Alternative zu den standardméfiig betrachteten,
raumlich homogenen Friedmann Modellen darstellen. In diesem Zusammenhang wird das lokale
Universum um unsere Galaxie durch die exakte Lemaitre-Tolman-Bondi Losung der Einstein’schen
Feldgleichungen beschrieben. Vorhersagen solcher Modelle sind in den letzten Jahren mit vielfaltigen
Beobachtungen konfrontiert worden, die jedoch weitgehend die detaillierte Information aus linearer
Strukturbildung vernachldssigen oder teilweise geschickt umgehen. Als Erweiterung bisheriger Be-
trachtungen von Void Modellen soll in dieser Arbeit daher die vollstandige Zeitentwicklung linearer,
eichinvarianter Storungen der LTB Raumzeit im kosmologischen Zusammenhang untersucht werden.
Relativistische Storungstheorie auf inhomogenen Raumzeiten ist erheblich komplizierter als in ho-
mogenen Modellen, da sich die gestdrte Raumzeit bereits in linearer Ordnung dynamisch verhalt
und eichinvariante Stérungen untereinander koppelt. Die einschldgige Arbeit von Clarkson u. a. aus
dem Jahr 2009 zeigt, dass die Zeitentwicklung dieser Stérungen durch ein System partieller Differ-
entialgleichungen beschrieben wird, das im Allgemeinen numerisch gelost werden muss. Zu diesem
Zweck wird in der vorliegenden Arbeit ein entsprechendes Verfahren entwickelt, dass auf Methoden
der finiten Elemente zurtickgreift. Kosmologische Anfangsbedingungen werden im homogenen Fried-
mann Limit des Riickwértslichtkegels als Gaufisches Zufallsfeld modelliert, das aus dem gut bekan-
nten Powerspektrum des Bardeen Potentials hervorgeht. Diese Anfangsfluktuationen werden in Ku-
gelflachenfunktionen zerlegt und dann numerisch in der Zeit entwickelt. Das Ergebnis sind Winkel-
powerspektren der LTB eichinvarianten Storungen, die sich auf dem Riickwirtslichtkegel auswerten
lassen. Dies ermoglicht die Berechnung der Kopplungsstarke von Storungen als statistische Grofse.
Im Falle tiefer und grofier Voids, die zur Modellierung der Abstands-Rotverschiebungs-Beziehung
von Supernovae herangezogen werden, lassen sich Kopplungsstirken von bis zu 25% feststellen. Eine
besondere Schwierigkeit bei diesem Ansatz liegt in der physikalischen Interpretation der Ergebn-
isse. Eichinvariante Grofien auf dem LTB Hintergrund sind rein physikalische Grofien, allerdings
sehr abstrakt nicht auf intuitive Observablen zuriickfithrbar. Um dieses Problem zu umgehen wird
eine relativistische Beschreibung fiir Lichtausbreitung in allgemeinen Raumzeiten herangezogen und
auf gestorte LB Modelle angewandt. In der Tat lassen sich auf diese Weise eichinvariante Groflen
tiber die Sachs-Gleichung auf Korrekturen zur Winkelentfernung abbilden. In diesem Zusammen-
hang werden die vollstdndigen Sachs-Gleichungen fiir ein gestortes LTB Modell herleitet und im Fall
vernachléssigbarer Kopplungen numerisch gelost.
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CONVENTIONS

XVi

If not explicitly stated differently in the text, we will assume natural units with c = = 1.
The sign convention of the preudo-Riemannian metric is given by (—, +,+,+).

Three dimensional Fourier transforms of a generic function f(X) are applied according to the
convention

In a three dimensional, homogeneous and isotropic space, we define the power spectrum of a
generic perturbations { as
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We apply the following definition of the spherical harmonic functions
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INTRODUCTION

The main motivation of the work laid out in this thesis can be concisely summarised by the follow-
ing question: If we want to relax the assumptions of the standard cosmological model, but remain
within the framework of General Relativity, can alternative cosmological models be constructed with
properties that describe the observable universe more accurately?

Certainly, the standard cosmological model is remarkably successful. Based on General Relativity (GR)
and two symmetry assumptions stating that (1) the universe is, on average, spatially isotropic around
our position and (2) this position in the universe is not distinct, the generic class of Friedmann-
Lemaitre-Robertson-Walker (FLRW) models can be constructed. These particularly simple cosmolo-
gical solutions do not only generally agree with observational data, but specific models can even be
singled out. Recent observations of type la supernovae, the cosmic microwave background, gravit-
ational lensing and large scale structure support the spatially flat ACDM model that describes the
observable universe extremely well on a wide range of times and spatial scales (see [8] for a review).

Despite this extraordinary success, cosmological solutions based on FLRW models come at the high
prize that the energy content of the universe is dominated by two hypothetical fluid species called
dark matter and dark energy which are hitherto not confirmed by any direct detection. Whereas, in the
framework of GR, there are strong hints for dark matter also on sub-cosmological scales, the physical
nature of dark energy remains mysterious. In fact, the unexpected faintness of type la supernovae and
resulting need to correct the luminosity distance-redshift relation seemingly requires an additional
fluid component with negative pressure which, in the framework of homogeneous and isotropic
models, accounts for a global accelerated expansion at late times. However, neither the question about
its fundamental origin nor about its late time dominance (coincidence problem) can be answered in a
satisfactory way. Although a cosmological constant represents a natural degree of freedom in General
Relativity, quantum field theory predicts its energy scale to be utterly wrong by approximately 120
orders of magnitude. On the other hand, dynamical scalar field models of dark energy assume a time
dependence in its equation of state for which we have actually no significant evidence in observational
data (see [31]).

This profound lack of understanding of the physical nature of dark energy stimulates attempts to
investigate alternative cosmological models that question the basic assumptions with the hope that
well-motivated additional degrees of freedom may help to circumvent any need for dark energy and
can nonetheless account for all observational data in an equally successful way.

Since we restrict ourselves to models described by General Relativity, the two symmetry assump-
tions are left to be relaxed. Statistical isotropy of the universe around our position is well confirmed
by measurements of the cosmic microwave background and large scale structure. Hence, question-
ing spatial homogeneity seems the most reasonable attempt. Indeed, this model assumption relies
on the so-called Copernican Principle which states that, when averaged over sufficiently large scales
(> 100Mpc), we are not placed at a special position in the universe. Being mainly philosophically
motivated, this principle is very difficult to test observationally since we only have direct access to
measurements on our past lightcone. A priori, there is consequently no way to distinguish temporal
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evolution from spatial variations where the latter have simply been excluded by assumption in the
standard model.

One possible approach to test spatial homogeneity is studying Lemaitre-Tolman-Bondi (LTB) models
(see [24, 57, 89] for original works and [23, 27, 40, 65] for detailed reviews) which constitute a class of
cosmological models based on a radially inhomogeneous solution of Einstein’s field equations. Their
spatial hypersurfaces are spherically symmetric about a distinct central worldline. In fact, these mod-
els and especially a subclass with a homogeneous Big Bang and a vanishing cosmological constant’
represent the simplest inhomogeneous generalization of the standard model based on an exact solu-
tion of General Relativity. If our galaxy is assumed to be located in a large underdense region of Gpc
scale (a so-called void), cosmological models built upon this class of solutions are able to fit distance-
redshift relations of type Ia supernovae without any need of dark energy (see [33, 42]). However, an
off-centre observer would see a significant dipole amplitude in the cosmic microwave background
(CMB) which has to be in agreement with the observed signal. Our position in the void region is
therefore constrained to be close to the centre within a few tens of Mpc (see [2, 44] for corresponding
CMB analyses), requiring a high degree of spatial fine tuning. LTB models were rigorously confronted
with observations (see [19, 22, 26, 33, 46, 68, 94, 100, 101]), and their applicability to describe the local
universe around our position was recently reanalysed in detail in [75]. All analyses agree that void
profiles are indeed able to successfully reproduce local distance-redshift relations of supernovae, but
the resulting local Hubble rate turns out to be too small to simultaneously account for global CMB
measurements. Even very flexible void profiles as applied in [75] were not able to alleviate this issue
as the resulting posterior distributions of Hubble constants have negligible overlap with the locally
measured value and its uncertainty distribution. Moreover, various additional cosmological probes,
such as the linear kinetic Sunyaev Zel'dovic effect ([99]), Baryon Acoustic Oscillations ([101]), and
galaxy age measurements ([35, 96]) were reported to be in considerable tension with the simplest
void models.

Current analyses, however, are limited to observables that do not depend on the details of linear struc-
ture formation since linear perturbation theory in LTB models is quite a challenge and therefore still
under development. Nevertheless, structure formation in voids has to be taken into account in full
generality in order to rule out these models on a solid basis. The reason for the utter complexity of
the problem is that the evolution of linear perturbations on inhomogeneous backgrounds is substan-
tially more complicated than in spatially homogeneous FLRW models because the decomposition into
gauge-invariant 3-scalar-, 3-vector- and 3-tensor modes (SVT variables) is no longer straightforwardly
possible. In addition, anisotropic and position-dependent structure growth causes gauge-invariant
perturbation variables to couple already at first order, which is described by a system of coupled
partial instead of ordinary differential equations. However, significant progress was made in the past
few years on several approaches. Alonso et al (2010) ([3]) managed to set-up a Newtonian N-body
simulation in the gravitational potential of a large Gpc void and studied Newtonian perturbations
by comparing the simulated results with the theoretically predicted void profile of [46]. Nishikawa
et al. (2012) (see [70] and also [71, 72]) studied the evolution of density perturbations in void models
by applying secondary linear perturbations on top of a primary, isotropically perturbed FLRW model
that accounts for the void. Zibin (2008) (see [98] and further application in [37]) used a covariant
1+1+2 formalism for scalar perturbations in LTB spacetimes and obtained evolution equations and
matter transfer functions in the so-called silent approximation by neglecting the magnetic part of the
Weyl tensor and effectively the coupling of scalar to tensor modes.

Clarkson et al. (2009) (see [29] for a remarkable paper in this context) obtained a full set of gauge-
invariant perturbation variables in spherically symmetric dust spacetimes. They present first order
evolution equations given by linear partial differential equations containing the full coupling of
the perturbations on inhomogeneous backgrounds. Their results build on earlier studies of gauge-
invariant perturbations in general spherically symmetric configurations, using a 2+2 split of the back-
ground spacetime (see [49, 50, 51, 84] and [90] for a cosmological application). The first order field

1 These issues will be clarified in Chapt. (3)
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equations were evaluated in a covariant perfect fluid frame by Gundlach & Martin-Garcia ([54, 67]) in
the context of perturbed stellar collapse. Clarkson et al. specified these equations to dust solutions and
even performed the FLRW limit showing the complicated mixing of FLRW scalar, vector, and tensor
degrees of freedom in each LTB gauge-invariant quantity. However, numerics of the corresponding
system of partial differential equations is very challenging. In case of negligible coupling, February et
al. (2013) ([43]) managed to predict the two-point density correlation function in LTB void universes.
A first test run of a full numerical solution of the system was performed by February et al. (2014)
([41]). Their numerical scheme is based on combined second-order finite differencing in space and
fourth-order time integration. Starting with a void profile of Gaussian shape, they ran several test
cases by initialising each perturbation variable separately by five Gaussian peaks that are placed at
equidistant positions in the void.

However, estimating the relevance of perturbation coupling in a realistic cosmological environment is
still an unsolved issue and represents the current state of research where this thesis work is going to
set in. We extend the approach of February et al. (2014) by generating realistic initial conditions and
evolve the system from an initial FLRW state. By assuming the universe to be sufficiently homogen-
eous and isotropic at early times, we sample initial conditions from a power spectrum of the Bardeen
potential ¥ in the matter-dominated era. This enables us to study the spacetime evolution of perturb-
ations in LTB models in a statistical way by comparing angular power spectra of each gauge-invariant
quantity at different redshifts on the past null cone. We developed a new numerical scheme to solve
the underlying partial differential equation system based on a finite element technique for the spatial
discretisation in each timestep. This approach has proven to be more flexible than finite differences,
since the grid structure can easily be adapted to the problem itself. In addition, we use a numerical
implementation of the LTB background model (as also applied in [75]) such that we are not limited
to strictly hyperbolic background models and very flexible in the choice of the void density profile.

This overall setup allows us to perform detailed studies of the evolution of gauge-invariant perturb-
ations in LTB models and to investigate coupling effects, which are the main distinguishing feature
from the spatially homogeneous FLRW models. So far, numerical studies presented in this thesis are
still restricted to a general proof of concept and therefore have not yet been applied to observation-
ally constrained void models. This is, of course, the next important step to be performed. The reason
for this restriction lies in the mathematical structure of LTB gauge-invariant perturbations which rep-
resent complicated mixings of scalar, vector and tensor modes in the FLRW limit. Although these
quantities contain, by construction, only physical degrees of freedom that are principally accessible
by observations, their reduction to physically meaningful variables is a highly non-trivial task and is
not yet fully understood.

A general formalism for light propagation in perturbed LTB spacetimes constitutes a very promising
approach to circumvent the physical interpretation of single gauge-invariants since it actually ac-
counts for their combined effect. Certainly, metric and fluid variables appear as sources in the Sachs
equation that constrains the evolution of the Jacobi Map of a bundle of null geodesics. This formalism
can, in fact, be used to compute observable corrections to the angular diameter distance caused by
deviations of the central observer’s lightcone from isotropy. Quantifying these corrections is essential
to strengthen the results from previous analyses of void models since all cosmological measurements,
apart from very few exceptions, rely on observational data on the past null cone.

The thesis is organised as follows: An introductory chapter outlines very general concepts that are
widely applied throughout this work. Starting with a short introduction to General Relativity and
FLRW cosmology, gauge-invariant perturbations on homogeneous and isotropic backgrounds are dis-
cussed. A simple framework of light propagation in arbitrary spacetimes is outlined in some detail
and exemplarily applied to perturbed FLRW models. General properties of LTB spacetimes as well
as an efficient numerical implementation of these models are described in Chapt. (3). Following the
metric approach of Clarkson et al. (2009), a possible set of gauge-invariant perturbations and corres-
ponding evolution equations are subsequently introduced in Chapt. (4). The numerical treatment of
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the resulting linear partial differential equation system and corresponding boundary and initial con-
ditions are laid out at length in Chapts. (5) and (6). Chapt. (7) contains the final angular power spectra
and statistical estimation of the coupling strengths which are presented and discussed in some detail.
The general weak lensing formalism introduced in Chapt. (2) can now straightforwardly be applied
to perturbed LTB models. Based on considerations of light propagation in the background spacetime,
the full Sachs equation in perturbed LTB models is derived. For simplicity, only the case of negligible
coupling has been numerically addressed so far. We present first order corrections to the angular
diameter distances within this approximation and provide some overview on ongoing extensions and
improvements in this field. General conclusions are drawn in Chapt. (9).
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2.1 SUMMARY

This introductory chapter is meant to summarize general concepts that are widely be applied through-
out the present work. Starting with a short overview of General Relativity and the standard cosmolo-
gical model, gauge-invariant linear perturbation theory on homogeneous and isotropic backgrounds
is introduced. The main focus is set on gauge transformations and the importance of gauge invariance
to construct purely geometrical linear perturbations without coordinate degrees of freedom. Analog-
ous techniques are going to be applied to construct gauge-invariant perturbations of LTB spacetimes.
The inflationary origin of cosmic structures is pointed out which leads to the final shape of the dark
matter power spectrum. This is a crucial ingredient to generate initial conditions for LTB gauge-
invariant quantities in the homogeneous limit. A framework of light propagation in arbitrary space-
times is discussed in detail as it provides a valuable tool to relate abstract gauge-invariant metric
perturbations to meaningful observable quantities, e. g. corrections to the angular diameter distance.

2.2 GENERAL RELATIVITY AND FLRW COSMOLOGY

The General Theory of Relativity (GR) is a metric theory of gravity and has been worked out by
A. Einstein at the beginning of the 20th century. Based on the Equivalence Principle, it has proven
to be remarkably successful in reproducing measurements from solar system scales to cosmological
solutions. The Newtonian force representation of gravity is replaced by a spacetime that behaves
dynamically and can be curved by energy and momentum distributions. This novel description of
the phenomenon of gravity includes a General Principle of Relativity and allows to formulate full
covariant laws of nature which makes this theory one of the most impressive achievements in physics
ever made. For a generally comprehensive and well-written introduction to GR, the interested reader
is referred to [39].

Since a covariant theory of gravity necessarily has to be tensorial (see [87]), its exact mathematical
formulation requires concepts developed in the field of differential geometry. In comparison to special
relativity, the rigid metric tensor 7, or, equivalently, the line element

ds? = Huvdxtdx” (2.1)

are replaced by a dynamical field g,,(x*) that characterises spacetime as a four dimensional pseudo-
Riemannian manifold M. Mathematically, a spacetime is therefore described by the pair (M, g).
Based on the Levi-Civita connection V, parallel transport and corresponding covariant derivatives
can be introduced for adequate mathematical operations on this object. The metric field is constrained
by Einstein’s field equations assembling a system of ten second order, non-linear partial differential
equations which can compactly be written as

GI’“/ + Agl’”/ = SHGT]JV ’ (2.2)

with the Einstein tensor
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1
Guv = Ry — ERgW. (2.3)
The Ricci tensor Ry, and the Ricci scalar R are contractions of the Riemann tensor R,y that determ-
ines the curvature of spacetime in an intrinsic and coordinate invariant way". The second contracted
Bianchi identity states that

V,.G" =0, (2.4)

ensuring that local energy-momentum conservation V, T"" = 0 is generically contained in Eq. (2.2).
In words, the field equations state that spacetime curvature encoded in the Einstein tensor Gy is
sourced by general energy and momentum distributions Ty, in the spacetime. On the other hand,
curvature "back-reacts" on the dynamics of the spacetime content which is shown in the nonlinearity
of Eq. (2.2). Due to a mathematical freedom, Einstein’s field equations can be augmented by a term
proportional to the metric tensor that contains the so-called cosmological constant A. According to
a remarkable theorem proven by Lovelock in 1972 (see [64]), the form of Eq. (2.2) is unique in four
dimensions for very general preconditions that are well fulfilled within the framework of GR.

Because of the obvious complexity of the theory, it is hard to find proper analytical solutions of
the field equations in general. However, there are two important approaches to approximate those
solutions that are relevant for the work considered here.

e If strong symmetry constraints are applied to the spacetime ab initio, a general parametric an-
satz for the metric and energy-momentum tensor can be constructed that, when inserted into
Eq. (2.2), yields analytically solvable differential equations in the parameters. Famous examples
are the Schwarzschild solution ([83]), the Friedmann-Lemaitre-Robertson-Walker (FLRW) solu-
tion ([45, 58, 77, 95]), or the Lemaitre-Tolman-Bondi (LTB) solution ([24, 58, 89]) which are all
subclasses of the Lemaitre solution ([58]).

* More complicated spacetimes can be obtained by a perturbative ansatz. By constructing small
perturbations on a well-known (probably highly symmetric) background spacetime, first order
linear differential equations in terms of these perturbations can be deduced. Linear perturbation
theory in GR has become a valuable tool for the description of various relativistic effects like
frame dragging, light-deflection or gravitational waves. In cosmology, it has been established as
a standard technique for the description of structure formation in the universe at sufficiently
large scales and/or early times.

While perturbative treatments of spacetimes are discussed in detail in the following section, we con-
tinue with a short overview of the FLRW solution and its application to physical cosmology. Being
remarkably successful in describing the observable universe, it it is also called standard model of cos-
mology.

It has already been pointed out in the introduction that, apart from GR, the FLRW cosmological model
is based on two strong symmetry assumptions which are denoted as Cosmological Principle:

1. When averaged over sufficiently large scales, the universe is spatially isotropic. Mathematically,
a spacetime (M, g) will be called spatially isotropic about a point p € M if there exists a
congruence of time-like geodesics through p with tangent vectors u (defining worldlines of local,
so-called fundamental observers) such that two vectors v;, v, orthogonal to u can be transformed
into each other while u#, ¢ and p are left invariant. Thus, there is no dependence of spatial
directions in the description of the spacetime seen by fundamental observers.

1 The trace-free contribution Cy) to the Riemann tensor is known as Weyl tensor and describes the non-local part of curvature.
For instance, this genuinely relativistic degree of freedom affects the propagation of light rays in the spacetime as will be
outlined in Sect. (2.5).



2.2 GENERAL RELATIVITY AND FLRW COSMOLOGY

2. The position of our galaxy in the universe is not unique (Copernican Principle). In combination
with local isotropy, the Copernican Principle implies spatial homogeneity, i.e. there exists a
family of spacelike hypersurfaces X; that foliate M in a way that two points p,q € X can be
transformed into each other while the metric is left invariant.

It can be shown that the Cosmological Principle restricts the spatial sections of M to hypersurfaces of
constant curvature k. In local coordinates (t,7,0, ¢) of fundamental observers, the most general metric
ansatz can be formulated as

dr?
1— kr?

In fact, Eq. (2.5) describes generically curved spatial sections that can isotropically expand or contract
mediated by a time-dependent scale factor a(t). By choosing a different radial coordinate defined by

ds? = —d2 + a2(t)h, with h= +r7d0?. (2:5)

dr
dw = ﬁ , (26)

Eq. (2.5) can equivalently be written as

ds? = ~d? +a*(t) (dw? + A (w)dQ?) , (27)

with

\}];sin (\/%w) ,k>0
fu(w) = w k=0 (2.8)
\/1_7ksinh(\/—7kw> , k<O,

depending on the sign of the spatial curvature.

The most general energy-momentum tensor that is compatible with the Cosmological Principle de-
scribes a perfect fluid

Tww = (0 + p) upthy + pSuv, (2.9)

with contributions of energy density p and isotropic pressure p which depend on the coordinate time
only. Einstein’s field equations can then be reduced to the Friedmann equations given by

22_% +é_£ (2.10)
a) T3 PTE T ‘
i 4nG A

(u) =——3 (p+3p) + 3 (2.11)

According to Eq. (2.4), local energy-momentum conservation V, T = 0 is already contained in these
equations and reduces to the continuity equation of the matter distribution

p=-3 (i) (p+p). (2.12)

This equation can be closed by assuming an equation of state p = wp where the equation-of-state
parameter w either represents a constant or a function of time. The resulting solution p(a) can then be
inserted into Eq. (2.10) which is then solved for a(t). Equivalently, Egs. (2.10) and (2.11) can be closed
using the equation of state and right away be solved for a(f) and p(t). By convention, we assume a
scale factor of unity today. A general solution to Eq. (2.12) is then given by
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(0) ? / da’
p(a) = p'V exp (3/1 (1+w(a")) o ) , (2.13)
where p(©) denotes the matter energy density at a = 1.

In case of a pressureless fluid, we obtain a simple mass conservation law

0),-3

ola) = p! (2.14)

in an isotropically expanding space.
The relative expansion rate i/a defined by Eq. (2.10) is denoted as Hubble function H(a). Its value

today defines the Hubble constant Hy. Conveniently, Eq. (2.10) can be slightly rewritten as

H*(a) = HjE*(a), with E*(a)=_—
3 (2.15)

where today’s relative contributions of matter, cosmological constant and curvature are effectively
expressed in terms of the density parameters

0 _ 871G ) o _ A O___k _1 0 _qo
Q) _ﬁ()’ O, _TH‘S’ and O __azHg_l_Qm —Q,".
Eq. (2.10) can be integrated yielding
a a /
t—/ dIiII_I;/ da , (2.16)
vaH T o) 0 a0 o)

which is used to compute the global age of the universe in terms of the cosmological parameters.

One particular example of FLRW models is the so-called Einstein-deSitter (EdS) universe that will
account for the asymptotic limit of the LTB void model described in Chapt. (3). It is given by a
spatially flat spacetime and vanishing cosmological constant that solely constains pressureless matter

(so-called dust) described by QS,? ) =1

2.3 ESSENTIALS OF GAUGE-INVARIANT LINEAR PERTURBATION THEORY IN FLRW MODELS

As already mentioned in the previous section, approximate descriptions of spacetimes can be obtained
by perturbative solutions of Einstein’s field equations. The basic idea is to impose small perturbations
on top of a well-known and in most cases highly symmetric background spacetime. Taking only
first order contributions to the field equations into account reduces the problem to solving a system
of linear differential equations that, in many cases, is still tractable in comparison to full GR. More
precisely, we assume that the full spacetime (M, g) is close to an averaged background spacetime
(M, 3). This means that there exists a local coordinate system in M such that the metric g can be
written as

8w = gyv + 58]11/ ’ (2.17)

where 6g,, and corresponding first and second partial derivatives are assumed to be small. In fact,
this construction is non-trivial as the general averaging problem of GR is not fully solved yet. However,
we do not want to go into details here and assume that an admissible averaged background spacetime
exists. A short discussion of this issue can be found in [38].

Correspondingly, the Einstein and energy-momentum tensor on M can be constructed as
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M, 3) (M,g)

Figure 2.1: [llustration of the formal construction of perturbations using the pointwise correspondence between
the perturbed and background spacetime mediated by a diffeomorphism.

G”“/ = éyv + 5G}u/ ’ (2.18)
TP”/ - T],ﬂ/ + (5Ty1/ ’ (2'19)

with 6G,, and 6T}, being small as well. Einstein’s field equations in the two spacetimes

G =8nGTyy, and Gy = 87GT

can now be subtracted from each other yielding first order equations in the perturbations

0Guy = 8GTyy - (2.20)

Those generically represent a system of linear partial differential equations in the metric perturbation
08 uv-

2.3.1  Gauge transformations and gauge invariance

The subtraction of quantities that are defined on different manifolds requires a one-to-one correspond-
ence between them. This correspondence is mediated by a diffeomorphism, i.e. a bijective, smooth
map with a smooth inverse, between the perturbed and the background spacetime. Considering a
fiducial diffeomorphism ¢ that maps the point p € M uniquely to the point p € M, any tensor field
Q defined on p can be compared to its averaged counterpart Q at p using the pull-back of Q with re-
spect to ¢ (see Fig. (2.1)). Hence, a generic linear perturbation of Q can be constructed by subtracting
both quantities correspondingly:

6Q(p) = ¢*Q(p) — Q(P), (2.21)
where, in accordance with Egs. (2.17) - (2.19), 6Q (and eventually its first and second partial derivat-
ives) are assumed to be small with respect to Q.

By construction, perturbations are then evaluated at points in background spacetime, but several equi-
valent descriptions exist (see [38] or [69] for reviews). A coordinate invariant treatment is discussed in
[86]. Once coordinate charts are chosen in both spacetimes, the diffeomorphism also fixes the corres-
pondence between these local coordinate systems at p and p. In this manner, the ¢ can be interpreted
as a coordinate transformation between these two frames.

11



12

GENERAL CONCEPTS

According to the General Principle of Relativity, the choice of local coordinates in both spacetimes is
irrelevant and must not have any physical meaning. Certainly, local coordinates of the background
spacetime are somehow singled out by fundamental observers that respect the given symmetry prop-
erties. We therefore fix the coordinate frame in the background spacetime. However, there exist infin-
itely many diffeomorphisms ¢ (and therefore local coordinate systems in the perturbed spacetime),
so-called gauges, that lead to physically equivalent perturbations 6Q = ¢*Q — Q fulfilling Eq. (2.21).
Hence, the quantity §Q is gauge-dependent and contains additional coordinate degrees of freedom.
It is therefore crucial to be able to distinguish physical perturbations from coordinate effects. Trans-
formations between perturbations in different gauges are defined by the correspondence between the
generating diffeomorphisms. To first order, this correspondence can be mapped to infinitesimal co-
ordinate changes x# — x¥ 4- (¥ in the perturbed spacetime that are mediated by a four vector field
¢# (see [69] for a rigorous treatment). In fact, it can then be shown that perturbations §Q; and §Q; in
two different gauges are related by the Lie derivative of the background quantity along ¢*:

6Qr =601 + Eg@ . (2.22)

Equation (2.22) allows to derive explicit expressions for gauge transformations that only depend on
the background quantity Q. Gauge degrees of freedom of generic perturbations can directly be charac-
terised and separated from physical degrees of freedom. This means that constructing perturbations
being invariant under Eq. (2.22) effectively eliminates all dependence on the coordinate choice. This
particular subclass of so-called gauge-invariant perturbations is essential for any physical statements
deduced from linear perturbation theory as solely true geometric deviations from the background
quantities are taken into account. To leading order, those gauge-invariants are given by linear combin-
ations of gauge-dependent perturbations and derivatives thereof. However, reducing gauge-invariant
perturbations to quantities that are accessible by observations becomes a non-trivial task in case of
more complicated background spacetimes which will be discussed in detail when considering linear
perturbation theory on top of LTB backgrounds (see Chapt. (4) and App. (B)). For spatially homogen-
eous and isotropic models, this construction is, in fact, simpler and will briefly be discussed in the
following.

2.3.2  Scalar-Vector-Tensor decomposition

This section can only provide a very short summary on gauge-invariant perturbation theory in FLRW
models. Detailed computations and rigorous mathematical treatment can be found in the lecture notes
of Kurki-Suonio (see [88]) which are itself based on the work of Mukhanov et al. (1992) (see [69]) and
the book of Liddle & Lyth (see [63]).

By introducing a conformal time 7 defined by dt = dt/a(t), the FLRW line element in Eq. (2.5) can
be written in a more convenient form given by

ds? = a?(1) [—dr2 + 'y,-]-dxidxj} , (2.23)
where 1;; denotes the comoving spatial part as obtained in Egs. (2.5) or (2.7).

General perturbations of the metric and energy-momentum tensor can now be constructed in the
formal way outlined above. We therefore obtain linear perturbations

Suv = v + 08, (2.24)
Ty = T;u/ + 0Ty, (2.25)

with g, and T, describing the FLRW metric- and energy-momentum tensor. We restrict ourselves
to the metric perturbations here, but fluid perturbations can be set up in an analogous way.
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The local time coordinate of a fundamental observer singles out an underlying homogeneous and
isotropic 3-space such that generic scalar, vector and tensor (SVT) perturbations in FLRW spacetimes
are characterised by their transformation property regarding coordinate changes in that 3-space.

In a general gauge, the final metric tensor is then given by (see [29] and [88])
—(1+2 ViB—S;
() = a2(x)- [ ~1 T2 ib i . (2.26)
ViB-S; (1-2v¢) Yij + ZV,V]E + ZViF]‘ + hij
In fact, general metric perturbations can be decomposed into
1. Four scalars: ¢, 9, B, E (four degrees of freedom)
2. Two divergence-free 3-vectors: (F;), (S;) (four degrees of freedom)

3. One divergence-free and trace-free 3-tensor: (h;;) (two degrees of freedom)

Since 0gyy is a symmetric tensor in four dimensions, it contains ten intrinsic degrees of freedom
that have effectively been distributed over scalar, vector and tensor quantities defined on a spacelike
hypersurface perpendicular to the local time direction.

By constructing the gauge transformation for the metric perturbation 6g;, according to Eq. (2.22), cor-
responding expressions for each perturbation quantity can be deduced. It turns out that the following
expressions

P =¢+H(B—0:E)+09:(B—09:E), (2.27)
Y=¢—-H(B—-0dE), (2.28)
Vi=S§;+0:F, (2.29)

with H = d.a/a are manifestly gauge-invariant (see for example Bardeen (1980) ([6]), Mukhanov et.
al. (1992) ([69]), and Durrer (2005) ([38]) for detailed calculations). The tensor perturbation (hl-j) is
automatically gauge-invariant since no gauge transformation of a symmetric traceless tensor can be
generated by a vector field {¥. In this manner, six physical degrees of freedom have been singled out
and separated from the four coordinate degrees of freedom contained in ¢¥. The two scalar functions
@ and ¥ are commonly known as Bardeen potentials according to Bardeen (1980) (see [6]).

There exists a particular gauge known as longitudinal or conformal Newtonian gauge where {* is fixed
such that E = B = F; = 0. According to Egs. (2.27) - (2.29), perturbations in conformal Newtonian
gauge directly correspond to the gauge-invariants and the line element becomes

ds? = a*(7) [— (1+2®)d7* —2V;drdx' + (1 —2¥) 75 + hjj dxidxf} . (2.30)

An important aspect to be mentioned here is that the gauge-invariant quantities have pure scalar,
vector and tensor transformation properties on the underlying 3-space. Thus, transforming to gauge-
invariant quantities does not mix different perturbation types. This is caused by the high degree
of spatial symmetry in FLRW models. Scalar perturbations can therefore physically be interpreted
as gravitational potentials, vector perturbations as velocity potentials and tensor perturbations as
gravitational wave modes. However, in less symmetric models, gauge-invariant quantities are very
complicated mathematical structures with non-trivial physical interpretation.

Analogously, perturbations in the energy-momentum tensor can be constructed in a gauge-invariant
way and evaluated in conformal Newtonian gauge. Inserting the perturbed metric ansatz and energy-
momentum tensor into Einstein’s field equations yields a full system of first order evolution equations
for the metric perturbations. In case of perturbed perfect fluids without anisotropic stress, this sys-
tem separates into homogeneous (dynamical) equations and inhomogeneous (constraint) equations

13
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where the latter contain source terms provided by the matter perturbations. The dynamical part de-
couples into separate evolution equations for scalars, vectors and tensors (see [38] and [69] for details)
such that each metric perturbation type evolves independently in time and can be treated as if other
perturbation types were absent. In case of a spatially flat background spacetime, perturbations are typ-
ically expanded into plane wave modes so that the evolution equations are transformed to ordinary
differential equations per Fourier-mode. In absence of anisotropic stress, one then finds ¥ = ® to first
order (see [38]). Vector perturbations decay like a2 in this environment whereas tensor perturbations
obey a wave equation that contains a damping term due to the background expansion.

In Chapt. (4), gauge-invariant perturbations of spherically symmetric dust spacetimes will be con-
sidered which are characterised according to their transformation behaviour on S2. As a consequence
of radial inhomogeneity, gauge-invariants are then non-trivial objects that inherently couple during
spacetime evolution and are complicated mixtures of Scalar-Vector-Tensor perturbations in the FLRW
limit. Since no separate treatment of perturbation variables is possible, the full linear evolution equa-
tions have to be evolved numerically. In comparison to the spatially flat FLRW case, perturbations can
be expanded into spherical harmonics yielding partial differential equations in the coordinate time
and radius for each angular scale ¢ and orientation m.

2.4 INITIAL SEEDS AND THE SHAPE OF THE GRAVITATIONAL POTENTIAL POWER SPECTRUM

The theory of cosmological inflation was proposed as a natural solution to disambiguities in the
current cosmological model at early times which are known as horizon and flatness problem. Within
this framework, the early universe undergoes a phase of exponential expansion which lasts sufficiently
long to obtain a physically required increase of the scale factor by approximately 60 e-folds. Among
more complicated configurations, this behaviour can be achieved by assuming the energy density of
the early universe at Planck times to be dominated by a single scalar field ¢ which is commonly
known as inflaton. Considering energy scales in this Planck era, quantum effects of ¢ are certainly
important and have to be taken into account. As a consequence, quantum fluctuations of the inflaton
field at the beginning of inflation are quickly driven out of causal contact and freeze in. As soon as
inflation stops (which is generally described by the violation of the slow-roll conditions) it is assumed
that the inflaton field can couple to ordinary matter which allows to transfer its energy density back
to different constituents of the post-inflationary universe. This process is known as reheating and
has not been completely understood so far. Nonetheless it states that initial seeds for the metric and
matter perturbations are inherited from primordial quantum fluctuations of the inflaton field. Those
perturbations then evolve in time on a homogeneous and isotropic background. Given an initial scalar
metric potential ¥, it can be shown from the vacuum expectation value of the inflaton field that (see

(7D

2

KPy (k) ~ <Iq{>> ~ const. (2.31)

Since density fluctuations are given by § ~ k*¥ due to Poisson’s equation, the initial density power
spectrum obeys

Pini (k) k3kl4 ~ const = Ppi(k) ~ k", (2.32)
with n ~ 1 denoting the spectral index. As perturbations generated by the inflaton field are assumed
to be small, their evolution can be described by linear perturbation theory of a background FLRW
model with sufficient accuracy. The high degree of spatial symmetry causes different Fourier modes
to evolve independently (typically characterised by a scale-independent growth factor D (a)) and
therefore density fluctuations in real space arise from superpositions of large numbers of statistically
independent plane waves. According to the central limit theorem, this leads to a Gaussian random
field with a vanishing mean and a variance proportional to the Fourier transform of the initial power
spectrum Py (k).
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When inflation stops, the horizon starts shrinking and Fourier modes get into causal contact at dif-
ferent times depending on their wavelength. Modes that enter the horizon within the radiation dom-
inated era experience the radiation pressure that almost completely stops their growth. Hence, small
scale modes which correspond to large k-values are strongly suppressed. Large scale modes however,
that get into causal contact at matter domination, are not affected by the radiation pressure and con-
tinue growing in amplitude. These effects strongly influence the shape of the density power spectrum
which is mediated by a transfer function (see [4])

D (aini) 6(k,a)

Dy (ﬂ) 5(kr aini) .
Effectively, T (k, a) relates the initial amplitude of (k) at aip; to the final amplitude at 2 while excluding
the growth provided by the linear growth factors. In case of smaller redshifts (z < 100), the transfer
function depends negligibly on the scale factor since no significant influence of radiation pressure is
present in this region.

T(k,a) := (2.33)

The general form of the density power spectrum is given by

D.(a) \? ~k ,a<a

Plln) = (pross ) leapa(h) § 5 o0 e @39
D (aini) ~k , 4> leq,

where the asymptotic limits refer to modes that entered the horizon long before and after matter-

radiation equality deq.

In general, the transfer function has to be determined numerically, but accurate analytic fitting for-
mulae exist for various scenarios. For a universe that is dominated by cold dark matter and adiabatic
initial conditions, the fitting formula developed in Bardeen et al. (1986) (see [5]) can be applied. It is
given by

In (1 +2.34q)

Tk = 2.34q

[1 +3.899 + (16.19)2 + (5.469)° + (6.7117)4} , (2.35)
with g = k/Q Mpe/h.

In Fourier space, we obtain (using again Poisson’s equation)

— kK*¥ (k,a) = 4tGpya*é(k,a) =

0) 172
§QmaHO(5(k,a), (2.36)

2
where the definition of the matter density parameter has been applied (see Sect. (2.2)).

Hence, the potential power spectrum and its asymptotic limits are given by

90 HS ~k 0 e
Py (k,a) = iwpé(k,ﬂ) k7 o> feg (2.37)

We can define the effective potential growth factor G (a) = D4 (a)/a such that all dependence on the
scale factor is separated, yielding

G~2F (afin)
G-z‘r (@ini )

that completely describes the time evolution of the power spectrum between fiducial scale factors ain;
and agy,.

Py (k, agn) = Py (k, aini) , (2.38)

It is important to note that, in the particular case of EdS cosmology, G+(2) = 1 and ¥ does not evolve
in time.
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In absence of anisotropic stress, the two linear Bardeen potentials are equal and can be identified with
the Newtonian gravitational potential considered here. Hence, the statistics of linear scalar metric
perturbations in FLRW spacetimes is Gaussian and initial fluctuations in the matter-dominated era
can be constructed as a realisation of a Gaussian random field with vanishing mean and a variance
given by Eq. (2.37). This procedure will be applied and discussed in detail in Chapt. (6).

2.5 GENERAL CONCEPTS OF GRAVITATIONAL LENSING

This section provides a detailed introduction to light propagation in arbitrary spacetimes starting from
a bundle of null geodesics and the equation of geodesic deviation. General results are then exemplar-
ily applied to perturbed FLRW models and linear corrections to the angular diameter distance are
computed. The concepts presented in this section are essential tools for studying weak gravitational
lensing in perturbed LTB models which will be laid out in detail in Chapt. (8). Derivations closely
follow the approaches of Bartelmann (2010) ([9]) and Clarkson et al. (2012) ([30]) since both authors
develop a relativistic formalism that can readily be adapted to spherically symmetric dust solutions
of Einstein’s field equations. A slightly different and more mathematically oriented treatment can be
found in [73].

2.5.1 Relativistic approach

We consider an infinitesimal bundle of null geodesics (see [73] for an exact definition) that is propagat-
ing in an arbitrary spacetime and converges at a freely falling observer with four-velocity u,s. One
particular geodesic of the bundle can be singled out as a so-called fiducial ray and parametrised by an

affine parameter A. Given the observer’s local coordinates x#, we define the ray’s wave vector as
dx#
= S 2.
i (2.39)

and choose A such that a unit projection of k on u,s is obtained. Effectively, this corresponds to a
normalisation of the wave vector by the observed frequency of the light ray. Starting from

<k/ ”obs> = —Wobs (2.40)
we transform k¥ — k* = —k*/wqps = k" such that
<kr ”obs> =1. (2.41)

The reason for this parametrisation is two-fold:

1. In the rest frame of the observer, an affine parameter that fulfills Eq. (2.41) corresponds to
the Euclidian distance in her local neighborhood. This can be seen by direct evaluation of the
projection. Given ugb = (1,0,0, O)T in the observer’s local rest frame, we have

# :_ﬂzl = —dt =dA. (242)

kl‘”obs dr

In a freely falling frame of reference, spacetime is described by the Minkowski metric and
therefore the null condition of k¥ is given by

de\? du dx;
M = — JR— + JEE— ! —
Kk <dA> <d/\> <d)\) 0. (2-43)
Choosing spatial coordinates such that the light ray moves along one coordinate dr yields

dA? = d? = dx'dx; = dr? = |dA| = |dt| = |dr] . (2.44)
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2. If Eq. (2.41) holds, the redshift of a fictitious source with respect to the observer can be defined
as

(kus) =14z, (2.45)
where 15 denotes the source’s four-velocity. By direct computation, we see
—Wg

w _ —Wobs _ no_
obs T =1 :>k14u5_

kyu =14z. (2.46)
In addition, the redshift of a comoving source at the observer’s position is normalised to zero
being physically plausible choice?.

We now consider the spacelike plane perpendicular to k and u.,s which defines a screen in the rest
frame of the observer. An orthonormal basis of this screen is generally given by the two vectors n’,
(a =1,2) which are commonly referred to as Sachs basis. By construction, the Sachs basis vectors then

fulfill the following identities3:

kunts =0, (2.47)
uynt; =0, (2.48)
ny,unyb = Ogp - (2.49)

Having set-up the Sachs basis system at A = 0, the basis vectors at arbitrary affine parameters can be
obtained by parallel transport (Vy#n, = 0) of the initial basis system along the fiducial ray. Given the
Riemannian connection, Eq. (2.47) - (2.49) are not affected by this procedure.

A general vector in the screen space can be constructed by defining a second affine parameter ¢ and
a corresponding spacelike curve 7 (o) that connects the fiducial ray with neighboring geodesics (see
Fig. (2.2)). By assumption, (o) is entirely contained in the screen space such that the tangent vector

dy#
p_— 2
"= (2.50)

=0

can be expanded in the Sachs basis

nt = mnty +panky. (2.51)

For a proper choice of the affine parameter ¢, ## measures the physical size and shape of the bundle
when parallel-transported along the fiducial ray. The evolution of #/ is given by the equation of
geodesic deviation

KKV Vgt = R, K kP, (2.52)
containing the generic Riemann tensor of the spacetime.

We insert Eq. (2.51) into Eq. (2.52) which yields an expression for the evolution of the vector compon-
ents 7, with respect to the Sachs basis. After some algebra, we obtain

Note that in case of FLRW models, the well-known relation of redshift to scale factor, i.e. 1+ z = a~1

from Eq. (2.46) using the correspondence

, can directly be inferred

Ws a(fobs) 1

Wobs a(ts) — a(ts)
between a photon frequency emitted by a fundamental source (a source being at rest with respect to a fundamental observer
at its spacetime position) at coordinate time f; and the one received by a fundamental observer at fps.
3 We will denote the observers four velocity as u* in the following and drop the subscript.
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-
-~ "~~~ deformed screen

o da
- k ar
dyt
p_ dy
nt= do

" screen

Figure 2.2: Construction of a screen space for a bundle of null geodesics: The evolution of the geodesic bundle
can be mapped to the corresponding deformation of the screen when parallel-transported along the
fiducial ray.

(:1277,Z

daz
where summation over b is implied*. The object 7, is the so-called optical tidal matrix as it connects the
evolution of the geodesic bundle with the curvature of spacetime. It can be decomposed by splitting
the Riemann tensor into its trace and trace-free parts given by (see for example [87])

= Ryvaﬁn”ukvklxnﬁbrlb - 7:1b77h ’ (2.53)

R
RHV‘X‘B = Cywxﬂ +gy[aRﬁ]v — gV[lXR,B]H — gg]i[lxgﬁ]ll (254)

The optical tidal matrix then separates into two distinct contributions

1
Top = ~5 Rugk®kP oy + Cpynpn’ ak"k*nPy, (2.55)

which define the so-called Ricci and Weyl focussing terms. The Ricci focussing originates from matter
inside the bundle that causes ## to increase or decrease isotropically. On the other hand, the Weyl
focussing is generated by matter located outside the bundle giving rise to shear effects on the screen.
The role of the two different contributions will be discussed below in more detail.

Since Eq. (2.53) describes a second order linear differential equation in the affine parameter A, any
solution is constrained by two initial conditions given by the initial value and the initial first derivative
of y#. As assumed readily at the beginning, the bundle converges at the freely falling observer placed
at A = 0 which fixes n# to vanish there. The final solution can therefore only depend on the initial
rate di¥/dA|,_,. In case of a linear differential equation, the solution can only linearly depend on
the initial conditions which yields the mapping

_ dinp
1a(A) = Dap(A) g3 L (2.56)

with the Jacobi Map D, that contains all information on the evolution of the geodesic bundle with
respect to A. Hence, the full initial value problem can be formulated in terms of the Jacobi Map

Since it turns out to be impractical to apply Einstein’s sum convention for the screen coordinates, we use the convention that
each screen index appearing twice implies a sum.
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d’D
Tgb = TacDep,
Dab|/\:0 =0, (2.57)
dD,,
=0
d)\ 120 ab s

which is independent of the initial rate of #,. Eq. (2.57) is a very convenient representation of the
equation of geodesic deviation and is often referred to as Sachs equation in the literature. We have
chosen the affine parameter A to coincide with the local Euclidean distance in the observer’s rest
frame. Thus, the initial rate can locally be interpreted as the opening angle

_ d,
b= Gx

in this particular frame. Integrating Eq. (2.57) from the observer to a fiducial source located at a
position corresponding to the affine parameter A; leads to

(2.58)

A=0

Ma(As) = Dap(As) %
This means that the Jacobi Map relates cross-sectional diameters of the bundle at the source posi-
tion to angular diameters at the observer which defines an angular diameter distance. Precisely, this
definition only holds for infinitesimal bundles with circular cross section. In case of general elliptical
cross sections, D,;, can be diagonalised yielding two extremal angular diameter distances D (As) and
D_(As). In fact, a circular image of angular size 6 seen by an observer has an elliptical cross-section
with main axes |D+(As)| - 60 at the source position (see [73] for details). Therefore, the angular dia-
meter distance shall be replaced by the so-called area distance that relates the cross-sectional area of
the lightbundle at the source position to the solid angle seen by the observer. Involving the geometric
interpretation of the determinant, the area distance can be defined as (see [30, 73])

= Dgp(As)bp . (2.59)
A=0

Da(A) = \/(det D) (1) = /D (1) D-(As) (2:60)

Due to its general applicability, this definition will be considered as angular diameter distance in the
following. D4 is an important physical quantity as it can directly be inferred from observations. Once
a physical length scale of a particular source is known, the opening angle can be measured and D4
readily estimated. On the other hand, D, is related to the Jacobi Map which is itself a solution to the
Sachs equation. It is therefore sensitive to the spacetime geometry due to the Weyl and Ricci focussing
terms in the optical tidal matrix. Effects of gauge-invariant perturbations of the background spacetime
can therefore be mapped to a physically meaningful observable. This is a most welcome property in
case of more abstract gauge-invariants such as those appearing in LTB perturbation theory (see Chapt.

(4))-

The Jacobi Map can be related to the Jacobian matrix A, of the lens mapping (see [9]) which is also
denoted as lensing amplification matrix. We recover again Eq. (2.58) since it defines the angle under
which a source is seen at the observer’s position. The angular position B, of the source without
focussing effects is given by

By = olhs) (2.61)

D A(As)
where D4 (As) is the area angular diameter distance of a background spacetime in which focussing
effects due to perturbations are studied. If all focussing effects are taken into account, D 4 will trivially
be given in Minkowski spacetime. For cosmological applications, D 4 expresses angular distances in
FLRW or, respectively, LTB spacetimes. When combining Egs. (2.59) and (2.61), we obtain the lens
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map that relates the angular position of the source to the observed angular position due to focussing
effects:

Bo = ja()\s) _ gab()\s)
’ DA(AS) DA(/\S)

Hence, the lensing amplification matrix is generally expressed as

Oy = Aap(As)0p. (2.62)

Au(h) = 2,

which can be decomposed into a trace and trace-free part

(Aab):<1_K 0 )—(71 72 ) (2.64)
0 1-x 7 M

The convergence and shear coefficients are then given by

(2.63)

_ 1Dy1+ Do

=1 i 2.6

2 D, (2.65)
1Dy — Dqq
=, 2.66
m=s; B, (2.66)
1 D1y + Dy

- _ = , 2.6

T2 2 D, (2.67)

that also determine the lensing magnification to be the inverse determinant of A

1 1
#= |det A] (1—1c)2—'y%—7§'

(2.68)

The general effect of Ricci and Weyl focussing on the geodesic bundle can be illustrated by a slightly
different, but equivalent description of the equation of geodesic deviation. We start with ansatz

dn,

T
that introduces the so-called Sachs optical scalars 0 and & (see [79] for the original work and [25] for a
cosmological application). Physically, Eq. (2.69) means that any change of the Sachs basis components
of a vector in screen space can either be caused by isotropic focussing  of the bundle or by anisotropic
distortion mediated by ¢. The optical scalars are therefore referred to as convergence and shear which
should not be confused with the weak lensing expressions of convergence and shear introduced above.
However, both sets of variables can be directly related as shown in [30].

(é5ab + &ab> Mo (2.69)

Inserting Eq. (2.69) into the equation of geodesic deviation and separating convergence and shear
contributions yields, after some computation,

b &~ . w 1

a + 0%+ 06,,0% = —§R,Xﬁk"‘kﬁ , (2.70)
dog, A
de + 200, = Cam(gn“akﬁk'ynéb. (2.71)

These expressions are equivalent to Eq. (2.53) and show explicitly that changes in the convergence
0 along the fiducial ray are caused by the Ricci focussing whereas the shear ¢, is sourced by the
non-local Weyl focussing term.
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2.5.2  Application to perturbed FLRW models

The concepts laid out in the previous section can now readily be applied to perturbed FLRW mod-
els which sketches the standard approach for solving the Sachs equation in a cosmological context.
Derivations are again closely related to methods discussed in Bartelmann (2010) ([9]).

We start from a perturbed FLRW metric introduced in Sect. (2.3.2),

ds? = a2(7) [—(1 +29)de? + (1 — 2¥)(dw? + fk(w)ZdQZ)} ) (2.72)

and a pure dust-filled spacetime with T, = p(7)u,u,. For simplicity, we restrict ourselves to scalar
perturbations mediated by the Bardeen potential Y.

Since the spacetime can be split into a background contribution and a linear perturbation, the linear
optical tidal matrix and Jacobi Map can be split in a similar way:

0 1
To=Ta + T @73)
0 1
D,=DY +D{). (2.74)
Precisely, the full first order correction to the background Jacobi Map additionally involves a perturb-
ation in the affine parameter A — Ag + dA. However, this contribution is neglected as conceptually

only perturbations in the spacetime, but not in the screen and wave vectors are taken into account.
This particular approximation will be discussed below.

Inserting Egs. (2.73) and (2.74) into the full Sachs equation and separating the background and first
order contributions yield

Dl o

— =T7Dy, (2.75)
dZD(l)

i S e w9

We start solving the Sachs equation for the background FLRW model and use the results to construct
a formal solution to the first order equation. An important simplification to realize is that a space
of constant curvature leads to a vanishing Weyl tensor and therefore only Ricci focussing has to be
considered at the background level. By taking Einstein’s field equations into account, we obtain

(0)
d’D,,
dA

1 0
== 2 Rl“’kykvéac Dch

1 0
= —4nG (Tw - 2gWT> KDY )

= —4nG <p<k,u> + %p(k, k))
= —47Gp - (14 2)* = —47Gpo - (1+2)°.

The high degree of symmetry of the FLRW spacetime allows to derive a particularly simple relation
between the affine parameter and the lightcone coordinates of radial null geodesics. Combining the
null condition k¥k;, = 0 and the definition of redshift k"1, =1+z = a~! yields

|dt| = |dw|, |dA| = a?|dT| = |dA| = a®|dw| = a?|d7], (2.78)
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which allows to transform between these quantities in a trivial way. We want to stress that this is
a particular simplification in FLRW models which does not hold for radially inhomogeneous LTB
backgrounds.

The LHS of Eq. (2.77) can now be expressed in terms of the comoving radius w:

2 (0) 2(0)
Dy 1d (1.dpe) 1 (dDy (a7 d po (2:79)
da2 a2dw \ a2 dw % at \ dw? a)dw @ |’ '
where 4’ = da/dw on the observer’s backward lightcone. Involving Friedmann’s equations (see Egs.
(2.10) and (2.11)) on the lightcone, namely

a? = %poa + %a‘l —ka?, and (2.80)
n_ 4nG 2A 5
"= ——po ka + 34 (2.81)
yields
(0) (0) (0) (0)
D, _1 & (Dyy | _ KDy +4nG Py (2.82)
dA? ad \dw? \ a a Po=p2™ | - '

Thus, the zeroth order Jacobi map simplifies to
dZ D(O)

DY (w) = a(w) fi(w)3,, (2.84)

This result is physically meaningful since light rays propagating in homogeneous and isotropic space-
times experience an isotropic Ricci focussing that depends on the sign of the spatial curvature and
the background expansion.

which is trivially solved by

The first order equation can now be simplified using the results derived so far. One particular approx-
imation applied here is the fact that deflection angles along the line of sight are small and therefore
linear corrections to the Jacobi Map can be computed by integrating along the unperturbed light ray.
This so-called Born approximation is consistent with the assumption of small gravitational potentials ¥
and is typically very accurate (see [16, 81]). One particular consequence is that perturbations in the
affine parameter can be neglected. In fact, this has already been applied in Eq. (2.76) as this equation
has been expressed in terms of the background affine parameter A. Egs. (2.76) and (2.83) can now be
combined to a simplified expression

M
<£;+0<%§)>—Mwmwn9wy (2.85)

We can formally derive a solution to this equation by applying the Green’s function G(w — w’) of the
linear operator £ = (d?/dw? + k) given by (see [9]):

Gw—-w) = \}E sin (\/lz(w — u/)) O(w—w') = fr(w—w)O(w—w). (2.86)

The first order solution to the Sachs equation can therefore be obtained by the integral

D () = /0 " o) ol T (') o0 — ) dao' (287
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Assuming that perturbations are well-localised, meaning that their spatial extent is much smaller
than the curvature scale of the background universe, the first order Ricci and Weyl focussing terms
assemble

TV = 20,0, ¥, (2.88)

where 0dy indicates a partial derivative along the Sachs basis vector ny. Given the isotropy of the
background spacetime, the area distance is, in fact, trivial and obtained by D4 (w) = a(w) fy(w). Thus,
within the approximations discussed here, the full solution to the Sachs equation in perturbed FLRW
spacetimes is given by

Day (@) = D)5 — 2 /0 fulw — ) D (0 )3,y ¥ ' (280)

Physically, this expression describes the first order correction to the angular diameter distance sourced
by the Bardeen potential tidal field perpendicular to the fiducial ray. In case of perturbed LTB space-
times, the derivation is analogous, but technical complications occur as the transformation between
lightcone coordinates and the affine parameter is only given by linear differential equations and no
analytical Green’s function of the background Sachs equation can be found. This enforces a numerical
solution of Eq. (2.76). Detailed computations and numerical results on light propagation in perturbed
LTB spacetimes are presented in Chapt. (8) where the concepts introduced in this section are readily
applied.
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LTB MODELS

3.1 SUMMARY

The present chapter contains an overview of the Lemaitre-Tolman-Bondi (LTB) solution and its cos-
mological application. Basic properties of these models are reviewed that are essential for the un-
derstanding of the propagation of linear perturbations on radially inhomogeneous backgrounds. The
particular LTB realisation applied throughout this analysis requires additional, restrictive assump-
tions that can be motivated in a cosmological context. Accordingly, only a subclass of LTB solutions
with homogeneous Big Bang and asymptotic FLRW limit are considered. The final setup and practical
implementation of the background LTB model is laid out in the final section.

3.2 METRIC ANSATZ AND FIELD EQUATIONS

The Lemaitre-Tolman-Bondi solution is a radially inhomogeneous dust solution of Einstein’s field
equations with spatial hypersurfaces being spherically symmetric about a central worldline. Spherical
symmetry means that the full manifold (M, g) contains the isometry group SO(3) such that the
group orbits are two-dimensional spacelike hypersurfaces represented by two-spheres (see [87] for a
detailed and rigorous construction of general spherically symmetric spacetimes). For each point p €
M, we select the group orbit Q)(p) (the intersecting two-sphere) and consider all possible geodesics
emerging perpendicular to that group orbit. This yields a set N(p) which can be characterised by two
coordinates (f,7). On the group orbits themselves, we choose coordinates (6, ¢) that coincide with the
polar and azimuthal angles on the two-sphere (see Fig. (3.1)). In fact, this allows to construct a full set
of local coordinates (t,7,0,¢) such that the metric g can be written as

g=g+R*tr) (d92 + sin? 9d¢2) , (3.1)

with a conformal factor R(t,r). At fixed t and r, this factor is defines the area S = 47tR? of the
corresponding spherical hypersurface. It is therefore referred to as areal radius.

op D

(6,9)

Figure 3.1: This sketch illustrates the choice of local coordinates for a point p in a spherically symmetric space-
time.
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The form of Eq. (3.1) indicates that the manifold M can be foliated into orbits of SO(3), e. g. M =
M? x % where M? denotes an arbitrary pseudo-Riemannian manifold. It can be shown (see [87])
that, without loss of generality, § can be written as

g = _€2a(t,r)dt2 + eZb(t,r)er , (32)
with free functions a(t,r) and b(t, ). Hence, the general line element for the description of a spheric-
ally symmetric spacetime is given by

ds? = —e2(tN g2 4 2N Q2 1 R2(t,7) (d92 + sin? 9d¢2) : (3.3)

The fact that the spherically symmetric spacetime is filled with pure dust allows further simplifica-
tions. We consider an ideal fluid with vanishing pressure, that leads to a particularly simple energy-
momentum tensor (see also Eq. (2.9)), i.e.

Tyv = P(t/r)uyuv/ (3-4)

with a density field p and a four-velocity field # which both obey spherical symmetry. We change the
time coordinate t for u being proportional to d; which is always possible as u is timelike. In order to
keep the normalisation ((u,u) = —1), we have u = e~ “0d;. In the next step, we absorb the exponential
in the definition of the time coordinate which is non-trivial as it may introduce off-diagonal metric
components in the (t,r)-part of the metric. Thus, we obtain

§ = —df* + gy dtdr + g,r dr?. (3-5)

Local energy-momentum conservation V,T" = 0 reduces to the expression V,u = 0 which, by
construction of u = 9y, immediately implies

l";t = atgtr =0. (36)
The off-diagonal metric component is therefore time-independent. Thus, we choose new coordinates
(t',7") defined by

= t—l—/gt,(r)dr, r=r, (3.7)
in which the metric ansatz reduces to the particularly simple form (dropping the primes)

ds? = —df? + 21 a2 4 R2(t,1)dO?, (3-8)

with dQ? = d6? + sin? f d¢?. Physically, these coordinates single out specific observers that are comov-
ing with the dust fluid and have the same eigentime regardless of their spatial position. The latter
coordinate frame is called synchronous (see [74] for details).

The given metric ansatz can be inserted into Einstein’s field equations that give rise to four non-trivial
expressions:

1 R*> 2Rb _,,R? RV R
7R2 + 7R2 —+ 7R —e 2 7R2 + 2e 2bT —2e Zb? = 87TGP, (39)

1 R2 R ., R?
2 e Zb—Rz =0, (3.10)

B bR . .. V'R’ R"
7E*?7b27b*e_2bT +e_2b?:0/ (3'11)

bR R
—b (7 )
e ( R + R) =0, (3.12)
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3.3 TIME EVOLUTION AND PROPERTIES

where () and ()’ denote derivatives with respect to the LTB time and radial coordinates. Eq. (3.12) can
readily be cast into

A (e’bR’> —0. (3.13)

This expression can be integrated while, for reasons that will be clarified below, we choose the corres-
ponding free radial integration function to be /1 + 2E(r). In this manner, we obtain

2 R
T IT2E(n)” (3.14)
which fixes the metric ansatz in Eq. (3.8) to be
R2(t,r)
2 2 ’ 2 2 2
= —dt R=(t O°. .
ds de” + 7 +2E(r)dr + R(t,r)d (3.15)

The remaining three field equations now contain information on the space-time evolution of the areal
radius and can effectively be reduced to two independent equations. We identify the expression

m(t,r) := R+ RR> — ¢72’RR"?, (3.16)
such that the Egs. (3.9) and (3.10) can be transformed to

m'(t,r) = 8wGpR?(t,r)R'(t,7), (3.17)
m(t,r) =0. (3.18)

It can then be shown that Eq. (3.11) does not represent an independent degree of freedom as it is
trivially fulfilled for generic solutions to Egs. (3.17) and (3.18).

From Eq. (3.18), we see that m = m(r) yielding

r R
m(r) = 87TG/ pR?R'dr = / 871GpR*dR. (3.19)
ro Ro
Due to the similarity of Eq. (3.19) to a mass profile of a spherical configuration, the function m(r) is
called active gravitational mass”. Inserting Eq. (3.14) into the original expression of the active mass in
Eq. (3.16) yields an expression for the time evolution of the areal radius:
: R m 2F
m(r) = R*R — 2ER = BT R
which is similar to the first Friedmann equation in the case of a spatially homogeneous and isotropic
solution. In fact, dust FLRW solutions with scale factor a(t) and constant spatial curvature k are a
subclass of LTB solutions as they are described by the special choice of R(t,7) = ra(t) and 2E(r) =
—kr?.

(3-20)

3.3 TIME EVOLUTION AND PROPERTIES
In the following, we apply an equivalent notation for the LTB ansatz that turns out to be more con-
venient in the context of linear perturbation theory and can be motivated by the FLRW limit just

mentioned. In fact, we introduce three functions

a (t,r)=R(tr)/r, x(r)=—2E(r)/r*,and M(r) =2m(r)/r®, (3.21)

It should be mentioned that m(r) is a priori an auxiliary function and its exact interpretation depends on the choice of gauge
for the areal radius R(t,r). However, as will be clarified below, R(t,r) can be gauged in a way that m(r) coincides with the
mass contained in a sphere of radius r.
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Figure 3.2: This sketch shows two exemplary spherical shells at radial coordinates r; and r,. Each spherical shell
has a different time evolutions as well as radial and tangential scale factor.

such that the LTB line element transforms into

aﬁ(t,r) 2,22 2
,,zdr +ra (t,r)dQ)", (3.22)

2 a2
ds® = —dt +71—1<(r)

with ay(t,r) = (rap(t,7))".

In this particular notation proposed by Clarkson (2012) ([27]), differences with respect to the spatially
homogeneous FLRW models can directly be identified and interpreted in a physical context. Since
the LTB solution is constructed to be spherically symmetric about a central worldline, these models
are isotropic around this centre and anisotropic everywhere else. This off-centre anisotropy causes
the FLRW scale factor a(t) to be replaced by two scale factors a(t,r) and a, (,r) expressing the
expansion parallel and perpendicular to the radial direction. The two scale factors induce two Hubble
rates

EIH (t,7)
ay(t,r)’

that depend on the time and radial position. In addition, there exists a radially dependent curvature
profile x(r). As a consequence, the spatial sections of the LTB spacetime consist of spherical shells
characterised by the radial coordinate r that each experience a different time evolution and a different
radial and tangential expansion rate (see Fig. (3.2)). Spacetime anisotropy can be quantified by the
normalised shear (see ([48])) which is given by the deviation of the radial from the tangential Hubble
rate weighted by the total expansion in tangential and radial directions:

H, (tr) = Zii:; . H(tr) =

(3-23)

. HH(f,i’) —HL(t,I")

= . 2
€ Hy(t,r) +2H_(t,7) (524)
Equation (3.17) for the active mass transforms into
M(r)r3)
(M(r)r) = 8nGp(t,r) (3.25)

r2a3 (t,r)a(t,7)

and the time evolution of the scale factor 4, (¢,7) in terms of mass and curvature profile is constrained

by
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2 _ M)
HL(t,r)—a ; . (3.26)

In fact, this equation can be integrated to

t—tg(r / dirdL) (3-27)
V22 4 20

with an integration constant tg(r) that is known as bang time function in the literature. General LTB
models allow for inhomogeneous Big Bangs as shells of different radial coordinates r can reach zero
scale factor at different times. However, for consistency with the standard inflationary paradigm, we
decided to drop this additional degree of freedom and assume a synchronous Big Bang by setting
tg(r) = 0 for all radii. It can be shown (see [85, 100]) that fluctuations in the bang time function
lead to decaying modes in the density and curvature contrast of an asymptotic, linearly perturbed
FLRW regime. Physically, this results in large inhomogeneities at early times which would be highly
inconsistent with the observed remarkable uniformity of the CMB last scattering surface. Hence, we
require the LTB solution to be asymptotically embedded into a FLRW model at large radii and early
times. In fact, this assumption yields a homogeneous Big Bang automatically.

Equation (3.27) can be solved parametrically depending on the sign of the spatial curvature profile
Kk(r):2

x(r) > 0 (elliptic evolution):

1(0,7) = e} 1= cost)], 628)
3/2
i —sin(y) = % t, (3-29)
x(r) = 0 (parabolic evolution):
1/3
o) = M0 e 630)
k(r) < 0 (hyperbolic evolution):
M(r)
ﬂl(t,i’) = —2K(1’) [COSh(W) - 1] ’ (331)
_ 3/2
sinh(y) 1y = 2 . (332

The line element and all previous formulae are invariant under the coordinate transformation r =
f(r") which is a gauge freedom in this context. For consistency with the standard FLRW models
discussed in Sect. (2.2), we fix this gauge such that a, (fo,r) = 1.

The mass profile is then simply given by

8 [T
M(r) = -5 /0 r2p(to,r')dr". (3-33)

2 Note that a homogeneous Big Bang has already been assumed here.
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In general, a fiducial observer in the LTB spacetime can only access information from her past null
cone (PNC)3. In what follows we assume throughout that observers are moving on the central world-
line of the LTB spacetime which seems plausible regarding the small dipole signal of the CMB. Inward
radial null geodesics are then described by the following system of equations

dt(r)  ay(t(r),r)
& R (3:34)
1 dz(r)  ay(t(r),r)

1+z() dr  Ji—r()r’ (-35)

which can be integrated numerically. By interpolation, we can effectively invert the result in order to
transform arbitrarily between redshift and LTB coordinates on the PNC. While Eq. (3.34) can easily
be inferred from the metric ansatz in Eq. (3.22), Eq. (3.35) involves the definition of redshifts in LTB
spacetimes. A heuristic derivation is given here and the reader is referred to Chapt. (8) for more
general arguments. Assuming two light rays being emitted at a fictitious source at times t1(r) = T(r)
and t,(r) = T(r) + t(r), both rays have to obey Eq. (3.34). In the case of 7(r) < T(r), we can expand
a)(t, r) yielding

aH(T(r) +1(r),r) = a (T(r),r)+ T(r)izH(T(r),r).

Thus, we obtain

dr(r) _ () ay(T(r),r)
dr VI—x()r?’
We define the redshift of the signals with respect to the central observer as the ratio of the observed
and emitted time difference T(7ops)/T(fem) = 1+ z(rem). When inserting this expression into Eq.
(3.36), we immediately find Eq. (3.35).

(3-36)
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Figure 3.3: Illustration of the construction of the density profile of a given void model: Using nodes at flexible
radial positions and an appropriate interpolation between them, very general void profiles can be
constructed that are asymptotically embedded into a background FLRW model.

3.4 BACKGROUND MODEL IMPLEMENTATION

For a practical implementation of the background model, we adapted the algorithm outlined in Red-
lich et al. (2014) (see [75]) which shall be shortly summarised here. For a more detailed discussion of
this issue, we refer to the corresponding paper.

1. Since we neglect fluctuations in the bang time function and assume an initially homogeneous
universe, the background FLRW solution and the LTB patch have the same global age ty given

by

3 In fact, this statement is true for any spacetime.
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1
! /0 QLda- (3-37)

th = —
0 Hy m+ Qa

2. We fix a density profile p(to, r) at the present time which determines the mass profile according
to Eq. (3.33). The curvature profile x(r) is implicitly defined by Eq. (3.27) and has to be computed
numerically. Using Eq. (3.27) in combination with a proper root finder (see [75]), we solve for
«(r) as function of fy, ¥ and M(r).

3. With the mass and curvature profiles at hand, the time evolution of the background model is
completely determined by Eq. (3.26) which is integrated backwards to an initial hypersurface of
constant time tn;. All necessary coefficients of the LTB perturbation equations are then fixed on
the full (¢, 7)-domain of interest and can be accessed by 2d linear interpolation.

4. Egs. (3.34) and (3.35) can be integrated in a similar way.

t,r)/p(t,00 Hy (tr)/HL(t )

2500

2000 |
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Figure 3.4: Color plots containing the spacetime evolution of the density p(t,r), tangential Hubble rate H, (f,r)
and the background shear: The density and tangential expansion rate are weighted by their asymptotic
values for appropriate visualisation. On the left panel, we directly observe the void formation which
leads to significant depth at late times that is connected to a local increase of the tangential expansion
rate shown in the mid panel. This effect makes these model applicable to the prediction of distance-
redshift relations of local SN measurements. The late-time intrinsic shear plotted in the right panel
reaches significant values at radial positions where the density profile obeys its maximum slope.
Results were obtained for a Gaussian-shaped void profile described by Eq. (3.38) with parameters
Qin = 0.2 and L = 2000 Mpc. The LTB patch was asymptotically embedded into a background EdS
model.

3.4.1  The role of the void density profile

As can be seen from Egs. (3.25) - (3.27), LTB models are generically characterised by three free radial
functions tg(r), M(r), and x(r) that have to be specified individually. By demanding a spatially homo-
geneous universe at early times, we have already fixed the bang time function. In addition, we set a
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proper gauge for the tangential scale factor (a, (fo,r) = 1) which allows us to integrate Eq. (3.25) and
determines the mass profile as functional of the density profile p(fo,r) on the tp-hypersurface. Since
the gauge choice also specifies the upper integral boundary in Eq. (3.27), the curvature profile is fixed
as function of ty and M(r). Consequently, the void density profile at t = tg is sufficient to characterise
the LTB model at all times and radial distances from the centre.

The density profile at t = t( is constructed in a flexible way using nodes placed at given radial
positions in the void. Appropriate interpolation between these points yields void profiles of arbitrary
shape (see Fig. (3.3) and [75] for details) which asymptotically tend to the background FLRW value at
large radii. However, in accordance with previous studies in [42, 43], we assume a Gaussian shaped
void of the form p(ty,7) = f(r)p(to) with radial profile

=1+ (22 )op(2) o3
Qout Lz)’ .
which allows to characterise basic void properties by a simple three-parameter model. The void ex-
tension L as well as the central- and asymptotic density parameters ()i, and Qo can be varied
individually. As standard example for our study, we choose a 2 Gpc void with (), = 0.2 that is
asymptotically embedded into an Einstein-deSitter (EdS) model (Qout = 1) with a Hubble parameter
of h = 0.7. Regarding this particular void profile, Fig. (3.4) shows numerical results on the spacetime
evolution for the density, tangential Hubble rate and normalised shear.

If the density and expansion rate are normalised by their radially asymptotic values, the void form-
ation and corresponding local increase in the Hubble rate can clearly be observed at late times. This
effect induces correct predictions of the distance-redshift relations of supernovae for Gpc scale voids.
The normalised shear (as introduced in Eq. (3.24)) is an important quantity in the context of LTB
perturbation theory as it is one of the main sources of coupling of different perturbation types. It can
be seen that significant shear values are obtained in regions where a large slope of the density profile
is present. However, shear is negligible close to the void centre and therefore the LTB solution may
there be approximated by an open FLRW model. We will test this approximation quantitatively in
Chapt. (7) by considering coupling strengths of perturbations at small redshifts on the LTB past null
cone.



LINEAR PERTURBATION THEORY IN LTB MODELS

4.1 SUMMARY

Properties of linear perturbations on spherically symmetric dust backgrounds are laid out in detail
in the present chapter. Current approaches in the literature are again wrapped up at the beginning
in order to give an overview of different attempts to investigate linear structure formation on LTB
backgrounds. In the following, the metric approach of Clarkson et al. (2010) is singled out as it rep-
resents the most complete description of the evolution of all possible perturbation types. Considering
the spherical symmetry of the background model, it is convenient to decompose perturbations into
spherical harmonics. The metric ansatz and evolution equations are presented in detail that contain
fundamental properties of LTB perturbations which are not present in the FLRW regime. As these
differences are important features to distinguish LTB from FLRW models in the first place, the final
section contains a comparison of both cosmological models in this context.

4.2 OVERVIEW

As briefly mentioned in Chapt. (1), LTB models have been analysed in detail by taking various observ-
able probes into account. However, an important unsolved problem is the exact modeling of structure
formation on radially inhomogeneous backgrounds (see [27, 28] for a short discussion). Nonetheless, it
provides valuable additional information that can help to constrain and eventually rule out void mod-
els on a broad scientific basis. Due to its inherent complexity, the problem has not yet been solved in
full generality, but promising approaches that have already been referred to in the Introduction shall
be briefly summarized again:

* Making use of the similarity of Eq. (3.26) to the total energy of a spherical configuration (see also
[24]), trajectories of test particles can be traced in a Newtonian gravitational potential of a huge
Gpc void. Alonso et al. (2010) [3] successfully managed to set up a corresponding Newtonian
N-body simulation and studied structure formation therein.

* Nishikawa et al. (2010) (see [71] and [72]) succeeded in imposing second order perturbations
on top of a first order, isotropically perturbed FLRW model which accounts for the void. De-
tailed calculations were performed and promising results obtained, but it remains to be checked
whether this approximation is an accurate description of linear structure formation on an exact,
radially inhomogeneous cosmological solution.

¢ Perturbations in LTB models can be studied in an adapted form of the gauge-invariant fluid
approach (see [93] for a review). This leads to a covariant 1+1+2 split of the spacetime. Although
the full set of evolution equations has not been found yet, some effort has been put into the so-
called silent approximation where the magnetic part of the Weyl-tensor is neglected. In fact, this
reduces the evolution equations to a coupled system of ordinary differential equations which
have been successfully applied to predict transfer functions of the linear matter power spectrum
(see [68, 98]).

* A 2+2 covariant split of the background spacetime known from stellar and black hole physics
can effectively be restricted to spherically symmetric dust spacetimes. By constructing a possible
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set of gauge-invariant metric and matter perturbations, the full master and constraint equations
of these quantities can be derived that contain the complete dynamical information of the per-
turbed spacetime to first order. This system was first derived by Clarkson et. al. (2010) in [29]
and actually represents the most general description of the evolution of linear perturbations on
LTB backgrounds. First numerical attempts to solve these equations can be found in [41] and

[43]-

Since it describes today’s most elaborate approach in the field, all studies presented in the present
work are based on the 2+2 covariant framework. Correspondingly, this approach is discussed in some
detail in the following.

4.3 METRIC APPROACH OF CLARKSON ET AL. (2010)

Perturbations on homogeneous backgrounds have extensively been studied and are well-understood
(see again [17], [38], and [69] for detailed discussions and Sect. (2.3.2) for a short summary). Perturb-
ation variables can be split into scalars, vectors and tensors due to their transformation properties on
the underlying homogeneous and isotropic 3-space. The main simplifying property of these models
is that the high degree of symmetry causes gauge-invariant metric perturbations to decouple at first
order such that their time evolution can be studied separately. This is no longer the case on general
spherically symmetric backgrounds. In fact, the radial dependence and off-centre anisotropy of struc-
ture growth causes all perturbation types to couple already at first order which makes their modeling
and physical interpretation highly difficult.

4.3.1  Spherical harmonic decomposition

As suggested by spherical symmetry of the background model, one possible approach is a covariant
2+2 split of the spacetime (M* = M? x §?) at the background level. Perturbations can then be char-
acterised according to their transformation properties on S? which is analogous, but not equivalent,
to the homogeneous and isotropic case. In fact, they decouple into a polar (even parity) and an axial
(odd parity) branch which roughly corresponds to their covariant curl- and divergence-free parts on
the two-sphere. It is convenient to separate the angular parts by expanding perturbations into an ap-
propriate family of orthonormal basis functions that take all possible degrees of freedom into account.
The most suitable choice on a spherically symmetric background are spherical harmonics and covari-
ant derivatives thereof as they are eigenfunctions of the Laplace operator in spherical coordinates. In
the following, greek indices (., v, ...) denote spacetime coordinates whereas lower case Roman letters
(a,b,...) mark indices on the two-sphere. Coordinates of the remaining two-dimensional Lorentzian
submanifold M? are described by capital Roman letters (A, B, ...).

General perturbations ¢(x*, x*) of a spherically symmetric background model contain five different
degrees of freedom that are modeled by corresponding basis functions of the right transformation
property on S2. Considering the polar branch, we have

1. scalars: Y(e") (9, b),

2. vectors: Ya([m) =V, Y(m (g, $), (¢ >1),and
L(0+1)

Y " (0,9), (€>2),

3. tensors: Y;bfm) = V.V, YU (9,4) +
whereas, for the axial branch, there are

1. pseudovectors: Y, = eabeY(gm)(Q,gb) , ({>1),and
2. pseudotensors’: Y, = —2€d(aVb)VdY(zm)(9,cp) , (€ >2).

1 The round parentheses denote symmetrisation
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Spherical symmetry of the background model naturally causes the evolution of perturbations to sep-
arate into spherical harmonic modes (¢, m). By suitable combinations of the expansion coefficients,
sets of gauge-invariant metric and fluid perturbations and corresponding evolution equations can be
derived. The formalism was first developed by Gerlach & Sengupta (1979) ([51]) for general spher-
ically symmetric spacetimes and reformulated in perfect fluid frames by Gundlach & Martin-Garcia
(2000) (GMG) (see [54, 67]) to study anisotropic stellar collapse.

In a remarkable work following up this approach, Clarkson, Clifton and February (CCF) ([29]) spe-
cified GMG'’s approach to dust solutions and obtained a full set of LTB gauge-invariant perturbation
variables and corresponding master and constraint equations. Their work and recent applications
in [41, 43] can be considered as the key theoretical background for our analysis. In analogy to the
conformal Newtonian gauge in FLRW models, there exists a special gauge, the Regge-Wheeler (RW)
gauge (see [76]), in which the perturbation variables correspond to the gauge-invariants. The final
metric ansatz and a possible set of gauge-invariant variables is presented in the following. For details
on their construction and on the metric ansatz, we refer to the corresponding papers ([29, 49, 54]). In
addition, a brief summary is provided in App. (B).

4.3.2  Metric ansatz and first order field equations for the polar branch

For the polar sector, we can define a set of four metric perturbations {17(5"1), )((Zm), (p(em),g(gm)} and
three fluid perturbations {A("), (™) 5(tm)} that enter into the general form of the perturbed LTB
metric and energy momentum tensor. In RW gauge, we have (see [29])

| 2y c(Em)y (6m)
4 = — [1+ (27" — () — glimyy(em] g2 — 1 dtdr

1 — xr?

(4.1)
2
a
+ : _‘l{rz {1+ (X(/m) + (P(Zm))y(ém)} dr2+r2ai [1+(P(€m)y(€m)] sz,
o = pLTB (1 +A(Zm)y(ém)) , (42)
1 m
y = [uA T (wwm)nA 4 zkABuB> y(tm lmy )} , (43)

with sums over (¢, m) implied. Each perturbation variable is therefore a spherical harmonic coefficient
and a free function of t and r. The unit vectors in time and radial direction are given by u4 = (—1,0)
and ng = (0,a)/v1— kr?). kg corresponds to the metric perturbation in the (¢, r)-submanifold.

Inserting the perturbed quantities in Eqs. (4.1) - (4.3) into Einstein’s field equations and dropping
terms of O(Y?) yields first order evolution equations for the gauge-invariants. In case of ¢ > 2, the
resulting system of equations can be reduced to a closed system of master equations?:

X=""0 SHix + |A 7#@ X+ 76 + - HH ?.(TmL c—4ogp+Ap, (44)

— 2% 2, |12k L(041) 2 a

Q= 4HL§0 + ai @ HLX +Z T'llJ_X rzaﬁ 21’2€li 7 ra, gg, (45)
/

¢=—2Hic-Z, (46)

2 () denotes a derivative with respect to coordinate time + whereas ()’ corresponds to a derivative with respect to LTB radial
coordinate r. We dropped the (¢, m) superscript here.
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and a constraining part of the field equations that describes the coupling to the fluid perturbations

o1, 1. ;14 H, , 0(L+1) K
aw = Zq) Z( HL)(P ZT’HJ_ 7 X + ZT’ZHZL +D+azl G, (48)
R TR Sy | / Y .
al = ZZgo+ 72 (C 4ral % *’(fﬂ\**ZPLL)4’+ erJLX %’IiLX (49)
0(0+1) L-1)(¢+2) 2H, , 2 a
2D - Z(H,+H, )L
* r2a? * (x+9) 2r2a% Xtz 617 ( s L) ra,
w=¢+ %+ H (x + )+ig’ (4.10)
$T5 [ Pt 576 .

The coefficients are given by the following quantities of the background LTB model:

K a) K'r
w=8nGp = — (14+2-L —|—HL(HL—|—2HH>+ ,
a a| IZL{I!”
6M
AZZUC_T—4HLO-,
ay
C:ﬂiu_w—k%x’rz 2a
a) 1 — xr? ra;’
«
D = _"+1{L(fiL+'2Hﬂ)/
2
U::Hﬂ—nHl,
a
7 — |

V1—xr2’

Local energy momentum conservation V, T!, = 0 leads to derivative constraints that the system
naturally obeys:

o1 [

w= Z—Zqo H) (w+ 2) , (4.11)
. X+3¢  l(e+1) 1 sy o 20y S

A= 2 202 ‘Tz (w+ 2) et ra (w+ 2) ’ (4.12)
U= XJFT?. (4.13)

Einstein’s field equations to first order show that the metric perturbations #, x, ¢ and ¢ are master
variables of the system, i. e., if the solution to the system (4.4) - (4.7) is known for each angular
scale ¢, Egs. (4.8) - (4.10) will reduce to simple identities for the fluid perturbation variables. The
evolution in time and radius is constrained by linear partial differential equations that contain a non-
trivial coupling caused by radially-dependent and off-center anisotropic structure growth. Among
various expressions in the coupling terms, the background shear o = H| — H, as well as gradients
in the curvature profile, scale factors and Hubble rates can clearly be identified. As already pointed
out in Sect. (4.3.1), orthonormality of the spherical harmonic basis causes the evolution equations to
decouple into (¢,m) modes. In addition, the spherically symmetric background allows to apply the
eigenvalue equation of the Laplace operator on S? which can be written as

V. VAYEm = —pe+1)ym (4.14)

This way, all derivatives with respect to local coordinates (6, ¢) can be eliminated such that the four
dimensional problem of solving perturbation equations on the full spacetime (M?*,¢) is mapped to
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a set of effectively two dimensional problems for the evolution of eigenvalues of the S2-Laplacian for
each angular scale £.

Regarding the special case of dipole perturbations (¢ = 1), there is a complication as Egs. (4.4) - (4.8)
take different forms. This is caused by the fact that, mathematically, there exist no dipole tensorial
spherical harmonics which does not allow the trivial field equation 77 = 0 to hold anymore. Secondly,
due to the missing tensorial components, all perturbation variables are only partially gauge-invariant
and leave an additional degree of freedom to be fixed. This issue and possible solutions are discussed
in detail by GMG in [54], but we do not want to focus on it here as we restrict our analysis to polar
perturbations of £ > 2.

4.3.3 Metric ansatz and first order field equations for the axial branch

Gauge-invariant perturbations of the axial branch are given by a vector metric perturbation {k%m)}

and an axial fluid velocity perturbation 3(/") (see again App. (B)). Since perturbations that transform

as scalars on the two-sphere naturally belong to the polar sector, axial perturbations are restricted to
S2-vector and -tensor modes that, by construction, have to obey ¢ > 1. Hence, there can only exist axial
gauge-invariants which are at least of S?-vector type such as velocity- or metric vector perturbations.
The ansatz for the perturbed metric and four-velocity including these gauge-invariants is given by

2
a —
ds? = —dP + s dr? + el d0? + 2k, " Y| dx (4-15)

Uy = (uA,z’)(é’")Yégm)) ) (4.16)

Inserting both quantities into Einstein’s equations, the first order evolution equations (for ¢ > 2)
reduce to3:

g8V akp =0, (4.17)
e (r4a‘iDAB> = —1)(L+2)ka —167GpT1*a} uy, (4.18)
with Dap = 9g (ka/(r?a%)) — 94 (kg/(r*a%)) being the covariant curl of k4.

As first proposed in [51], a scalar quantity

k
I1=e’Bvg [ 54 (4.19)
r2af

can be defined which allows to obtain an equivalent system of equations given by

=0 =0="70(r), (4.20)
- 1., C._, i (0 +2)(¢—3) 20 [, o _
1= 1" - ~11 (6HL + HH) IT— |20+ a2 I+ 727 (7 +=0),  (421)

using again coefficients

K'r

a
a = 81Gp = - <1+2a') +H, (HL+2HH> +
1

7
LIL aLaH

3 The (¢m) superscript will be dropped again
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L ]
a” 1—xr? ra;’
2 _
V1—xkr?
The first equation has been obtained by taking the covariant divergence of Eq. (4.18) and inserting Eq.
(4.17). The second expression is essentially the covariant curl of Eq. (4.18).

Z:

A solution to Egs. (4.20) and (4.21) can be transformed to the actual gauge-invariant metric perturba-
tions k4 via Eq. (4.18)*

44 a
(6 —1)(¢+2)kg = —2ar*a3 7 — LAY (H’ - 4|H> , (4.22)
Z ra

(6 —1)(¢+2)ky = —r*at Z (IT+4H, II) . (4-23)

In case of ¢ =1, Eq. (4.17) is no longer fulfilled which does not allow a straightforward derivation of
Egs. (4.20) and (4.21). Nonetheless, Egs. (4.22) and (4.23) can be integrated directly yielding

= A /m 29

The metric perturbations k4 then have to be obtained by inverting Eq. (4.19) which causes additional
degrees of freedom and does not permit a unique solution anymore.

4.3.4 Properties of perturbations in LTB models in comparison to FLRW

Although the polar master equations will look similar to their FLRW counterparts if the coupling
terms are neglected (in fact, x obeys a wave equation, ¢ a scalar, Bardeen-like equation and ¢ an a~2-
decay law), the physical interpretation of these gauge-invariants is more subtle. Scalar-vector-tensor
decomposition does not naturally exist on spherically symmetric backgrounds and therefore LTB
gauge-invariants are a priori strongly differ from FLRW gauge-invariants. In extensive calculations,
CCF managed to perform the FLRW limit and showed that, intrinsically, these gauge-invariants are
complicated mixtures of all FLRW perturbation types. Their results are briefly summarised in App.
(C). Proper comparison of FLRW gauge-invariant quantities and LTB gauge-invariants in FLRW limit
is non-trivial, because the RW gauge is not adapted to the description of perturbations in FLRW
models. One therefore has to equate the perturbed FLRW metric with the perturbed LTB metric in
a general gauge and express each LTB gauge-invariant in terms of its FLRW counterparts. In fact,
it turns out that only x is a genuine gravitational wave mode whereas ¢ contains vector and tensor
degrees of freedom and ¢ as well as # obey degrees of freedom of all FLRW-perturbation types. The
axial variable IT contains vector and tensor contributions. Similar results are obtained for the fluid
variables (see appendices of [29] for details). It is therefore hard to disentangle these gauge-invariants
aiming at a direct comparison with homogeneous and isotropic models. There is the possibility of
constructing SVT variables that, in the FLRW limit, reduce to pure scalar, vector and tensor modes,
but these ones are of complicated structure (see [28] for a brief review).

The following analysis is restricted to the polar branch, since it potentially obeys the more prominent
coupling effects and contains the generalized scalar gravitational potential ¢ and density contrast A.
These variables transform as scalars on the two-sphere and obey similar evolution equations compared
to the FLRW metric potential and density contrast which allows an intuitive treatment. However, they
obey a complicated FLRW limit containing scalar-, vector- and tensor contributions which makes their
understanding highly difficult and requires great care in this context.

4 Note that the local time coordinate of the LTB background model is chosen such that u4 = (—1,0).
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Notwithstanding any physical interpretation or comparison to spatially homogeneous models, the
intrinsic coupling of the perturbation variables itself as seen in Egs. (4.4) - (4.7) can directly be studied
if the system is integrated numerically. By carrying out the FLRW limit, CCF showed that the scalar
Bardeen potential ¥ is only contained in ¢ (see also App. (C)). Hence, starting from an initial scalar
potential perturbation at early times, we can directly quantify the influence of coupling on the space-
time evolution by comparing the fully coupled case with solutions in which coupling has generally
been neglected. The latter was extensively studied in [43].

As already pointed out in the Introduction, the main intention of this work is to consider the full
evolution of perturbation equations from realistic initial scalar perturbations and to investigate the
strength of the coupling in a statistical way. A direct comparison of structure formation in LTB and
FLRW models would be the next appreciable step and is addressed in Chapt. (8).

We finally want to stress that the axial branch is dynamically decoupled from the polar one and 3-
scalar perturbations in FLRW spacetimes do not source any axial LTB quantities in the homogeneous
limit (see App. (C) for details). Hence, the axial branch is trivial in this setup at all times and spatial
scales and potential physical effects are solely described by polar perturbations. This justifies the
restriction to the polar branch in particular.
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5.1 SUMMARY

As outlined in Chapt. (4), the evolution of linear perturbations in LTB models is constrained by a
coupled system of partial differential equations that is formulated in the LTB time and radial coordin-
ates for each spherical harmonic mode (¢,m). Attempts to obtain accurate approximations of the
solution are therefore challenging as advanced computational methods, e. g. finite elements, have to
be applied. This chapter is meant to discuss the numerical setup for the given system of partial differ-
ential equations and to motivate the choice of the numerical scheme used here. All methods have been
preimplemented in the Distributed Unified Numerics Environment (DUNE) and can therefore readily
be applied to our problem. We start with a short overview of finite element methods and the DUNE
framework. Focussing on Egs. (4.4) - (4.11), the grid setup and appropriate boundary conditions are
laid out and motivated in the following. The final section contains results of a test run previously
performed by February et al. (2014) in [41] that independently confirms the authors’ findings and
shows the correct performance of the numerical scheme.

5.2 GENERAL STATEMENTS ON FINITE ELEMENTS

Originating from developments in structural mechanics in the 1950s, finite element methods became a
well-established technique to solve partial differential equations (PDEs) on very flexible and even un-
structured grids. The basic idea consists of writing the model problem (PDE and boundary conditions
on a given domain of interest) into so-called weak formulation and converting it to an equivalent vari-
ational problem. In this manner, the differential equation system is multiplied by a test function and
integrated over the full domain of interest yielding functional relations to be minimised by variation
(see App. (D) for details). The variational problem itself can then be solved by discretizing the domain
of interest into finite elements and approximating the solution by suitable basis functions (polynomi-
als in particular) on each element with coefficients to be determined (see Fig. (5.1)). This typically
leads to large, but sparsely populated, linear equation systems for the expansion coefficients. Finite
element methods are based on a solid mathematical background using techniques developed in func-
tional analysis like weak derivatives and corresponding Sobolev spaces. Giving a complete overview
on finite elements and their properties would be beyond the scope of this thesis. Some details that are
important for this particular application are described in App. (D). However, a detailed discussion of
the corresponding mathematical background can, for example, be found in [14] and [53].

In contrast to finite differencing methods applied in [41], finite elements are more flexible and also
well-suited for irregular or locally refined grids*. In addition, higher accuracies can easily be achieved
by increasing the basis polynomial degree (see App. (D) for details of the implementation). We de-
cided to prefer finite elements to finite differences since the initial profiles for the spherical harmonic
coefficients show considerable small scale fluctuation with increasing spherical harmonic /-mode and
we therefore need a robust scheme for numerical differentiation that also works on grids that can be
adapted to properties of the solution itself. February et al. (2014) ([41]) have shown that their approach
using second order finite differences works well for the series of test runs they performed on a regular

1 The term grid refers to the finite element discretization of domain of interest.
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Figure 5.1: Approximation of an exemplary function f(x) (shown in red) on a global interval Q = [a,b] in
one dimension: On subintervals (); = [x;,x;11] ( so-called finite elements), linear Lagrangian basis
polynomials (hat functions) are defined that are shown in blue. Once a proper set of coefficients
{ci}i=1 5 and boundary conditions {f(a),f(b)} are provided, a linear approximation (shown in
black) of the functional shape can be obtained. The accuracy of this approximation can either be
increased by refining the finite elements or by raising the basis polynomial degree.

grid. As will be shown in Sect. (5.5), we have been able to reproduce their results with a finite element
setup.

5.3 THE DISTRIBUTED UNIFIED NUMERICS ENVIRONMENT (DUNE)

The Distributed Unified Numerics Environment (DUNE) (see [10, 11, 12, 21]) is a template-based, multi-
purpose C++-library for the numerical solution of PDEs on arbitrary grids using finite element meth-
ods. The basic structure is divided into modules performing different tasks like grid setup (dune-grid),
iterative solvers for equation systems (dune-1istl), or efficient PDE discretization (dune-pdelab) (see
[13] for details). It provides preimplemented basis polynomials, grid-based spatial solvers and time
integrators designed to be very flexible and applicable to a wide range of PDE problems in basically
arbitrary dimension (see Fig. (5.2) for an overview). For time-dependent problems, DUNE uses the
well-known method of lines where the spatial derivatives are discretized and the time coordinate is left
continuous. This results in a system of ordinary differential equations in time that assemble a large
scale initial value problem. However, such a system can effectively be treated by appropriate ODE
solvers (see Fig. (5.3)). We therefore perform a spatial discretization with finite elements in the radial
coordinate which is then integrated in time using an implicit Alexander S-stable method (see [1].

5.4 GRID SETUP AND BOUNDARY CONDITIONS

The solution of a system of partial differential equations with time dependence is constrained by
initial and boundary conditions. While the setup of initial conditions in a cosmological environment
is a more extensive procedure and will be discussed in detail in Chapt. (6), boundary conditions can
be chosen in a natural way by requiring regularity of the solution at the radial origin. We define
a space-time domain of interest with spatial extend of (at least) three times the void size in which
we want to study the forthcoming numerical solution. As proposed in [41], we impose an artificial
spatial boundary condition at r = r, that is causally disconnected from the domain of interest in
order to prevent any artificially reflected propagating modes to reenter (see Fig. (5.4)). By tracing null
geodesics in the background spacetime and thereby following the characteristics of the system, we
can integrate Eq. (3.34) given by



5.4 GRID SETUP AND BOUNDARY CONDITIONS 43
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|dune—pde|ab | ‘ dune-fem
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‘ dune—grid—howto | dune-localfunctions |

UG| | Alberta

dune-grid ‘ ‘ dune-istl

Figure 5.2: Overview on different DUNE modules and their correspondences: DUNE core modules are shown in
red that perform different steps of the numerical scheme such as general assembling (dune-common),
grid setup (dune-grid), iterative solvers (dune-istl), local polynomial bases (dune-localfunctions)
as well as PDE discretization (dune-pdelab or dune-fem). The inclusion of secondary software like
special grid managers (ALU, UG, ...), visualisation (VTK, Gsmh) or special solvers (SuperLU, Metis)
is possible without problems. As we deal with a one dimensional problem in space, there is no need
for any advanced grid manager or visualisation tool. However, SuperLU (see [36, 62]) turned out
to be a powerful exact solver for the spatial discretization problem and was therefore successfully
applied to our numerical setup. Discretization and general setup of the PDE system was performed
using dune-pdelab. In fact, dune-pdelab and dune-fem are equivalent discretization modules, but
dune-pdelab is developed and maintained at the Institute of Scientific Computing (IWR) in Heidelberg
which allowed direct advise and support in an easy way (see also acknowledgments). This figure was
taken from [13]).

t A
t 1 1 1 F— =t
I
time propagation with ODE solvers
E E E E E t=t
s . t = tini
spatial discretization with finite elements
r

Figure 5.3: Illustration of the method of lines: The spatial discretization with finite elements is performed on each
time slice and the resulting initial value problem is then propagated forward in time.
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t ay(t,r
Ay alD g,
dr 1—x(r)r?
with (*max) = ting and obtain?
1
Te = Fmax + 2/ Z7(t, max)dt . (5.1)
tini
As shown by GMG in [54], the solution to Egs. (4.4) - (4.7) has to obey certain conditions for regularity
atr =0:
x=xr'"*?, p=9r", c=cr", A=A, w=wr"", v=20/",

where the barred quantities can be expanded in positive even powers of r. This enforces a zero Dirich-
let boundary condition at the origin for £ > 2. We require the solution to vanish at r, as well such
that no propagating modes to be generated there that can affect the results in the domain of interest.

t
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Figure 5.4: Schematic construction of the artificial boundary condition according to [41]: r« is chosen to be caus-
ally disconnected from the domain of interest by integrating radial null geodesics in the background
spacetime (see Eq. (5.2)). The void is fully contained in the domain of interest and deepens with
increasing cosmic time.

Fig. (5.5) illustrates the construction of the spatial grid which is basically divided into three parts: In
order to fulfill the regularity conditions with sufficient accuracy, we have a fine structured grid in the
vicinity the origin, followed by an equidistant grid containing the domain of interest and a coarse grid
covering the region between the outer boundary of the domain of interest and the artificial boundary.

Since we use an implicit time integration scheme, the Courant-Friedrichs-Levy (CFL) condition (see
[32]) is not necessary for numerical stability, but nonetheless we assign the timesteps dynamically

2 We assume in addition that the unperturbed LTB metric in the region [rmax, 7] is well-described by its asymptotic EdS limit.
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Figure 5.5: Schematic structure of the irregular spatial grid: At small radii, we apply a finely resolved grid dis-
cretizing the interval [rmin, 71] with 11 bins to recover the regularity condition precisely. This part is
followed by a regular grid covering [rq, ¥max] With 7y bins and a very coarse grid in the extension
["max, x| with 13 bins. The parameters rq, n1, 113, and n3 can be adjusted individually. For all test runs
presented in Sects. (7.2) and (7.3), we have chosen r; = 100 Mpc, n; = 50, ny = 256 and n3 = 20. Final
results are interpolated on the LTB backward lightcone that is schematically shown for illustration.

according to this condition in order to adapt the time resolution to intrinsic timescales of the system.
Using the system’s characteristics again, we obtain

A 599, min (Z(t,r)) < min  (Z(t1)). (5.2)

Ar Tmin <7 <"max o Tmin <¥<Tmax

As motivated in Sect. (4.3.2), we concentrate on perturbations with even parity (polar branch) through-
out this work. For each spherical harmonic mode (¢,m), Einstein’s field equations then split into a
closed set of master equations for the metric perturbations and corresponding constraint equations
for the fluid perturbations. For fixed (¢, m), we therefore evolve Egs. (4.4) - (4.7) in time and use the
results in each timestep to constrain the fluid perturbations using the identities given by Egs. (4.8)
- (4.10). Grid structure, basic finite element map and the equation systems have to be passed to the
DUNE interface that performs a residual calculation to solve the underlying linear equation system
in each time step. For details of the implementation, the reader is referred to App. (D).

The corresponding procedure then has to be performed for a representative set of spherical harmonic
modes such that final angular power spectra of each LTB gauge-invariant perturbation can be es-
timated (see Chapt. (7)). Computations were therefore parallelised using the well-established Open
Message Passing Interface (Open MPI) and ported to the bwGRiD computing cluster of the state uni-
versities of Baden-Wiirttemberg (see http://www.bw-grid.de/en/the-bwgrid/ for details).

5.5 COMPARISON TO PREVIOUS RESULTS IN FEBRUARY ET AL. (2014)

February et al. (2014) ([41]) set up a numerical solution of the evolution equations for a simple test
case by initializing each variable separately with five Gaussian peaks probing the behavior of the
solution at different positions in the LTB patch. Starting from a Gaussian-shaped void outlined in
Sect. (3.4.1) with O, = 0.2 and L = 2 Gpc that is asymptotically embedded into an EdS model, initial
conditions for one variable are given by
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Figure 5.6: Initial Gaussian profile as applied by February et al. (2014) ([41])

5 .
) (1 p) = .ZeXp (_(7_5;1)2) , (5.3)

i=1
d(fm) (tini/ 1’) =0, (5-4)

withr; € 0.99-{1,2,3,4,5} Gpcand s = 0.08 Gpc (see also Fig. (5.7)). All other variables and their time
derivatives are set to zero. This initial configuration is placed on a spatial hypersurface that intersects
the LTB backward lightcone at redshift z = 100. Hence, ti,; refers to the time coordinate on the PNC
for this redshift. The PDE system is then numerically evolved in time till ty which corresponds to
the global age of the LTB patch. The spatial extension rmax of the domain of interest is chosen to be
6 Gpc. In accordance with [41], the forthcoming results show the spacetime evolution of this setup
for the two exemplary spherical harmonic modes ¢ = 2 and ¢ = 10. Since the regularity conditions
mentioned in the previous section are trivially fulfilled by the initial profiles considered in this test
case, the adapted grid structure shown in Fig. (5.4) is, for simplicity, replaced by an equidistant grid
with 512 nodes.

We see from Fig. (5.7) that non-zero modes, while evolving in time, excite the remaining initially
zero modes at a partly significant level. Although a rigorous interpretation of the results is physic-
ally subtle, we can qualitatively see the internal mode mixing of each gauge-invariant variable when
considering the FLRW limit discussed in Sect. (4) and App. (C). Time evolution suggests that x, as
a purely tensorial mode in the FLRW limit, contains only propagating degrees of freedom, whereas
¢ and ¢ are mixtures of SVT perturbation types. On a homogeneous and isotropic background, ¢ re-
duces to vectorial and tensorial degrees of freedom. Similar behaviour can be seen on inhomogeneous
backgrounds as we observe a decaying mode (Case 3 and 4) and propagating mode (Case 5 and 6) as
well as modes similar to infall velocities (Case 1 and 2). ¢ contains scalar, vector and tensor modes
in FLRW limit. Cases 1 and 2 suggest a time evolution of ¢ like a scalar Bardeen potential which
decays inside the void (as «(r) < 0) and stays constant in the EdS region. Nonetheless, there are also
propagating modes as can clearly be seen in cases where it is excited from an initially zero state.

The corresponding fluid perturbations are presented in Fig. (5.8). The behaviour of the generalised
density contrast A as well as the two gauge-invariant velocity perturbations w and v generally depends
on the initialised metric perturbations. The strong decay of ¢ also causes the fluid perturbations to
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Figure 5.7: Space-time-evolution of the LTB gauge-invariants {¢,¢, x} with initial conditions according to Egs.

(5.3) and (5.3) for two exemplary modes ¢ = 2 and ¢ = 10: The minimum and maximum values of the
space-time diagrams are provided in the headlines which also indicate the boundaries of the colorscale
emerging from blue to red. Each panel covers the full domain of interest where the horizontal and
vertical axes correspond to the LTB radial and time coordinate, respectively. We applied a Gaussian-
shaped void density profile p(to, ) with a density contrast of ()i, = 0.2 and L = 2 Gpc extension that
is asymptotically embedded into an EAS model with & = 0.7. In accordance with [41], these results
are obtained on an equidistant grid in radius with 512 nodes and time steps that are dynamically
computed using the CFL condition (Eq. (5.2)).
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Figure 5.8: Space-time-evolution of the corresponding gauge-invariant fluid perturbations {A, w, v}: We consider
again two exemplary modes ¢ = 2 and ¢ = 10 as presented in [41]. The minimum and maximum
values of the full spacetime diagram are given in the headlines where we have normalised each

variable with respect to its maximum initial value.



5.5 COMPARISON TO PREVIOUS RESULTS IN FEBRUARY ET AL. (2014)

decay whereas ¢ and x source growing modes. Similar to the metric perturbations, these gauge-
invariants are mixtures of scalar, vector and tensor degrees of freedom in the FLRW limit (see [29]).

We refrain from giving a detailed analysis of the behaviour of the time evolution of each perturbation
variable here, since the results obtained are not new and have already been analysed in great detail
in [41]. It is rather the main intention of this section to give an independent confirmation and to show
that our numerical results are in agreement with previous works in the field.

Indeed, compared with results obtained by February et al. (2014), the spacetime diagrams agree well
in shape for each initial configuration and the amplitudes of the excited perturbations are very similar.
We have to point out here that the background model implementation of February et al. is slightly
different from the one applied in this work. As outlined in Sect. (3.4.1), we fix the void density profile
and the Hubble constant (respectively the global age) at the present time in the asymptotic FLRW
regime. February et al. instead apply a functional shape of the matter density parameter profile Qp, ()
at the present time and fix the Hubble constant at the spatial origin. We believe that this causes the
minor differences in the amplitudes of the perturbation variables. Nonetheless, the basic features of
the spacetime evolution are clearly reproduced.
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6.1 SUMMARY

As pointed out in Chapt. (3), the LTB patch is constructed to be asymptotically embedded into a
cosmological model of FLRW type. As a consequence, spatial hypersurfaces that are intersected by
the LTB lightcone at large redshifts are statistically homogeneous and isotropic to a very high degree.
In this asymptotic FLRW regime, we create cosmological initial conditions for the LTB master and
constraint equations. For the cases analysed so far, we restrict ourselves to initial scalar perturbations
described by the metric Bardeen potential ¥ (¢, X) since the transformation to LTB gauge-invariants in
the homogeneous limit is particularly simple for this setup (see App. (C)). The present chapter outlines
two possibilities to obtain initial spherical harmonic coefficient profiles for the scalar Bardeen potential.
Both procedures make use of realisations of an initial Gaussian random field with vanishing mean
and the underlying power spectrum Py (k). In the first approach, potential fluctuations are sampled
in configuration space, transformed to real space and decomposed into spherical harmonics using the
Healpix scheme. The second approach was developed to overcome difficulties at small redshifts and
angular scales. It uses direct multivariate Gaussian sampling of spherical harmonic coefficients with
covariance matrices that are given by the theoretical angular power spectra.

6.2 GAUSSIAN SAMPLING TECHNIQUE IN CONFIGURATION SPACE
6.2.1 Realisation of a Gaussian random field

As we are dealing with a system of second order differential equations in time, we have to specify
initial conditions for the variables themselves and their first time derivatives on an initial hypersurface
t = tini. Throughout, we assume vanishing initial rates for the perturbation variables' and specify the
initial states as radial profiles. In accordance with the standard inflationary paradigm, we assume
the early universe to be spatially homogeneous and isotropic and therefore apply standard FLRW
perturbation theory. Hence, small initial density seeds for structure formation in the matter-dominated
era obey nearly Gaussian statistics and are fully characterised by the linear power spectrum (see Sect.

(2.4))

D2 (a)
D? (aini)
where T(k) denotes the transfer function of Bardeen et al. (1986) (see [5]) that has already been

introduced in Sect. (2.4). P (k) represents the primordial power spectrum right after inflation. By
Poisson’s equation, the power spectrum of the Bardeen potential ¥ yields

Ps(k,a) = P(k)T?(k), (6.1)

9 (0m2\’
Py (k,a) = 1 ( e 0) Ps(k,a). (6.2)

1 We can even assume this for the Bardeen potential since we constructed the LTB patch to be embedded into an EdS model in
which ¥ does not obey any time dependence (see Sect. (2.4)).
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Figure 6.1: Initial potential power spectrum according to Eq. (6.2): Due to the asymptotic behaviour of k=7 on
small scales, the resulting Gaussian random field is very smooth compared to the applied discretiza-
tion scale.

We fix an exemplary initial hypersurface of constant time t;; that intersects the LTB past lightcone at
redshift zj,; = 100 and is therefore placed well-within the FLRW matter-dominated era. At t = tiy,
we draw a 3d realisation of the Gaussian random field describing the scalar Bardeen potential in a
cubic box of scale L. with the following properties:

1. (¥) = 0 in configuration space,
2. the variance in Fourier space is given by the potential power spectrum,
3. the cube is filled in a Hermitian conjugate way: Y* (ky, ky, k;) = ¥ (—kx, —ky, —k).

Precisely, the variance in Fourier space is given by 62(k) = Py (k)/L3 , . as we have to take the dimen-

sionless power spectrum into account. In comparison to previous applications in [18], we assume a pre-
factor 1/(277)? in the Fourier convention and define the power spectrum according to (‘¥ (k)¥ (K')*) =
(271)3 Py (k) (51(5’) (k— k). In fact, this yields the prefactor 1/L3 . instead of (271)%/L2 , . as obtained in
[18].

Transforming back to real space® yields a discretized, real-valued potential field at nodes (x;,y;, zx)
in the 3d cube. Since the potential power spectrum shown in Fig. (6.1) behaves like k=7 on small
scales, the resulting Gaussian random field is very smooth compared to the discretization scale. Four
exemplary 2d slices of the 3d initial realisation are presented in Fig. (6.2).

6.2.2  Healpix and spherical harmonic decomposition

Within this cubic box, we draw concentric spheres around an arbitrary centre? and discretize each of
them according to the Healpix pixelisation scheme described in [52]. The Hierarchical Equal Area and
Iso-Latitude pixelisation scheme (Healpix) has originally been developed for data processing and analysis
of large cosmic microwave background surveys. The idea is to arrive at a fast, accurate and efficient
numerical integration on the sphere as well as optimal recursion of Legendre polynomials needed for
spherical harmonic decomposition and angular power spectrum estimation. This can be achieved by
an appropriate tesselation of the spherical surface that ensures equal pixel areas and an iso-latitudinal

2 A three-dimensional Fast Fourier Transform (FFT) was applied for this purpose.
3 For practical reasons we choose the central node of the cubic box.
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Figure 6.2: 2d slices of the 3d Gaussian realisation of the Bardeen potential fluctuations: In Cartesian coordinates,
the xy surface is plotted for z = 0, z = Leype/4, 2 = Leype/2, and z = Lype in the corresponding
subfigures (a), (b), (c), (d). We use Npoges = 10243 with full spatial extension of Lepe = 12 Gpc. The
obvious similarity of (a) and (d) is caused by periodic boundary conditions applied by the Fourier
transform.

location of pixel centres. The Healpix grid consists of twelve base pixels with these properties that
can be globally refined. By construction, the Healpix properties are conserved with respect to the
refinement process. The number N4, of refinement steps determines the angular resolution of the
spherical surface (so-called Healpix Map) which is then assembled by Npix = = 12N2,, pixels (see Fig.
(6:3)).

As already mentioned, the Healpix grid allows fast and efficient numerical integration on S? that is
particularly useful for spherical harmonic decomposition

¥ (tini, 1,6, ) = Z T (£, 7)Y (0,9, (6.3)

with spherical harmonic coefficients being estimated by quadratures on the two sphere:
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Figure 6.3: Illustration of the Healpix discretization scheme: Twelve base pixels of equal area and isolatitude pixel
centers are globally refined with Ngg4e = 1,2,4, 8 such that these pixel properties are conserved. This
figure has been taken from [52].

Y (i, ) = /dQ‘P(tini/r/Q/(P) Y (9, p)*
0

Npix (6.4)

p=

47
Npix

~
~

By placing concentric Healpix Maps at equidistant radial positions in the 3d cube, we finally obtain
initial radial profiles for spherical harmonic coefficients of the Bardeen potential  (fm) (tini, 7) for each
angular scale ¢ and orientation m.

It shall be mentioned here that we effectively measure proper distances d(tin;, 7) between the centre
and the spherical surfaces that do not reduce to the LTB radial coordinate in general. However, as-
suming the void depth to be negligible at t = t;;, we can write (see also [3, 43]):

dp(tini,7) = a(tini) o)
o 7) = alting) - 7 = r
p\fm mi FLRW 0 W

(6.5)
~ a4 (tini, 'LTB) * 'LTB >

~ a(tini) - rLTB -
Hence, in this particular limit, we can safely identify the LTB and FLRW radial coordinates.

Fig. (6.4) shows examples of Healpix Maps at increasing radii using Mollweide projection. As the
spheres grow in radius, angular scales of fluctuations seem to decrease due to larger arc lengths with
increasing radii. We want to point out at this stage that, in principle, the method can be extended to
vector and tensor perturbations once a proper sampling technique is available. The Bardeen potential
power spectrum itself can also be replaced correspondingly, if, for example, the primordial curvature
perturbation (as applied in [43]) turns out to be a more realistic representation of potential fluctuations
in the matter-dominated FLRW era.
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Figure 6.4: Healpix Maps in Mollweide projection at different radii given by fractions of rmax = Leype /2 = 6 Gpc:
By construction of the Healpix scheme (see [52]), Healpix Maps contain 12N§-i de Pixel with Ngqe = 512
in this case. We apparently see fluctuations on smaller scales for spheres at increasing radius, since

the spherical surface increases with the square of the radius.

63 MULTIVARIATE SAMPLING FROM ANGULAR COVARIANCE MATRICES

In the previous approach to obtain initial conditions for the LTB master and constraint equations, a
realisation of a Gaussian potential field ¥ (k) is created in a cubic box in configuration space. This
procedure requires allocating a large 3d cube to store regularly placed nodes of the Bardeen potential
in readiness for the FFT to real space. Due to memory limitations, the number of these regular nodes is
bounded which determines a maximum resolution for the description of the potential field. This turns
out to be problematic as we see significant resolution effects at small radii and large /-modes (see Fig.
(6.5) ) which essentially rule out these regions for the forthcoming analysis of LTB perturbations. In
addition, we have to convert cubic pixels to Healpix pixels which necessarily produces shot noise on
small angular scales due to a finite cubic pixel size.

It is therefore worth investigating an alternative approach for the sampling technique that does not

involve large 3d realisations. The idea is to use multivariate Gaussian sampling of the spherical har-
monic coefficients with a covariance matrix given by the theoretical angular power spectra.

6.3.1 Multivariate Gaussian sampling

In general, a multivariate Gaussian distribution is given by

1 1
P) = ———— _*T.cl-*} 6.6
%) 20 det CeXp[ U y (6.6)
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for n-dimensional vectors i = {y;},,, and the corresponding covariance matrix

Cij = (viyj) - (6.7)
In order to obtain a finite realisation with the underlying distribution of Eq. (6.6), we first draw a
vector X of n uncorrelated random numbers x; with unit variance. Uncorrelated random numbers can
be transformed to correlated ones by rotation in data space:

Yi = Zlkl‘jx]‘ . (68)
]

In addition, it has to be ensured that the correlation between the {y;} is described by the given
covariance matrix C. In fact, this constrains the shape of the coefficient matrix A. By direct calculation,
we see

Cij = (yiy;) = )_{wejixex;)

]

= ) diktejr {Xkx1)
~—
' 5

kl
= ;“iku‘jk = ;D‘iko‘lg’

= (A : AT) .
1j
Hence, the coefficient matrix A can be obtained by taking the "square root" of the covariance matrix.
Mathematically, this corresponds to the Cholesky decomposition as the covariance matrix is positive

definite and symmetric. Given these properties, A and the corresponding linear map ¥ — i are
uniquely defined.

tan
—

(6.9)

6.3.2  Covariance matrix
In the particular case of spherical harmonic coefficients, the covariance matrix is given by

Cij = <‘I’(€m) (r)‘f’wml)(r’)*> (6.10)

ij
Correspondingly, the vector components are a priori correlated random numbers in the radius and in
all spherical harmonic modes (¢, m).

In case of spatial flatness, Eq. (6.10) can be expressed in terms of spherical Bessel functions j,(x).
Using the Rayleigh decomposition of plane waves

ei_‘-? — 47 Z if ]'g (kT) Y(Zm) (f,) Y(Zm) (]2)* , (6.11)
Lm

withk =k -kand 7 = r- 7, the spherical harmonic coefficients can be obtained as

i,
272

We can use this result to compute the covariance matrix

g lm) () / A2k ¥ (k) jo (r) YO (k)* (6.12)

10
(¥ (e o)) = L < / A3 (R) jo (kr) Y (k)" - / &K (K)* jor (K'7) Y<f’m’><f<’>>

2

® , ‘ 6.
2 [ kiR k) otk ) G (613

= Ce<1’, 1’/) . 5%’5mm’ ,
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where the definition of the power spectrum

(Y)Y (K)*) = (21) Py (k) 60 (k= F)

and the orthogonality relation of the spherical harmonics

/ dQ Y (k) Y (R)* = 54p8

have been applied. According to Eq. (6.12), the covariance matrix decouples into separate blocks for
each spherical harmonic mode (¢, m) which only contain the radial correlations at given /-mode, i.e.

) = 2 [ aki@ Rot) o) o). (6.4

6.3.3 Numerical treatment

The numerical approximation of integral expressions like Eq. (6.14) is very challenging and expensive
with standard quadrature techniques. Spherical Bessel functions show a rapidly oscillatory behaviour
which requires a considerable amount of function evaluations to reach acceptable accuracies. An
alternative approach was proposed by Levin (1996) in [60, 61] and is now established as the so-called
Levin collocation method. In fact, the evaluation of oscillatory integrals is mapped to the problem of
solving an ordinary differential equation system with no boundary conditions. The latter can be
treated very efficiently by polynomial collocation. In the following, we briefly sketch this approach

here, as it is an essential tool for computing the generic covariance matrices Cf} for each angular scale.

The formalism addresses integrals of the form

b b
I:/f(x)TzTJ(x)dx:/ (f, @) dx, (6.15)

with f = (fi(x),..., fm(x))T € R™ being a vector of m non-oscillating functions and @(x) =
(wq(x),.. .,wm(x))T € R™ a vector of linearly independent functions that show strong oscillations
or even irregular rapid variations. We shall furthermore assume that the functions {w;};_; ,, satisfy
the differential equation system

@' (x) = A(x)w(x), (6.16)

with an m x m matrix A(x) containing entries that are varying non-rapidly. The principle of the
Levin collocation method relies on finding a function vector j(x) = (p1(x), ..., pm(x))" (or a least an
approximation for it) such that (F, @)’ ~ (f,®@). The integral can then readily be solved:

b b
I= / (f, @)dx ~ /a (p,@)dx = pL(b)@(b) — p (a)(a). (6.17)

The problem of evaluating Eq. (6.14) is therefore replaced by approximating the function vector p
appropriately. Explicit calculation yields

(F.@) = (F,0) = (7.@) + (5.0) = (7.@)+ (5, AD)

(6.18)

Using the linear independence of the functions {w; }1-;,,, we infer that g is given by an approximate
solution to the ordinary differential equation system
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- T> 7
P+A"p=f. (6.19)
The numerical treatment of this system is feasible, since, by assumption, neither f nor A contain

rapidly oscillatory components. A solution to the system can, for example, be found by collocation.

The function vector p is then approximated by a linear combination of basis polynomials
(i) }kzl,...,n
u
{ k i=1,....m

(") of the vector component p; can be expressed as

of degree n. An n-point approximation p;

pl(")(x) = Z c](j)ul((i)(x) . (6.20)
k=1

(i)

The coefficients ¢;” have to be determined by a linear equation system set-up by the collocation
conditions

(E)x + AT) p(")(x]-) = f(xj) (6.21)

at properly chosen collocation points {x; }].:1 ,- The corresponding approximation of the integral is
then

Ta 10 = 3 p (b (b) — ™ (a)ei(a) (6.2
i=1

As proposed in [60], we apply the polynomial basis functions

‘ k-1
u](cl)(x):(X—anrb> s k=1,...,n;i=1,...,m (6.23)

that are evaluated at equidistant collocation points

n—1

xXj=a+ (]_1> (b—a);,j=1,...,n
in the integal domain [a, ].

In case of products of two spherical Bessel functions with different arguments (as they appear in
Eq. (6.14)), a closed equation system in the shape of Eq. (6.16) can be obtained by considering a
four-component function vector given by

je(kri) je(kr;)
& ]'Zfl(krf) je(kr;) (6.24)
je(kri) jo—1(kr;)
je—1(kri) jo—1(kr;)
In fact, regarding the recursive expressions of derivatives of spherical Bessel functions
. . C+1,
je(x) = jea (x) = —=je(x), (6.25)
. . (-1,
o1 (%) = =je(x) + ——jra (%), (6.26)

this yields a 4 x 4 matrix of the form
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1
7276—;(_ ri 1’]' 0
2
-7 % 0 ri
A= ) , (6.27)
—7; 0 % 7
-1
0 _r]' —7’1 ZT

that fixes the differential equation system of Eq. (6.19).

The Levin collocation method is restricted to definite integrals with finite boundaries which is not the
case in Eq. (6.14). Nonetheless, we perform a change of variable k — kr; = k and approximate the
integral by the expression

¢ 2 T(max sy o ~r].

C'(rirj)=—5 [  dkk"Py(k)je(k)je (k= ), (6.28)
7TT’Z~ kmin Ti

with suitably chosen boundaries kpin and kmax. The lower boundary is taken at the /-dependent "point

of growth" of the spherical Bessel functions (see [92]) at which the first significant values larger than

10710 are obtained. The cutoff kmax is given by the maximum sampling value of 10°. Considering the

asymptotic form of spherical Bessel functions for large k,

L 1 s T
Jim jy(F) = 7 cos (k- >+ D), (6.29)
and recovering that Py (k) ~ k=7 for large k-modes, we see that the integrand decays like k=7 in
this regime. Hence, there is negligible dependence on the upper integral boundary once it is chosen
sufficiently large. Fast and accurate approximations of the spherical Bessel-, or equivalently, Hyper-
spherical functions are provided by the CLASS library that uses a recursion and WKB scheme in
combination with Hermite interpolation (see [59, 92]).

6.3.4 Sampling process

The sampling process for each spherical harmonic mode ¢ can be summarized as follows:

1. We compute the covariance matrix Cf} with j < i (as the covariance matrix is symmetric) for
radial positions r;, 7.

2. The coefficient matrix A;; is obtained by Cholesky decomposition of the covariance matrix.

3. We draw 2/ + 1 uncorrelated Gaussian random numbers with unit variance for m = 0 and
variance 0.5 for each positive orientation m.

4. These uncorrelated variables can be transformed to the corresponding, radially correlated, ran-
(£m)

dom variables ¥; " by linear combination

T((m) (1’1') = ZAl]x](m) .
j

Since spherical harmonic coefficients of a real-valued potential field ¥ (7) are generally complex num-
bers for m > 0, we sample two random numbers with variance 0.5 for the real and imaginary parts.
This ensures that the sampled coefficients account for the correct angular power spectrum C’. We
restrict ourselves to orientations larger or equal zero, as these modes already contain the full informa-
tion of a real-valued function on that angular scale*. In total, this leads 2/ + 1 random numbers to be
drawn at given /-mode.
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Figure 6.5: These 2d plots show the covariance matrix entries that are assigned to the corresponding radii r; and
rj given in Mpc. All matrices are diagonally dominant and amplitudes decrease with ¢ by almost
seven orders of magnitude. The latter is caused by the strong decay of the initial power spectrum
at large k-modes (Py (k) ~ k=7). Radial correlation increases with distance from the centre which is
expected as structures of given angular scale must have larger tangential extensions that itself lead
to larger radial scales in a statistically isotropic initial universe. Radial correlation also increases for
small /-modes, as those describe angular patches corresponding to larger fluctuations in spatial scale.

The main advantages of this approach can be summarized by the following points:

e Since spherical harmonic coefficients are sampled directly, we do not have to allocate large
3d realisations of the Bardeen potential in real space. In addition, there is no conversion from
cubic pixels to Healpix pixels with all complications at small radii and large ¢/-modes. Thus,
small redshifts on the LTB lightcone are accessible which allows to study the coupling of LTB
perturbation variables close to the void centre. Furthermore, perturbations in small voids of a
few hundred Mpc extension can be studied without resolution problems.

¢ The memory-consuming part is now given by the Hermite interpolation of spherical Bessel
functions performed in the CLASS library. The reason is a considerable amount of nodes that
have to be stored in order to achieve sufficient accuracy. However, this can be controlled by
proper subgroups of /-modes for which the covariance matrices are computed simultaneously.

4 In fact, spherical harmonic coefficients of real-valued functions obey al’~™) = (—1)"(a(“"))* and therefore coefficients with
negative orientations m do not contain any additional degrees of freedom.
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Figure 6.6: These figures show estimates of the angular power spectra from the spherical harmonic coefficients
that have been sampled using the two different approaches. The theoretical spectra are plotted for
comparison. In case of the decomposition of Healpix Maps in a 3d box, there is significant deviation
from the theoretical spectra that seems to be caused by resolution problems on small angular scales.

* The generalization to asymptotically curved LTB models seems now straightforwardly possible
as CLASS provides accurate approximations of Hyperspherical functions. It has been shown
that LTB models of this kind partially remove the tension to observational data ([19, 101]). Thus,
we are able to model the evolution of perturbations in these environments as well.

* The initial power spectrum can easily be exchanged in Eq. (6.14) such that alternative spectra of
the primordial curvature perturbation or tensor modes can be considered. The only requirement
for convergence is that the integrand decays sufficiently fast at large k-modes.
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Figure 6.7: These Mollweide projections show Healpix Maps that are constructed from the spherical harmonic
coefficients obtained from either the 3d sampling technique or multivariate Gaussian sampling. Re-
garding subfigure (a), the angular resolution of structures on spherical shells of small radii is strongly
limited by the resolution of the 3d cube, because even the pixel structure can be seen. This problem
can be resolved with the new multivariate sampling technique as no 3d realisation is required any-
more. At sufficiently large radii one cannot see any significant differences in the properties of the
fluctuations although there are profound differences in the angular power spectra (see Fig. (6.6)).
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Figure 6.8: These figures show consecutive Healpix Maps around a fiducial radius = rmax/2 = 3000Mpc with
Ar ~ 24Mpc. The correlation of fluctuations of large angular scale can clearly be seen.

Although the last two points are worth being investigated, they are beyond the scope of this analysis
and will be postponed to future work.
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Using this technique, the Gaussian realisation reproduces the correct initial angular power spectrum
also for large /-modes and the resolution problem at small radii is resolved (see Figs. (6.6) and (6.7)).
The covariance matrices for different /-modes are shown in Fig. (6.5). The correlation is expected to
increase with radius as fluctuations at large distances from the centre have to be larger in spatial scale
in order to appear under the same angle. Fig. (6.7) shows Healpix Maps of spherical shells at appro-
priately chosen radii. Considering maps of increasing radius, one can see that potential fluctuations
are indeed correlated. This correlation is more prominent on large angular scales (see Fig. (6.8)) as
suggested by the shape of the covariance matrices.

64 SPHERICAL HARMONIC COEFFICIENT PROFILES

As shown by Clarkson et al. (2009) in [29], the only remaining gauge-invariant polar perturbation in
the FLRW limit with initial scalar perturbations is (/") = —2%¥(") (see also App. (C)). This turns
out to be a very simple initial configuration for our case study. Nonetheless, initial coefficient profiles
for LTB gauge-invariants have to obey certain regularity properties at the radial origin and need to
be slightly adapted to the grid structure applied. We therefore, artificially, have to modify and extend
the profiles in the following way (see also Fig. (6.9) for an illustration):

@ (i, r) B

=V

Text T«

U

) ~ coefficient profile Gaussian

extension

«——— domain of interest —————»<+——— extension——>

Figure 6.9: Schematic summary of all modifications performed on the initial profiles: At small radii, we require
the regularity condition to hold which is then smoothly matched to the spherical harmonic coefficient
profiles which were either extracted from Healpix Maps or sampled from the theoretical covariance
matrix. In order to enforce the profile dropping to zero in a smooth way, a Gaussian extension is
applied such that a vanishing initial profile is achieved in the extension region [fext, «]-

1. As shown by GMG in [54], initial profiles have to obey ¢(“™) ~ #* close to the radial origin in

order to represent regular solutions. We therefore modify the profile at small radii (typically up
to the first radial bin) to enforce this functional shape. We then match this region smoothly to
the exterior profile. However, for practical reasons, it is sufficient to require the first and second
radial derivatives to vanish at the origin which can be achieved by setting the Bardeen potential
amplitude to zero at the first two radial bins.

2. The boundary of the domain of interest rmax and the numerical boundary r, are different, since
the latter is constructed to be causally disconnected from rmax (see Chapt. (5)). In the region
["max, '+], all perturbation variables have to be initially zero such that no propagating mode can
be excited in this region that influences the results in the domain of interest.
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3. In order to achieve a smooth transition, we define a transition region [rmax, rext] Where the initial
profile is extended by a Gaussian function centered at rmax and a FWHM of one fifth of the size
of the extension region.

The extension scale is obviously an arbitary parameter of the initial profiles. Its influence on the final
results will be probed and quantified below.
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Figure 6.10: Examples for initial radial profiles of (p(f’") for exemplary /- and m-modes: The amplitude of decreas-
ing angular scales (increasing ¢-modes) drops by almost three orders of magnitude. This is due to
the steepness of the initial potential power spectrum (Py (k) ~ k~7) on small scales that causes high
{-modes to be suppressed.

Summing up, we have overall initial conditions,
U™ (ting, 1) = =291 (tiny, 1),
K™ (tini, 1) = ¢ (b 7) = 0, (6.30)
XU (ting, 1) = U (b, 1) = ¢ (1, 7) = 0,

for the metric perturbations which respect the grid structure and boundary conditions posed by the

problem itself. The initial fluid perturbations (AU gp(tm) 5(Em)) are then constrained by Egs. (4.8) -

(4.10).
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Examples of radial profiles of the spherical harmonic coefficients are shown in Fig. (6.10). Due to the
strong decay of the initial potential power spectrum at large k-modes (recover again Eq. (6.2)), small
angular scales are highly suppressed leading to a decrease of the coefficient amplitudes of nearly
three orders of magnitude in the range from ¢ = 2 to £ = 1000.



RESULTS AND DISCUSSION

7.1 SUMMARY

The numerical scheme outlined in Chapt. (5) has been applied to the initial profiles which have been
obtained using methods laid out in Chapt. (6). Corresponding results on the spacetime evolution of
the given set of LTB gauge-invariant perturbations are shown in the present chapter. Starting from
pure scalar perturbations in the asymptotic FLRW limit of the past null cone, spherical harmonic coef-
ficients of perturbation variables have been evolved forward in time for a representative set of angular
scales. Results are concisely presented in terms of angular power spectra that have been evaluated at
different redshifts on the observer’s backward lightcone. This allows to study statistical properties
of the dynamical behaviour perturbed LTB spacetimes which is inherently different from perturbed
FLRW spacetimes. In fact, power spectra at low redshifts show partially significant contributions of
initially zero perturbation variables which have been excited during spacetime evolution. This gen-
eric coupling between different perturbation types is quantified in the following. By comparison to
the case of uncoupled spacetime evolution for different void scenarios, the coupling strength for the
generalized gravitational potential and density contrast is estimated. For deep voids with steep dens-
ity slope, we find huge couplings of 28% to even 40% in extreme cases. We close this chapter with a
detailed discussion of the results that have been presented so far.

7.2 ANGULAR POWER SPECTRA

Following the multivariate sampling approach outlined in Sect. (6.3), realisations of radially correlated
spherical harmonic coefficients for the Bardeen potential can be obtained on an initial hypersurface
being sufficiently homogeneous and isotropic. In comparison to the 3d Gaussian sampling described
in Sect. (6.2), the multivariate sampling approach does not suffer from resolution problems and the
corresponding initial profiles resemble the correct angular power spectra at all radii and angular
scales (recover again Fig. (6.6)). For each spherical harmonic mode (¢, m), the radial coefficient profiles
are numerically propagated forward in time. Since we deal with statistical information and want to
explore general properties of the spacetime evolution of perturbations in void models, we compute
estimates of the angular power spectra,

C'(z) = ﬁe ), )| 70

for all perturbation variables and evaluate them on the unperturbed LTB-lightcone described by Egs.
(3.34) and (3.35).

As we only consider a single Gaussian realisation of the spherical harmonic coefficients of the scalar
potential field, we can just compute estimates of the angular power spectra and quantify their statist-
ical error to be (similar to cosmic variance, see [78])

<(Cf - Cteheor)2> = ﬁ(cz)z . (72)
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In this way, we can investigate the dynamical behavior of each perturbation variable at different
redshifts z and angular scales £.

It shall be mentioned that the derivation of Eq. (7.2) assumes Gaussianity of the corresponding 3d
potential field which is generally not preserved over spacetime evolution on LTB backgrounds. How-
ever, since the perturbation equations (4.4) - (4.10) decouple into the spherical harmonic modes (¢, m),
different modes are not correlated at first order. Thus, the spherical harmonic coefficients remain in-
dependent random variables for each radius r and time t such that Gaussianity is preserved in each
spherical shell due to the central limit theorem. We can therefore safely compute the statistical error
of the angular power spectra using Eq. (7.2) on the backward lightcone.
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Figure 7.1: Angular power spectra of the metric perturbations {¢, ¢, x} evaluated on the LTB backward lightcone
for different redshifts: The gray-shaded areas indicate the uncertainty in the estimation of the power
spectra due to statistical fluctuations in the finite sample. We consider a Gaussian-shaped void ac-
cording to Eq. (3.38) with )i, = 0.2 and L = 2 Gpc that is asymptotically embedded into an EdS
model.

Fig. (7.1) shows angular power spectra for each LTB gauge-invariant at exemplary redshifts z €
{0.1, 0.5, 2.0, 5.0}. Starting from the initially sampled Bardeen potential that leads to a nontrivial
contribution to ¢, but to vanishing x and ¢ variables, we clearly see excited modes of the latter at
smaller redshifts. Since initial amplitudes of large k-modes are suppressed due to the form of the
Bardeen potential power spectrum, we observe the same behavior in the angular power spectra on
small angular scales. The solution to the uncoupled evolution equation for ¢, which is constrained
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by Eq. (7.3), is considered as well for completeness. It indicates the difference between the coupled
and uncoupled cases for the spacetime evolution of ¢. This difference is increasing with decreasing
redshift as the void deepens significantly at small z. As a consequence, non-vanishing contributions
of the remaining two gauge-invariants are excited that slow down the decay of ¢ in the interior of the
void compared to the uncoupled solution®. The effects of coupling on the evolution of the generalised
gravitational potential will be analysed in detail in Sect. (7.3). Interestingly, coupling decreases again
significantly at z = 0.1, since the low shear limit is reached. Close to the void center, the background
anisotropy is small and the LTB solution can be approximated as an open FLRW solution. Thus, no
significant coupling can be expected in this region.

108 ; ; ; 10!

1079

1010}

51 102
= =
+ +
= = .
< 1011} 1073
1074 1
ol — extend AgR/R = 5% —— extend AR/R = 5%
10 ——  extend Ag/R = 10% 10-5 ——  extend AgR/R = 10% ||
——  extend Ag/R = 20% ——  extend Agr/R = 20%
10°18 ‘ : : 10-6 ‘ ‘ ‘
2 10 100 1000 2 10 100 1000
l ¢
(@) Cjpatz =05 (b) C§ atz =05

Figure 7.2: Influence on artificial modifications on the initial profile (namely the extension factor Ag) on the
angular power spectra for ¢ and A at redshift z = 0.5: This particular redshift has been chosen because
Fig. (7.1) indicates that the strongest influence of the inhomogeneous background on the spacetime
evolution can be expected in this region of the backward lightcone.

As outlined in Sect. (6.4), the initial profiles were augmented by a Gaussian tail that drops to zero
within a small extension region. This way, the domain of interest and the outer region up to the
artificial boundary condition can effectively be matched. This Gaussian extension is an artificial modi-
fication of the initial profiles and we need to investigate its influence on the final angular power
spectra. For quantifying this influence, several runs for extensions Agr = 5%, 10%, and 20% of the
size of the domain of interest have been performed. Whereas the results in Fig. (7.2) indicate that the
extension scale has no significant influence on the final results of Cs,, the amplitude of C{ shows a
small dependence on Ag. This can be expected as the extension scale introduces an artificial spatial
gradient of ¢ at the boundary of the domain of interest. The master equations (4.4) - (4.7) do not
contain any spatial gradients of ¢, but the fluid constraint equations (4.8) - (4.10) strongly depend on
¢’ and ¢". However, deviations between different results for C§ are well enclosed by the estimated
statistical error. We can therefore safely apply an extension of 10% of the domain of interest.

7.3 COUPLING STRENGTH A FUNCTION OF VOID DEPTH AND SIZE

We finally want to quantify the coupling effects on the evolution of perturbation variables in a statist-
ical way. Starting from an initial scalar perturbation as Gaussian random field with vanishing mean,
we want to compare its evolution on different angular scales for the coupled and uncoupled case. As
the gauge-invariant variables ¢ and A represent the generalized gravitational potential and density
contrast (see [29] and Chapt. (4)), we restrict our analysis to these two variables in particular.

1 Since spatial hypersufaces of the LTB patch are negatively curved, we can expect gravitational potentials to decay.
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Their uncoupled evolution is described by

. . 2K
§=—4H, ¢+ 9, (7:3)
a1
1 1 o [eee+1
wb =g+ (c 4 il )(p + (Hy+2H,) g+ (rzaz ) 42D 9. (7.4)

The fully coupled system of master and constraint equations given by Egs. (4.4) - (4.10) is then evolved
simultaneously in time while using the same initial coefficient profiles. We compute the corresponding
angular power spectra CK and Cg uc for both cases on the past null cone. In order to quantify the

coupling strength, the relatlve deviation €’ of the square roots of the spectra

VG (H(2),7(2)) = /Chuc(t(2),7(2))
C£,uc<t<z>,r<z>>

is computed with combined statistical errors given by

l ACY ACY ACY
l _ € x,uc X xuc Vi
e = J(ZC ) (3) 3 (A et e

Cct x,uc x uc
x,uc

, withx = ¢, A (7.5)

(7.6)

The coupling strength can now be investigated as a function of the void size and void depth. For this
purpose, we consider Gaussian-shaped density profiles described by Eq. (3.38) with variable central
depth ), and extension L. Each void profile is asymptotically embedded into a background EdS
model with Hubble parameter 1 = 0.7. Considering exemplary redshifts of z = 0.5 and z = 5, we
perform two runs with different configurations:

1. Case 1: fixed void size L = 2000 Mpc and modified void depth (), = 0.2, 0.4, 0.6, 0.8, and 1.0
(FLRW limit)

2. Case 2: fixed void depth ()i, = 0.2 and modified void size L = 300, 500, 1000, 1200, 1500, 1800,
2000 Mpc

The coupling strength in case of varying void depth (Case 1) and fixed void size of 2 Gpc is shown
in Fig. (7.3). As expected, coupling increases with void depth as the background shear and curvature
gradients decrease as well and the FLRW limit of vanishing coupling is correctly reproduced. Coup-
ling decreases with increasing redshift as the void itself evolves in time and has significant depth
only in the non-linear FLRW regime (z < 1.0). The huge deviations of the uncoupled and coupled
case are nonetheless surprising as it rises up to nearly ~ 30% for a deep void with a density con-
trast of Qout — Qin = 0.8 with respect to the background EdS model. Deep voids cause large off-
center anisotropies quantified by the difference between the radial and tangential Hubble rate (shear
o ~ Hjy—H)). As laid out in Chapt. (4), this background shear can be identified as one of the
main contributions to the coupling. In case of big voids of Gpc scale, this coupling is also present at
large distances from the center. Coupling increases with angular scale as leading coupling terms scale
quadratically with ¢ which was also found in [41].

Results on Case 2 are shown in Fig. (7.4). We see prominent coupling up to 30% for a large 2 Gpc void
at redshift z = 0.5. In case of smaller voids, the coupling is not significant, since the radial coordinates
on the backward lightcone yield r(z = 0.5) ~ 1500 Mpc (see Tab. (1)) and therefore the density
contrast and the corresponding spacetime anisotropy are already small there. However, this does not
mean that coupling is small in the interior of small voids. In fact, one observes the contrary for small
redshifts as shown below. Nonetheless, as z increases, coupling decreases until it is not significantly
measurable anymore at z = 5 when the lightcone approximates an FLRW shape.
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Figure 7.3: Coupling strength €’ for the two gauge-invariants ¢ and A (as defined in Eq. (7.1)) for different void
depths (), = 0.2, 0.4, 0.6, 0.8, 1.0 at a fixed void size of L = 2 Gpc. The results are evaluated on the
corresponding LTB past lightcones for two exemplary redshifts z = 0.5 and z = 5. The grey-shaded

area marks the statistical error due to fluctuations in the finite sample that was estimated by Eq.

(7.2) and presented here for the EdS limit. At redshift z = 0.5, we observe the coupling strength to
increase with increasing void depth up to nearly 30% for the strongest deviation of (3, = 0.2 from
the EdS solution the void is embedded in. This is also significant regarding the statistical fluctuation
in the finite sample. At higher redshifts, the coupling strength quickly drops as soon as the lightcone
becomes FLRW-like. Coupling increases with void depth as expected, since the space-time induced
anisotropy (quantified by the shear) and radial dependence of the curvature profile which are the main

sources of perturbation coupling are also significantly increasing with void depth and density slope.

We also see an increase with multipole order ¢ which can also be predicted, since one of the coupling
terms in Eq. (4.5) as well as Eq. (4.9) scales quadratically with ¢ and quickly dominates the coupling
strength on small angular scales. The FLRW limit of vanishing coupling is clearly reproduced in both
cases.

Fig. (7.5) shows the coupling strength averaged over all angular scales as function of void depth and
void size according to the two cases considered here. The results are shown for several redshifts on the
LTB past null cone such that different stages of the void evolution can be probed. In case of varying
void depth, we see significant couplings of, on average, 25% for deep voids of (), = 0.2. This value is
decreasing with decreasing void depth as expected. Coupling also decreases with larger redshift for
z > 0.5 which has already been observed in Fig. (7.3). However, at z = 0.1, there is considerably less
coupling of just a few percent. This value is expected to decrease for even smaller redshifts. The LTB
lightcone coordinates presented in Tab. (1) indicate that z = 0.1 is placed well within a void of 2 Gpc
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Figure 7.4: Coupling strength €’ for the two gauge-invariants ¢ and A for different void extensions L

extension where no significant density slope and corresponding shear is present. Thus, in the vicinity
of the void center, the perturbed LTB solution is well described by a perturbed FLRW solution with

1000, 1200, 1500, 1800, and 2000 Mpc at fixed void depth. The results are evaluated on the LTB
past lightcones for the two exemplary redshifts z = 0.5 and z = 5. The grey shaded areas mark again
the statistical uncertainty of the coupling strength in case of EdS. As already observed in Fig. (7.3),
we see couplings up to 30% at redshift z = 0.5 which drops to insignificant values at z = 5 as the
lightcone is not strongly affected by the void in this region.

negative spatial curvature.

The averaged coupling strength as function of void size shows an increasing coupling with decreasing
void size for z = 0.1. In case of small voids of a few hundred Mpc, the observed coupling raises up
to 40% which is rapidly decreasing with redshift since the asymptotic FLRW limit is reached at
comparably small z. However, even in this limit coupling is not completely vanishing as gravitational
wave modes excited within the void propagate outwards and interact with perturbations ¢ in more
distant regions from the center. At larger redshifts, we observe the coupling strength to increase
with increasing void size since small scale voids do not obey a significant depth at radial positions

corresponding to z > 0.5 on the PNC.
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Figure 7.5: Averaged coupling strength (e’) as function of void depth and size for decreasing redshifts: The
coupling strength according to the definition of Eq. (7.5) is averaged over all angular scales and then
plotted for the two different scenarios considered. (a) and (c) show the averaged coupling strengths
as functions of void depth ), at fixed void size. The behaviour with void size at fixed void depth is
shown in (b) and (d). As already observed in Figs. (7.3) and (7.4), coupling increases with void depth
and also with decreasing redshift reaching averaged values of 28% in case of ¢ and 20% in case of A.
For small redshifts (z = 0.1) in large voids, no significant couplings can be observed as perturbations
are located well within the low shear limit close to the void centre. In case of a fixed void depth and
varied void size, we see an increase in the coupling strength with void size for larger voids. This is
caused by the fact these models still have significant depth at z > 1 whereas at larger redshifts we
essentially probe the coupling in the asymptotic FLRW regime. Small and deep voids of sub-Gpc-scale
show partially extreme values of the coupling strength up to 40% at small redshifts as the slope of
the void density profile and hence the off-centre anisotropy are very strong there. However, coupling
decreases significantly in these cases as the asymptotic FLRW regime is reached at smaller redshifts.

7.4 DISCUSSION

Perturbation theory in inhomogeneous backgrounds is inherently more complicated than in standard
FLRW models. Not only the coupling of the gauge-invariant perturbations (necessarily described
by partial instead of ordinary differential equations), but also their physical interpretation are very
challenging. Nonetheless, it is necessary to perform this analysis in order to add further constraints on
LTB models and, eventually, to rule them out on a solid basis. The present work does not yet address
the physical interpretation of these results and therefore does not enable a direct comparison to FLRW
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= r(z)Mpd  H(z)[Mpe/d] z r(zx)Mpd  Hz)Mpe/d] 2 r(z)Mpd  tz)[Mpc/d]
0.1 355.00 2515.76 0.1 306.50 2563.17 0.1 398.62 2474.81
0.5 1563.01 1557.57 0.5 1386.31 1729.35 0.5 1571.80 1554.16
1.0 2501.64 1011.02 1.0 2440.38 1115.76 1.0 2508.78 1009.45
2.0 3613.97 550.23 2.0 3686.05 591.11 2.0 3620.21 549.48
3.0 4276.95 357.97 3.0 4403.68 380.11 3.0 4282.75 356.90
4.0 4729.37 255.71 4.0 4887.78 270.8 4.0 4734.89 255.37
5.0 5063.32 194.52 5.0 5243.44 205.54 5.0 5068.65 194.27
(@) Oin = 0.2, L = 300 Mpc (b) Qin = 0.2, L = 2000 Mpc (c) FLRW limit

Table 1: Tables of LTB lightcone coordinates for three exemplary void models with different depths and sizes.

models. Carrying out an intermediate step, we analysed the coupling strength of the gauge-invariants
in a cosmological environment starting from a dark matter power spectrum in the FLRW limit. As
we are able to distinguish scalar-, vector- and tensor perturbations on initially homogeneous and
isotropic hypersurfaces, we started from a scalar gravitational potential ¥. By comparing perturbed
FLRW metrics and perturbed LTB metrics in the FLRW limit in a general gauge, the FLRW Bardeen
potential ¥ can be related to the LTB gauge-invariants (see [29] and App. (C)). It turns out that
¢ = —2Y is the only remaining expression which yields a simple initial configuration for our setup.
We can then study the coupling effect on the evolution of this generalized gravitational potential and
the corresponding generalized density contrast A. For particularly deep and large voids (as needed to
recover the distance redshift relation of type Ia SNe and measurements of the local Hubble rate ([33, 42,
75])), we find an averaged coupling strength 28% for the generalized gravitational potential and 20%
for the generalised density contrast at redshifts z < 1. These results are in agreement with previous
considerations of February et al. (2014) ([41]) as they find maximum deviations of the amplitudes of
¢ of around 30% well within deep voids at late times.

Analytical treatments in the framework of second order FLRW perturbations (see [72]) predict a
non-negligible coupling as well. In fact, considering second order perturbations of a background
EdS model in RW gauge yields very similar evolution equations for the corresponding second order
quantities. The void itself is modeled by isotropic first-order perturbations and general second order
perturbations are placed "on top" of these. However, a full analysis of this formalism with cosmolo-
gical initial conditions has not yet been performed in RW gauge and therefore only general arguments
about the growing and decaying modes of second order perturbations can be produced (see [72] for
details). Although one can argue that, at second order, the influence of non-scalar perturbations on
the scalar potential or density contrast are present and even growing in time, this does not allow any
direct quantitative comparison with the exact treatment of linear perturbations in voids so far. Non-
etheless, with the current numerical scheme at hand, such comparisons can, in principle, be made
and the accuracy of the second order FLRW approach can directly be studied.

So far, coupling effects of perturbation variables or even linear structure growth in LTB models have
been neglected in previous analyses as corrections due to the background shear were estimated to be
of percent level. In fact, we found percent level corrections for voids that are not significantly deep,
but those voids do not account for a sufficiently high local Hubble rate to describe the observed
local universe without an exotic fluid assumption. In void models with appropriate depth however,
coupling is indeed prominent and affects the evolution of the gauge-invariants in a significant way
which should be taken into account when studying observational effects of linear structure formation
in voids.

Although a careful analysis and comparison to FLRW models is still left to be done, coupling in the
generalized metric potential ¢ would yield corrections in weak gravitational lensing measurements
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and the integrated Sachs Wolfe effect that probe the metric perturbations on different angular scales.
Previous studies of light propagation in perturbed LTB spacetimes were performed by Dunsby et al.
(2010) ([37]) using the approach of [98]. In this framework, a model comparison is possible within
the assumption of a negligible magnetic part of the Weyl tensor. Our results suggest that weak grav-
itational lensing based on the fully coupled perturbation equations should be investigated to assess
possible corrections. One possible framework will be outlined in Chapt. (8). In case of the integrated
Sachs Wolfe effect, there exists, to our knowledge, no direct analysis in perturbed LTB spacetimes.
However, Tomita (2010) (see [91]) worked out a gauge-invariant treatment in generic spherically-
symmetric spacetimes based on the formalism of [50].

Corrections in the generalised density contrast A are expected to be seen in the two-point correlation
function of the galaxy distribution and to affect the BAO scales. This could be relevant for analysing
typical galaxy surveys like BOSS-SDSS-III ([34]) or WhiggleZ ([20]) in the framework of large void
models. BAOs have been used as an additional probe to constrain properties of void models (see
[19, 48, 100, 101]) by taking the geometric distortion of the sound horizon due to the background
shear into account, but not the effects of linear structure formation on inhomogeneous backgrounds.
February et al. (2013) ([43]) modeled this effect using the uncoupled evolution described by Egs. (7.3)
and (7.4) with the assumption that the background shear is small and therefore causes negligible
coupling. By direct comparison to the geometric approximation, the authors found that the influence
of the structure formation model is, in fact, subdominant but nonetheless at percent level (see Figs.
(7) and (8) in [43]) such that future large volume surveys like Euclid ([80]) and SKA ([82]) might be
sensitive to it. Corrections to BAO scales due to a full treatment of perturbations in LTB models are
expected to be of similar size and might therefore also be relevant for constraining void models with
future surveys. Regarding our findings that coupling has a significant effect on the generalized density
contrast A for deep voids, the effect on BAO measurements is worth to be investigated. However, any
statements about observable predictions have to be considered with great caution in this context,
as the notion of a physical density contrast in the framework of perturbed LTB models is poorly
understood and a rigorous analysis is still left to be done.

Since we have taken the complete master- and constraint equations into account, we are not straight-
forwardly able to compute transfer functions for the theoretical angular power spectra (as done in
[43] for the uncoupled case). We therefore have to draw a Gaussian realisation of spherical harmonic
coefficients, evolve them forward in time, and compute estimates of the angular power spectra on the
past null cone. Certainly, this approach has its limitation as the initial sample has a Gaussian statistical
error which prevents us from making reliable statements about coupling strengths at small /-modes
which is similar to the cosmic variance limit in the CMB analysis. However, the statistical error can
be reduced by considering several realisations in a row which is computationally very costly and the
corresponding reduction of errors would only scale with the square root of the number of trials.

The master variables ¢, ¢, and x are constructed to be gauge-invariant quantities and therefore contain
only physical (in principle observable) degrees of freedom. Nonetheless, reducing them to "usable"
observable constraints will be necessary for direct comparison to homogeneous models and for tests
of the Copernican Principle. There are several promising approaches:

¢ Clarkson et al. (2009) ([29]) constructed perturbation variables that reduce to pure Scalar-Vector-
Tensor variables in FLRW limit. Using these quantities, we might be able to directly compare
large void models with best fit ACDM models and study the effects of coupling strengths.

* There exist conserved gauge-invariant quantities in LTB spacetimes that can be compared in
initial FLRW states and in the LTB final state. Leithes & Malik (2015) (see [56]) identified the
spatial metric trace perturbation gy rp to be conserved during spacetime evolution in spherically
symmetric dust spacetimes.

* Weak gravitational lensing and the integrated Sachs Wolfe effect can extensively be studied. By
tracing null geodesics in perturbed LTB spacetimes, we account for combined effects of all gauge-
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invariant quantities summarized in first order Ricci and Weyl focusing terms in the optical tidal
matrix.

A weak gravitational lensing formalism in perturbed LTB spacetimes will be laid out in Chapt. (8) that
allows to predict observable corrections to the angular diameter distance in void models. Numerical
tests have already been performed for the uncoupled evolution of perturbations and the application
to the fully perturbed LTB spacetime is current work in progress.

Following on these possible approaches and in particular weak gravitational lensing, we would be able
to add additional constraints to the void density profile from structure formation which would be an
extension of recent work by Redlich et al. (2014) ([75]). However, it can also help to systematically rule
out void models for the description of the late-time local universe. Combined multi-probe analyses of
large void models with homogeneous Big Bang ([68, 75, 101]) showed strong tension with observations
as even very flexible void profiles are not able to fit local (SNe, local Hp) and global measurements
(CMB) of the Hubble rate simultaneously (see [75] and references therein). In addition, deviations
from isotropy can directly be probed using the kinetic Sunyaev-Zel’dovich (kSZ) effect. The basic idea
is to use the rescattering of CMB photons by hot electrons in galaxy clusters to access information
from the interior of the observer’s backward lightcone. As the corresponding galaxy cluster is placed
at considerable radial distance from the void centre, it is exposed to a large spacetime anisotropy
and therefore should see an anisotropic CMB signal (see [26, 47] for details). A related approach
involves the so-called linear kSZ effect (or often referred to as Ostriker-Vishniac effect) that takes
scattering of CMB photons at all evolving structures (linear density fluctuations) in the LTB patch
into account. This effect allows to estimate corrections to the CMB angular power spectrum (see [97]
for the original- and [99] for a fully relativistic treatment). In fact, the predicted linear kSZ power
and corresponding corrections to the CMB power spectrum are much larger than actually observed.
Although considerable effort has been made to approximate or circumvent linear structure formation
in void models to describe this effect, a rigorous treatment requires proper modeling of the evolution
of linear perturbations on the LTB background. In fact, deriving the angular power spectrum of the
linear kSZ effect is then possible without scale dependent approximations for the growth factor of
perturbations (as done in [99]) since spherical harmonic coefficients can be propagated in time directly.

We would like to stress again that any statement about the influence of evolution effects on inhomo-
geneous backgrounds goes beyond the scope of this work, as no direct expression for the scalar density
contrast is available so far in gauge-invariant LTB perturbation theory. Nonetheless, it is worth being
investigated and should be addressed in the future.

Considering the recent trends in the literature, we cannot expect linear structure formation to alleviate
the problems, but rather to strengthen arguments against these models. One can therefore also think
of a second application in testing the Copernican Principle with LTB models in combination with a
cosmological constant A. As shown in [41], Egs. (4.4) - (4.10) can be augmented by a cosmological
constant and are therefore also valid in so-called ALTB models. Marra & Paidkonen (2010) ([66]),
Valkenburg et al. (2012) ([94]), and Redlich et al. (2014) [75] performed detailed analyses of this kind
of models to constrain local fluctuations in the radial density profile using combinations of several
observational probes. In this context, a full treatment of linear structure growth in ALTB models
would be a valuable extension of current methods to test the Copernican Principle, although we
expect coupling effects to be less important due to smaller deviations of the density profile from the
homogeneous ACDM model.



A WEAK GRAVITATIONAL LENSING FORMALISM IN PERTURBED LTB
MODELS

8.1 SUMMARY

The present chapter outlines a relativistic formalism for light propagation in perturbed LTB mod-
els that is particularly useful to connect abstract LTB gauge-invariants to physically meaningful ob-
servables. We follow the approach laid out in Chapt. (2.5) and specialise it to perturbed spheric-
ally symmetric dust spacetimes. The Sachs equation, that constrains the evolution of thin bundles
of null geodesics, is first derived at the LTB background level. It can be shown that the areal radius
R(t,r) = ra  (t,r) generically solves this equation, although the shape of the lightcone can only be
obtained numerically. In the following, the Sachs equation in perturbed LTB models is presented that
take the full set of gauge-invariant perturbations into account. The final result yields first order correc-
tions to the area angular diameter distance that can directly be used to probe effects of linear structure
formation in void models. First numerical solutions are shown which, for simplicity, are restricted to
negligible couplings between different LTB perturbation variables. We close this section with a brief
outlook on further plans and improvements that are worth being investigated in future studies.

8.2 MOTIVATION

Although LTB gauge-invariant quantities are constructed to incorporate only physical, in principle ob-
servable degrees of freedom, they can, a priori, be very abstract mathematical objects that need to be
interpreted in a physically meaningful way. In case of FLRW models, perturbations decouple into sep-
arate scalars, vectors and tensors on the underlying homogeneous and isotropic 3-space. Furthermore,
these perturbation types do not couple over time because of the high degree of symmetry on each
spatial hypersurface. Their physical interpretation is therefore trivial since, for example, initial scalar
Bardeen potentials do not generate vector and tensor contributions, and can be regarded as physical
gravitational potentials at all times and spatial scales. However, radially inhomogeneous spatial hyper-
surfaces are less symmetric and therefore gauge-invariant perturbations are intrinsically coupled. As
shown by Clarkson et al. (2009) ([29]), assigning any physical interpretation to LTB gauge-invariants
is a highly non-trivial task but necessary for observable predictions of linear structure formation in
these spacetimes. One promising approach to circumvent this issue is weak gravitational lensing as
it is sensitive to all metric and matter perturbations that are effectively mapped to Ricci and Weyl
focussing effects in the Sachs equation. As outlined in Sect. (2.5), the solution to the Sachs equation
can be related to the area angular diameter distance which is directly inferred from observations by
comparing observation angles with physical length scales. For simplicity and consistency with the
previous chapters, we assume the observer to be located at the centre of the LTB patch such that her
worldline defines an isotropic local universe. Derivations in this chapter closely follow the steps in
Sect. (2.5) and are readily applied to perturbed spherically symmetric dust models.

83 LIGHT PROPAGATION IN LTB SPACETIMES

We start from the LTB metric
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aﬁ(t,r) 2, 2.2 2
Wdr +ra (t,r)dQ)", (8.1)
with the corresponding energy momentum tensor Ty, = p(t,7)uyuy. As derived in Sect. (2.5), the
general initial value problem for the Sachs equation is given by’

ds? = —df* +

d?D
dAZHb = ECDCb 4
Dyply—o =0, (8.2)
dDg, B
d)\ 120 - §Ilb .

The optical tidal matrix 7, splits into a Ricci and a Weyl focussing part

1
2
which denote contractions of the Ricci and Weyl tensors with the photon wave vector k# and the
Sachs basis vectors n'; (see again Sect. (2.5) for details). Assuming an observer following the central
worldline of the LTB spacetime, null geodesics are necessarily radial and the wave vector can be
expressed as

Top = — 5 Rupk®kPS,, + Cupron® kPKT1, , (8.3)

dt dr T
= & :
(dA’dA’O’()) ’ (84)
in the observer’s local rest frame. A trivial choice for the Sachs basis vectors is then
n', =(0,0,1,0)7, n", = (0,0,0,1)", (8.5)

which yield the following Ricci and Weyl focussing contributions

SRk = —4nGp(t,r) (1422, (8.6)

Capon kPK 0%, = 0. (8.7)

Due to spacetime isotropy seen by the central observer, no Weyl focussing contribution is present and
the Sachs equation simplifies to

2
T Dub . 4mGo(t(N), r(A)) (14 2(N)) D) 9

In order to obtain the redshift and lightcone coordinates as function of the affine parameter A, the
null condition of k* and the definition of redshift can be properly combined. We obtain

dt)2+ aj (t,r) (dr)2:0 a  qtr)

H— v — [ - P | B A
kuk! = guvk"k <d)\ T ()2 \ax = Ep T ()2 (8.9)
dt
kyut = 4 142z(A), (8.10)

where no intrinsic velocity of the source has been assumed. For a source that is comoving with the
dust fluid, we have u# = 5" 0

Hence, we obtain the following differential relations for the lightcone coordinates with respect to A:

1 In accordance with the convention made in Sect. (2.5), we sum over two equal indices.
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&= =), (8.11)
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Relations containing the redshift involve the differentiation of Eq. (8.10). By direct computation, we
see

O (M) = K uy Vo + KRV
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= T kY uy (8.13)
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The Christoffel symbols result in
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Iﬂooo = 1q001 =0, 1"011 1 J KH,z 4
such that we finally obtain?
dz 2
T = [+ 2P H ), r(V)] (5.14)
Combining this result with Eq. (8.12) yields
dz dz dA ' a) . a 1 (1 —i—z)a”

— = (8.15)

a \/1—1((;’)7'2‘1-5-2 VI—x(r)r?’

—_ = i = 2
ey el St

which is consistent with the results found in Chapt. (3) where a more heuristic derivation was applied.

Summing up, light propagation in LTB spacetimes can be described by the following system of
coupled linear differential equations:

% = —47Gp [tH(A), r(A)] [1 +2(A)]* Dy (A), (8.16)
% =—-[1+z(A)], (8.17)
dr(d) o YIS KDY 1
“ax ) a) [t(A), r(V)] (8.18)

Initial conditions have to be chosen in a physically sensible way. As the observer’s position is assumed
to coincide with A = 0, we have

D ab ‘ A=0 — 0 ’
dDgp _ (8.20)
dA 10 — %%b s
2 Different types of parentheses according to the convention {...[...(...)...]...} are used in the following where is turns out to

appropriate for improved readability.
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Figure 8.1: Numerical results on time (a), radius (b) and redshift (c) with respect to the affine parameter A and
the t-r-shape of the lightcone (d): These results were obtained by evolving Egs. (8.11), (8.17), and (8.19)
starting from A = 0 with corresponding initial conditions.

tla—o = tage, (8.21)
z[y_0 =0, (8.23)

where t,g. denotes the age of the LTB patch. By construction, it corresponds to the age of the asymp-
totic FLRW background given by Eq. (3.37).

In comparison to the FLRW case, the main complication is the fact that radial inhomogeneity does
not allow a direct relation between the LTB lightcone coordinates and the affine parameter. These
relations are only given in a differential way which causes the Jacobi Map to be constrained by a
coupled system of linear ordinary differential equations. In general, a system of this kind has to be
numerically evolved in A. However, it can be shown that the areal radius R(t,7) = ra (¢, r) that is
referred to as angular diameter distance in LTB models formally solves this equation (see App. (A)
for detailed calculations).

Physically, this is a direct consequence of the special position of the observer. Space is isotropic when
projected onto the observer’s worldline which causes emerging or incoming null geodesics to be
necessarily radial and to experience only isotropic Ricci focussing. Starting with an initial solid angle
Q) at the observer, any change in the cross-sectional area of the geodesic bundle at a fiducial source
position has to be mediated by the angular part of the LTB metric. In fact, this is described by the
areal radius R(t,7) = ra | (t,r) which then naturally corresponds to the area angular diameter distance
(see also [37]). As a confirmation of the analytical treatment in App. (A), Fig. (8.2) shows the areal
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Figure 8.2: Numerical solution of the Sachs equation at the background level in comparison to the areal radius
as function of redshift z: The results confirm that the areal radius D4 (z) = r(z)a | (#(z),r(z)) indeed
solves the Sachs equation for a central observer in LTB void models.

radius in comparison to the numerical solution of Egs. (8.16) - (8.19) for a Gaussian shaped void with
a depth of i, = 0.2 and 2 Gpc extension that is asymptotically embedded into an EdS universe. We
observe the well-known behaviour of the cosmological angular diameter distance. At small redshifts,
we see an increase as a freely falling observer measures a local Euclidean distance in her vicinity. At
larger redshifts however, cosmological expansion plays a role and the corresponding increase of the
matter energy density on the backward lightcone enters into the Ricci focussing. The cross-sectional
diameter of the geodesic bundle therefore shrinks with increasing redshift leading to a maximum in
D (z) followed by a long decrease.

Numerical solutions to the shape of the lightcone are shown in Fig. (8.1). Results are plotted for a
homogeneous EdS solution and for the exemplary void model described above. In void models, we
see that, at fixed affine parameters, time coordinates are smaller and radial coordinates are larger
compared to the EdS solution. Although both effects compensate each other, the LTB lightcone is
slightly bending outwards with respect to its FLRW counterpart which can clearly be seen in its t-r-
shape. In fact, this behaviour can be expected in a negatively curved space. Redshift initially increases
very slowly with A in both models, but the relation steepens considerably at large affine parameters.
This can be expected due to the shape of Eq. (8.19) since, at fixed spacing in A, dz depends at least
quadratically on the redshift position. In case of the EdS universe, it can be shown that it even increases
like (1 + z)7/2. Redshift bins at large affine parameters are therefore highly stretched. In addition, the
redshift is a model-dependent quantity as it refers to the backward lightcone of the spacetime. This
should be kept in mind when analysing plots of angular diameter distances with respect to z. Due
to the larger expansion rate in a locally underdense region, void models account for higher redshift
values at fixed affine parameters when compared to the homogeneous EdS solution. The distance
redshift-relations in Fig. (8.2) are therefore slightly shifted with respect to each other where the void
model tends to larger redshifts.

84 COMPLETE LINEARISED JACOBI EQUATION IN PERTURBED LTB SPACETIMES

Generically perturbed LTB spacetimes do not obey any symmetries seen by observers moving on the
LTB central worldline. Strictly speaking, even this special position in spacetime cannot be precisely
singled out anymore. However, deviations from the spherically symmetric LTB solution are assumed
to be small and therefore the following approximations can be made:
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* The observer’s worldline is approximated by a geodesic in the background LTB spacetime.
Hence, the observer’s rest frame and the corresponding central worldline can be expressed
by the background metric only.

* In a similar manner as outlined in Sect. (2.5.2), Born’s approximation can be applied and influ-
ences of perturbations on the propagation of null geodesics are integrated along the unperturbed
lightpath. Since linear perturbation theory is applied and metric potentials are assumed to be
small, this approximation is typically very accurate (see [16, 81]).

¢ Due to spherical symmetry of the background metric, all results can (for simplicity, but without
loss of generality) be considered in the equatorial plane of the observer’s local rest frame.

Referring to these approximations, deviations in the affine parameter A, redshift, and lightcone co-
ordinates from their background values can be neglected which allows us to adopt Egs. (8.17) - (8.19)
right away from the background model and consider only perturbations in the Sachs equation itself.
This can also be done for the wave vector k* and the Sachs basis #n", in the same manner.

In order to set up possible linear corrections to Eq. (8.16) in perturbed LTB spacetimes, we en-
visage the sets of polar gauge-invariant perturbations {17, (") o(tm) (tm)) for the metric and
{A(ém), wlm), UW”)} for the dust fluid that have been derived in Clarkson et al. (2009) ([29]) and laid
out in Chapt. (4). For each spherical harmonic mode (¢, m), these quantities assemble the perturbed
metric and energy momentum tensor

2a I g(fm) Y(ém)

2 _ (tm) _ . (bm) _ _(lm)\y({m) 2 _
ds 1+ (2 X p(m)y(m] at e (8.24)
2
a
I (¢m) (em)\y(tm)] 3,2 | 2.2 (em) - (0m) 2
N {1—1—(7( + oMY }dr —I—raL{l—l—q) Y }dﬂ, (8.25)
p = pLTB (1 + A(em)Y(tim)) ) (8.26)
Uy = [uA + (w(fm)nA + ;kABuB> Y(Zm),v(ém)me)] ) (8.27)

Given the approximations made above, the Sachs equation can be separated into two second-order
linear differential equations constraining the background evolution and the corresponding first order
correction (see Sect. (2.5.2) for details)

a9 (1)
da)ziz = 7:1(:0)(/\)[)52)()‘) ’ (8.28)
&>y (A,6,9) 1) (0) )y (D)
i = TV(4,6,9)D5 () + TV (DG (1,6,9). (8.29)

First order quantities do not obey spherical symmetry and therefore generally depend of the azi-
muthal and polar angles. As we restrict ourselves fiducial light rays propagating in the observer’s
local equatorial plane, 6 corresponds to 7t/2 throughout.

The system can effectively be reduced to Eq. (8.29) as the solution to the Sachs equation at the back-
ground level is analytically known as Dgg) (A) =r(A)a,(t(A),r(A))S,,. Thus, the remaining first order
correction to the Jacobi Map is constrained by

dZDz(ll)(A’ qub) 2 (1)
hd# =—4nGp[t(A),r(A)] [1+z(A)]" D, (A, 6, ¢) (830)

+r(A)ay [HA), r()] TAV(1,6,0)
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The geodesic bundle is assumed to converge at the observer’s spacetime position at A = 0 which
conceptually implies the same boundary conditions for the Jacobi Map that have already been applied
at the background level. In accordance with the approximations made above, the initial conditions
of D, are unchanged at the background level. Correspondingly, the initial rate of the first order
contribution Dg) has to vanish such that the first derivative of the full Jacobi Map remains the identity
matrix at the observer’s position:

(1)

@), =0 (831)
1)
D
ab —
A 0. (8.32)
A=0

(1)

The correction 7, to the optical tidal matrix is now the only quantity left to be determined. Since its
projection on the background central worldline does not yield a locally isotropic space at perturbation
level, generic Ricci as well as Weyl focussing contributions in terms of the LTB gauge-invariants can
be expected. In fact, detailed explicit computations result in the following first order contributions for
each spherical harmonic mode (¢, m):

Rilg) K*kP = 87Gp (1+z)? (2w<fm) o+ AUm) o (fm) _ 5 (Em) _ o (m) _ g(em)) Y(m) | (8.33)

ﬁ 3 a
(8.34)
(e ¢
2r2 (aeaey ) 99 Y m))]
Clphan kPR Tn’y = (14 2)% () — (1) — g(tm) — gltm)) (8"GP M) y(0m)
3 aL
) (8:35)
(e [
s
2
1 1+z
Ciﬁ)ﬂr&?’l“lkﬁkvn% = —( r2ai> (n(zm) — X(Em) — q)([m) _ g(fm)) a(}aq)Y(&ﬂ) (836)
= Cly kPR,

Regarding the structure of these results, the first order correction to the optical tidal matrix can
concisely be written as

00 4
T Y (1427 { 47T3GP (6w(€m) 1+ 3A0m) 4 gyg(tm) _ ((em) _ o (em) _X(ém))

{=0m=—1{
M m m m m m
- 7(,7@ ) llm) _ pllm) _ (¢ >) y(tmg
Gt (8.37)
_% (item) — glem) _ gltm) _ y(em) [2 (3020 — 3,2, (03},
1

+ 393¢Y(€m) (Ul)ab] ,

where the Pauli matrices
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have been applied.

The full system of equations constraining linear corrections to the Jacobi Map D, is then given by

d2D(A,6,¢)
——S T — —4nGp [H), (W] [1+2(V) DY (A, 6,9) 639
+r(Mag [HA), (W] TV (A, 6,9)
A~ pz), .39
dr(A) \/1—1<r r2(M) 0
a0 ar [E(A )m(A)] ' (840)
Yo Py ), 0], .47

with 7;(;) determined by Eq. (8.37).

In comparison to the light propagation in perturbed FLRW models (see Sect. (2.5.2)), there is no
analytical expression for the Green’s function of the differential operator

d2
L= S+ 47Gplt(N), )] 1+ 2] (8.42)
known so far. Therefore, Egs. (8.38) - (8.41) have to the integrated numerically. Any possible solution
yields

Dy(A,6,¢) = r(A)a [t(A), 7(A)] 6 + D)) (1,6,9), (8.43)

which can itself be transformed to the (area) angular diameter distance

Da(A,6,) = \/det (Dyy)(A, 6, 9)
= /et (DD)(A) + det (Dyp) (1,6, ¢) — det (D) (1) (844)
~r(A)ay(t(A),r(A)) (1+6Da(A,0,¢9)) .

The expression

SDA(L0,0) = L AD4(A,6,¢) 1( det(D,p) (A, 6, ¢) _1> 645

272(0)a? [t(A),r(V)] 2\ P2(A)a? [t(A),r(D)]

denotes the correction to the angular diameter distance due to first order contributions of the Ricci
and Weyl focussing in perturbed LTB spacetimes.

Eq. (8.45) can be considered as the main theoretical result of this analysis, i.e., given suitable observa-
tional probes, D 4 can be inferred observationally and compared to this theoretical prediction. In fact,
the solution to Eq. (8.38) can be seen as an observational consequence of the combined effects of linear
gauge-invariant perturbations in void models. Currently, a numerical solution to Egs. (8.38) - (8.42)
is work in progress and has therefore not been performed in full generality yet. However, as seen
in Chapt. (7), the evolution equations of linear perturbations will simplify considerably if coupling
effects are neglected. For this particular case, numerical investigations can be performed in a feas-
ible way with less computational effort. First results of this test study are presented in the following
section.
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85 SOLUTION TO THE UNCOUPLED CASE

In case of negligible coupling, the evolution of linear scalar perturbations on top of the LTB back-
ground are described by the system (see Chapt. (7))

s (fm - (fm 2K m
1
emy — Lm0 B (o Em)y . (6m)
L2 Zz(q) ) + 72 (C ra, (4’ ) + (H” +2HL) @
(8.47)
+ 6(62;21) +2D| ol
T QL

Within this approximation, initial 3-scalar perturbations do not excite any vector and tensor contri-
butions over time evolution and therefore the metric potential ¢ and the density contrast A are the
only non-trivial quantities of this setup3. The structure of Eq. (8.46) allows to introduce a growth
factor Dy (t,r) that is independent of the angular scale and contains all information on the spacetime
evolution of the metric potential. In fact, the spacetime evolution of a fiducial initial profile @in;i(r) is
given by

o (t,1) = Dy(t,r) - 911 (1), (8.48)

where D,, satisfies the differential equation

.. . 2K
Dy = —4H Dy + aTDfP' (8.49)

1

As we deal with a thin bundle of null geodesics, the metric potential and the density contrast are
only needed in a small angular patch centered on the fiducial ray’s angular coordinates, but with
high precision in this region. Hence, spherical harmonic decomposition turns out to be impractical
for this application as a superposition of a considerable amount of /-modes would be required. We
therefore apply an alternative technique that does not require any decomposition into orthonormal
basis functions. Following the approach outlined in Sect. (6.2), we start from an initial 3d realisation of
the Bardeen potential on a spatial hypersurface that intersects the lightcone well within its asymptotic
FLRW limit and can therefore be considered as sufficiently homogeneous. We restrict this hypersur-
face to a cubic a box of sidelength L.;pe = 10 Gpc that contains the intersection with the central
observer’s backward lightcone at z = 100.

Transforming to spherical coordinates with respect to the centre of this cube yields an initial scalar
metric potential ¢ini(t,7,6,¢) which can be propagated in spacetime using the numerical solution to
Eq. (8.49)*. The final result becomes

9(4,7,6,9) = Dol(t,7) - i (7,6,9) = ~2Dy(t,7) - Fina(1,6,9)., (8.50)

which can easily be restricted to small angular patches with proper resolution. Inverting the eigen-
value equation of spherical harmonics presented in Chapt. (4), Eq. (8.47) can be transformed accord-

ingly:

It can be shown that ¢ and A will indeed reduce to the scalar Bardeen potential and the gauge-invariant density contrast in the
FLRW limit (see Sect. 4.1.1 of [29]) if no coupling terms are present. Strictly speaking, this approximation leads to disambiguities
as the remaining perturbation quantities are too few degrees of freedom to obtain a closed set of perturbation equations on
a radially inhomogeneous background. For instance, Eq. (4.8) implies that scalar metric potentials generate non-trivial radial
velocity perturbations w which would again enter into the Sachs equation. For the sake of this example, we demand that
velocities generated this way are negligible.

In fact, there exists a parametric solution to this equation applied in [29] and [43], but it turns out to be cumbersome when the
curvature profile x(r) tends to small values or even changes sign. We therefore favored a numerical solution.

85



86

A WEAK GRAVITATIONAL LENSING FORMALISM IN PERTURBED LTB MODELS

_ _i 1" i AN .
0h =9+ — (C )+ (H” +2HL) ¢
1 (8:51)
+2D¢ — % (8989 + 8¢8¢) Q.
The first order contribution to the optical tidal matrix then reduces to
2
(1) _1 1202 |— M (1+2)" [1 _
77117 =(1+ Z) 4tGp (A 3) + a?i Q| bap + 1’2613_ > (89894) 8¢8¢qo) (03) ap (8.52)

+099p @ (01 )ap] -

Within this procedure, it has to be ensured that ¢ and A remain regular functions at the radial origin.
While ¢ is well-defined at r = 0, A diverges quadratically (see Eq. (8.51)) which has to be caught up
in order to avoid strong artifacts in the final solution. We neglect the influence of the monopole and
dipole contributions of both variables on the geodesic bundle which should be well-fulfilled regarding
its angular scale. Correspondingly, the regularity conditions derived in [54] and shown in Chapt. (5.4)
enforce ¢ and A to grow at least with 72 in the vicinity of the observer’s central worldline. Practically,
these conditions can be imposed by setting both variables artificially to zero in the first two radial
bins which ensures their values and spatial gradients to vanish in this region.

In summary, all necessary information has been collected for the numerical treatment of Egs. (8.38) -
(8.41) for this particular scenario. Numerical investigations of the Sachs equation for negligible coup-
ling have been performed by Simon Hirscher in the context of his Bachelor thesis.

The first order corrections 6D 4 to the angular diameter distance are shown in Fig. (8.5) for a Gaussian-
shaped LTB patch of 2 Gpc extension and varying central density. The void profile is again asymptot-
ically matched to a background EdS solution. We have singled out an exemplary fiducial ray reaching
the central observer’s position at angular coordinates (6,¢) = (71/2,0). Results are shown as func-
tions of the affine parameter and redshift. According to Fig. (8.1), the near and far regimes of the
backward lightcone are then visualized in an appropriate way. Depending on the void model, correc-
tions to the angular diameter distance are of sub-percent level which is observed to decrease with
increasing void depth. This is physically meaningful since higher expansion rates in local underdense
regions are expected to suppress linear structure growth. Numerical results for the metric potential
and density contrast are shown in Fig. (8.3) for the given angular coordinates of the fiducial ray. We
see typical potential fluctuation amplitudes of 10~> whereas corresponding density fluctuations are
considerably larger and are therefore expected to dominate the solution to the Sachs equation at small
redshifts. In addition, gravitational potentials do not change significantly in the background EdS solu-
tion whereas density fluctuations encoded in A grow linearly with the scale factor. Similar behaviour
can be expected in void models, although any firm analytical prediction seems impossible regarding
the complicated shape of Eq. (8.51). Hence, the most significant influence of inhomogeneities can be
expected at small redshifts where effects are almost completely determined by the density contrast.
As A sources Ricci focussing of the geodesic bundle at first order, small expansions or contractions of
its cross-section are present which cause the tiny wiggles of 6D 4(z) in this region. Note that, accord-
ing to Fig. (8.1), small redshift intervals correspond to large intervals of the affine parameter in the
low z regime such that these wiggles are fully resolved when considering 6D 4(A) (see Fig. (8.5)).

At larger redshifts, the density contrast decreases rapidly and the first order contribution to the optical

tidal matrix becomes less significant. The term ~ EEO)DE;) in the first order Sachs equation gains
importance such that Eq. (8.38) is determined by a contribution being very similar to the right-hand-
side of the background Sachs equation. Apart from possible sign changes caused by inhomogeneities
at small redshifts and affine parameters, the components of the first order Jacobi Map adopt the
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behaviour of the background solution at large redshifts. Corresponding numerical results on each
component are shown in Fig. (8.4) for the EdS solution and the deepest void model. In fact, we overall
observe a rapid decrease followed by a minimum and a slow increase at large redshifts. Obviously,
a similar shape can be seen for 6D 4(z). This behaviour is independent of the central depth of each
void model since lightcones are very close to the background FLRW shape in the high redshift regime
(z > 10).

x10~°

J[— om=02 | — Qn=02
— On=10 —0.20 — On=10
5 200 400 600 800 1000 1200 1400 1600 1800 ~02%—300 400 600800 1000 1200 1400 1600 1800
affine parameter A affine parameter A
(a) Metric potential ¢(A) (b) Density contrast A(A)
-5
3x10 0.20
) — O =02]| oisl| — Qm=02
— Q=10 — O =10
1 ] 0.10
o | 0.05
- 1 = 0.00
= < 005
-2
—0.10
=3 ~015
—4r 1 —0.20
—5% 20 10 %0 80 100 120 —0-2% 30 10 %0 80 100 120
redshift z redshift z
(c) Metric potential ¢(z) (d) Density contrast A(z)

Figure 8.3: Linear perturbations A and ¢ on the backward lightcone that were interpolated at angular coordinates
(6,¢) = (7/2,0): Both results are shown as function of the affine parameter A which enter into the
Ricci and Weyl focussing contributions to the Sachs equation. In addition, a representation as function
of redshift illustrates the strong decrease of A with increasing z. Whereas the density contrast A(A) is
of order 1071, ¢(A) is considerably smaller by almost four orders of magnitude. The functional shape
of the solution to the Sachs equation is therefore dominated by contributions of the density contrast.

8.6 OUTLOOK

Light propagation in LTB models is a promising approach to study observational effects of gauge-
invariant perturbative quantities on radially inhomogeneous backgrounds. In fact, combined influ-
ences of metric and matter perturbations on null geodesics can be mapped to corrections to the area
angular diameter distance that itself can directly be inferred from observations using, for example,
cosmological standard rulers. As discussed in Chapts. (4) and (7), the notion of a generic scalar metric
potential or a density contrast is inherently difficult on LTB backgrounds and corresponding gauge-
invariant expressions have not been derived yet. Therefore, weak gravitational lensing seems the most
useful alternative to obtain observable predictions from perturbed LTB models.
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Figure 8.4: First order corrections to the Jacobi Map as function of redshift at angular coordinates (6,¢) =
(7t/2,0): Results are shown for a deep void with (%, = 0.2 and L = 2 Gpc extension and for the
homogeneous EdS model. Off-diagonal components are smaller by a factor of ten in amplitude as
they are not sourced by the first-order Ricci focussing that is dominated by contributions of the dens-

ity contrast.

In case of negligible coupling of perturbation types, the relevant equations and the corresponding
numerical treatment simplify considerably since the spherical harmonic decomposition can be cir-
cumvented and the spacetime evolution of the scalar metric potential is solely described by a growth
factor that is independent of the angular scale. Regarding these main simplifications, first numerical
attempts to solve the Sachs equation were performed. However, the results presented in Chapt. (7)
suggest that coupling of polar perturbations cannot be neglected for realistic void scenarios and there-
fore the complete set of polar perturbations have to be taken into account. This is current work in
progress and we hope to obtain reliable results in the near future. The main complication lies in a
sufficiently accurate modeling of perturbations along the line of sight which requires the numerical
solution of the complete set of polar evolution equations for a considerable amount of /-modes. This
is computationally very costly as no universal transfer function to this equation system can be derived
that could generically be applied to initial conditions at early times.

In addition, only polar degrees of freedom have been included into the analysis so far. This can be
motivated by the fact that the polar and axial branches are dynamically decoupled and initial scalar
perturbations do therefore not influence any vector or tensor perturbations in the axial branch. For
the sake of initially vanishing vector and tensor fluctuations in FLRW limit, the restriction to the polar
branch can be considered as sufficient for a complete description of light propagation in perturbed
LTB models. However, once more general initial conditions are going to be applied, axial degrees
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Figure 8.5: Numerical results on the first order corrections to the area angular diameter distance in case of negli-
gible perturbation coupling: Corrections are shown for Gaussian-shaped voids with 2 Gpc extension
and varying depths. All void models are asymptotically embedded into an EdS universe. Figure (b) is
restricted to redshifts z < 20 for better visualisation.

of freedom are relevant and have to be considered as a non-trivial contribution to the optical tidal
matrix.

As already mentioned, the main observational probe for the estimation of angular diameter distances
are Baryon Acoustic Oscillations (BAOs) or any comparable cosmological standard ruler. Since rigor-
ous treatments of BAOs are still left to be done in void models, the length of the standard ruler has
to be estimated in the asymptotic FLRW limit of the LTB lightcone. Once this physical length scale
and the corresponding cross section can be determined, the observed solid angle yields an estimate
of the area angular diameter distance. Regarding the smallness of the model-predicted amplitude of
corrections, deviations of the backward lightcone from isotropy can well be neglected when constrain-
ing LTB models observationally. Although this result is still left to be confirmed by considering the
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combined effects of all LTB gauge-invariants, we see that the difference in linear structure formation
between void models and FLRW models does not affect shape of the backward lightcone in a signi-
ficant way. Consequently there is no need to correct for these effects when analysing observational
probes in the framework of large void models. Of course, there are strong arguments to neglect these
effects right away as structure formation is expected to be suppressed in local underdense regions
which even diminishes any effects of inhomogeneities on light propagation in comparison to the well-
known FLRW case. However, regarding the complexity and subtleties of linear perturbation theory in
void models, it is necessary to confirm those previous assumptions in a rigorous setup.

In order to augment constraints on LTB models from linear structure formation, it is inevitable to
study the statistical information of these corrections which is contained in their angular correlations.

In fact, Eq. (8.44) shows that Dii) parametrically depends on the azimuthal and polar angles (6, ¢) on
the celestial sphere. This suggests an expansion of the full angular diameter distance into spherical

harmonics

o) VA
Da(M0,0) =Y. Y DY™Ay (,9), (8.53)
(=0m=—/

which allows to compute generic estimates of the angular power spectra <D1(fm) (/\)Dl(flm/> (1)) which

can then directly be compared to observationally estimated spectra on different angular scales.

In a similar way, we can predict correlation functions of the convergence and shear coefficients (x, )
that have been introduced in Chapt. (2.5). The statistical properties of solutions to the Sachs equation
can directly be compared to observed shear correlations. Relations of the Sachs optical scalars f and &
to the weak lensing amplification matrix A, (see [30]) can be applied to obtain direct estimates of the
lensing angular power spectra in void models. Since we are confined to linear structure growth, those
comparisons certainly need to be restricted to sufficiently large angular scales of at least ~ 10’. Existing
datasets, notably from the Canada-France-Hawaii-Telescope-Legacy Survey (CFHTLS) (see [55]), can
be involved for this purpose. As no analytical Green’s function of the background Sachs equation
has been found so far, those results have to be obtained numerically. This admittedly challenging
procedure will be approached in the near future.



CONCLUSION AND OUTLOOK

The work condensed in this thesis aimed at investigating two main aspects of linear structure form-
ation on radially inhomogeneous LTB spacetimes. First of all, we intended to study the evolution of
polar, gauge-invariant perturbations starting from initial scalar fluctuations on a spatial hypersurface
intersecting the past null cone well within the asymptotic FLRW limit. Secondly, we investigated how
those perturbations quantitatively influence light propagation and thus the appearance and interpret-
ation of observables.

In this context, we developed a new numerical scheme to solve the underlying system of partial differ-
ential equations that constrains the spacetime evolution for a possible set of gauge-invariant quantities
on LTB backgrounds. The solution proved to be stable, physically meaningful and consistent with pre-
viously obtained results by February et al. (2014) ([41]). Initial scalar perturbations were sampled well
within the matter-dominated FLRW era based on the power spectrum of the metric Bardeen poten-
tial. According to the standard inflationary paradigm, a finite realisation of a Gaussian random field
for the metric potential ¥ was generated, related to the LTB gauge-invariants and those numerically
evolved into the LTB regime. This approach extends previous studies performed in [41] in the sense
that basic properties of the spacetime evolution, like dynamical coupling, can now be characterised
for the full spectrum of initially Gaussian perturbations. The averaged coupling strength (as defined
in Eq. (7.5)) were estimated to amount to 28% for large and deep voids needed to recover the observed
distance redshift relation of SNe (see [41, 75]). This significant influence of couplings on the spacetime
evolution represents a very important feature to constrain LTB models using structure formation and,
eventually, ruling them out on a solid basis.

However, strong conceptual difficulties in constructing LTB and FLRW gauge-invariant quantities
prevent a straightforward comparison of both models. As outlined in detail in Sect. (2.3.2) and App.
(B), generic scalar, vector and tensor quantities are characterised according to their transformation
properties on spatial hypersurfaces. In the case of Friedmann models, these spatial sections are ho-
mogeneous and isotropic 3-dimensional spaces whereas LTB models only admit 2-dimensional group
orbits (two-spheres). Gauge transformations and corresponding gauge-invariant perturbations in LTB
spacetimes are therefore inherently different from the FLRW case where gauge-invariants remain ob-
servable quantities. Instead, LTB perturbations are abstract mathematical objects that, although con-
taining only physical degrees of freedom, are reduced to complicated mixings of scalar-vector-tensor
variables in the FLRW limit (see App. (C)). The physical interpretation of those perturbations on fully
inhomogeneous backgrounds is not clear at all.

In order to circumvent this problem, we successfully adapted a relativistic framework of light propaga-
tion to perturbed LTB models. Combined gauge-invariant metric and matter perturbations can effect-
ively be mapped to the Ricci and Weyl focussing contributions in the optical Sachs equation. As laid
out in Chapt. (8), the Sachs equation constrains the evolution of the cross section of a thin geodesic
bundle that is parallel-transported along a fiducial light ray. By relating cross-sectional diameters at
given affine parameter A to solid angles at the observer’s position, angular diameter distances can be
deduced that incorporate small corrections due to metric and matter perturbations. Within the Born
approximation, the full linear corrections to the Sachs equation were derived and numerically invest-
igated in the case of negligible dynamical coupling. For instance, regarding an exemplary angular
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direction, we found sub-percent level corrections to the angular diameter distance that are even de-
creasing with void depth. Hence, we found that linear perturbations along the line-of-sight produce
negligible scatter in the distance-redshift relation of LTB models. This strengthens the arguments of
previous analyses of void models that rely on observational data gathered from the backward light-
cone. Although the full analysis with coupled LTB perturbations in a realistic void model still needs
to be done, we are confident that influences of linear structures on the backward lightcone are by far
not able to alleviate the tension between observational data and model predictions.

We want to stress that the main goal of this thesis work was to figure out whether it is possible to
set up and maintain a numerical framework for linear perturbation theory in void models in the first
place. Correspondingly, the results gathered so far are restricted to simple test cases and no direct
comparison to observational data has been performed yet. More precisely, only scalar initial perturb-
ations that evolve on a simple Gaussian-shaped void of variable depth and extension were taken
into account. In addition, all LTB models considered in this thesis were asymptotically embedded
into an EdS model serving as approximation of the matter-dominated era. Definitely, the results on
the spacetime evolution need to be confirmed in an extended numerical setup that is fully adapted
to cosmological observations. For instance, considering observationally constrained void models ob-
tained from supernova data (see, for example [75]), Gaussian-shaped voids are certainly able to mimic
sufficiently deep and large underdensities, but do not represent the profile sufficiently well at inter-
mediate radii. Extending the analysis to these void profiles will therefore be most important and will
be addressed in the near future.

As is well known, tensor perturbations in the matter-dominated era are small yet measurable and a
firm prediction of many inflationary models (see [15] for a review). In fact, the latest measurements
of upper bounds to the tensor-to-scalar ratio can help to predict initial tensor angular power spectra
and corresponding initial tensor perturbations in the FLRW regime. This enables us to study their
influence on the late-time evolution of perturbations on the LTB background. However, in order to
arrive at a complete and consistent description of linear perturbations at all times and over all spatial
scales, the numerical framework has to be extended to include axial perturbations, as initial tensor
modes generate non-trivial contributions in this branch as well (see App. (B) for details).

The framework of light propagation in LTB models can certainly be improved by considering statistical
properties of the solution to the Sachs equation. As a direct extension, angular correlations between
two light rays and their analysis in spherical harmonic space might be adequate for comparison to
observations providing additional constraints on LTB models. Of course, the solution to the full first-
order Sachs equation has to be included in order to confirm previously obtained results on a solid
foundation. Nonetheless, we do not expect severe changes of corrections as we only have access to the
combined effect of LTB gauge-invariants. At a fixed angular scale, power is then simply exchanged
between different gauge-invariants, which is not expected to alter the collective power significantly.
However, it will be particularly interesting to study to what degree gravitational lensing effects in
LTB models can convert E-mode to B-mode polarisation patterns. Since tensorial perturbation modes
are naturally excited in LTB models and may even be fed by the decay of scalar perturbation modes,
changes compared to the standard model could be substantial and should be carefully quantified.

Regarding the obvious complexity of the numerical modeling that has to be performed for a seemingly
simple exclusion of void models, one can seriously ask whether it is really worth the effort. Careful
comparison with observation data has shown that void models are in considerable tension with mul-
tiple observations. Hence, the understanding of linear structure growth in these models cannot be
expected to alleviate this tension, but rather to strengthen it in a considerable way. In this manner,
we think that observable predictions from linear perturbation theory are a very valuable extension to
previous attempts of modeling and constraining the averaged structure of the local universe around
our galaxy. If void models shall be ruled out in a scientifically substantial way, we are convinced that
this information must be included, and we are going to address this issue in the near future.



CONCLUSION AND OUTLOOK

We finally want to stress that, precisely, what has been ruled out by previous analyses is the assump-
tion that the accelerated expansion might simply be an erroneous interpretation of observational data
as the backward lightcone might be affected by a large underdense region around our spacetime
position. Therefore, it seems that there is now even stronger evidence for a cosmological constant.
But we know that, even within ACDM, there are voids, and we are able to calculate the evolution of
linear perturbations in these voids as well. In this context, it is worth mentioning again that previous
considerations can be extended to ALTB models which include a non-vanishing cosmological con-
stant as an additional free parameter. These models are well motivated in the context of the Lovelock
theorem (see [64]) and have been established to test the Copernican Principle due to deviations from
the homogeneous ACDM model (see Sect. (7.4) for a brief discussion and [75] for a detailed analysis).
As shown by [41], the polar master equations can easily be adapted to the ALTB regime. Detailed
investigations have already been performed on the global properties of these models, and efficient
numerical implementations are available. Porting our numerical scheme to ALTB models therefore
seems to be a straightforward procedure. Coupling effects are, of course, expected to be substantially
smaller but, nonetheless, linear perturbation theory may help to confirm the Copernican Principle
and the remarkable success of the ACDM model using multiple observational probes.
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SOLUTION TO THE SACHS EQUATION IN LTB SPACETIMES

This section contains a short proof that the areal radius indeed solves the Sachs equation at the
background level. Interestingly, this result can be obtained without exact knowledge of the shape of
the backward lightcone since only differential relations between lightcone coordinates, redshift and
affine parameter are going to enter.

We start again from the background LTB metric in the notation of Clarkson et. al. (2009) ([29]),

aﬁ(t, r) 24,272 2
Wdr + a7 (t,r)dQ)7, (A1)
and the energy-momentum tensor T, = p(t,7)u,u,. Following [29], we define an auxiliary function
W(t,r) and a so-called radial frame derivative given by

ds? = —dt* +

W(tr) = W (A.2)
;N 1—x(r)r?
() o (... (A.3)

Within this notation, the constraining equation for the mass profile (see Eq. (3.25))

or [M(r)r?]

W = 8nGp(t,r), (A.g)

that has directly been inferred from Einstein’s field equations, can be transformed into an equivalent
expression

W = —W2—47TGP+HLHH —l—% (A.5)
247
involving the tangential and radial Hubble rates H, and H|.

We now consider the Sachs equation for central observers in LTB spacetimes

dzDub (A)
dA2
Inserting D, = R(t,7)d,, = ra (t,1)d,, into Eq. (A.6), we find, after some computation,

— —4nGp t(N), W] [1 + (W) Dap(A) (A.6)

d2

T UWaL 1), r(V]} = L+ 2 Hy (V1 =2 —ray )

V1 —Krza (\/1 —K1’2> N 1 —Krzl

a ra r2a%
— (1+2*V1—xr2H|+ (1+2)%ri,
< 4nGp(1+z2)%ra .,

+ (1+2)%ra, l (A)
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where the differential relations for redshift and lightcone coordinates with respect to A have been
applied (see Egs. (8.17) - (8.19)).

Using Egs. (A.2) and (A.3) as well as the definitions of the radial and tangential Hubble rates, the
Jacobi equation can be transformed into

W'+ W2 — H H, + % — —4nGp, (A.8)
L
which is very close to Eq. (A.5). In fact, considering the evolution of the tangential Hubble rate, namely

_ M(r) x(r)
HL(tr) = a (t,7) B a% (tr)’ (A-9)

and differentiating it with respect to time yields

o (H2) =2H, H, =2 (“ - ai)

a| E
LH M(T’) 2K(r)
N 3 ll3 (12 ’
1 1 (A.10)
a L 2013l ai
a| M
1

The second time derivative in Eq. (A.8) can now be replaced and we finally obtain Eq. (A.5). Thus,
we have managed to transform the Sachs equation to a well-known relation Einstein’s field equations,
once the areal radius is inserted. In order to uniquely identify D,;(A) with r(A)ay [t(A),7(A)] d,p, the
initial conditions need to coincide as well. Since (A = 0) = 0 and 4 (¢, 7) only weakly depends on r
close to the void centre’, we have

ray (t,7)][,—o =0, (A.11)
d dr dt
araj_(t,r) L =0, [ra  (t,71)] i L + 0t [ray (8,7)] a e
= /1= K(0)12(0) [1 4 2(0)] — r(0)a (tage, ) [1 +2(0)] (A2
=1.

Hence, D,,(A) = r(A)ay [t(A),r(A)] d,p uniquely solves the Sachs equation for central, freely-falling
observers in generic LTB spacetimes.

1 As alternative, physical explanation it can be mentioned that a central, freely-falling observer locally experiences a Minkowski
spacetime which automatically implies ra, (¢,r)|,_, =r(A =0) =0.



A POSSIBLE SET OF GAUGE-INVARIANT PERTURBATIONS IN LTB
SPACETIMES

The construction of gauge-invariant perturbations on generic spherically symmetric backgrounds was
first performed by Gerlach & Sengupta in 1979 (see [51]). Their approach shall briefly be discussed
here and then be specified to spacetimes sourced by pure dust matter. Derivations laid out in this
appendix closely follow the steps outlined in Clarkson et al. (2009) (see Appendix of [29]).

As already pointed out in Chapt. (3), any 4-dimensional manifold M obeying spherical symmetry
can naturally be splitted into M* = M2 x S2. The corresponding line element is then given by

ds? = gap(t,r) dxAdx® + R%(t, 7)., dx"dxt . (B.1)

In accordance with Chapt. (4), we again use Greek indices to denote coordinates on M* whereas
capital and lower case Roman indices refer to coordinates on M? and S?, respectively. 7, is given by
the metric on S2.

Linear perturbations away from Eq. (B.1) can be characterised regarding their transformation prop-
erties on underlying 2-spheres. Considering their behaviour with respect to parity transformations
(6,¢) — (m — 6, 7T+ $) on S?, quantities additionally split into a separate polar (even) or an axial
(odd) branch that are independent of each other. The metric and energy-momentum tensor of the full
spacetime can therefore be written as

_ 1 ial
S = Zuv + 885 + 0% (B.2)
T;ﬂ/ == TI,[]/ + éTE]c/)lar + 5T;§1a1 . (B.B)

As introduced in Chapt. (1), spherical harmonics Y and corresponding covariant derivatives

thereof assemble an orthonormal basis system on the unit sphere. Conveniently, spherical harmon-
ics transform as scalars on S? whereas the first and second covariant derivative obey vector and
tensor properties, respectively. Hence, projecting generic linear perturbations onto these sets of basis
functions allows to decompose them into S?-scalars, -vectors and -tensors in a natural way. Splitting
vectors and tensors into their divergence-free and curl-free parts yields polar and axial contributions.
For the axial branch, we obtain (see [51])

) 0 haxial Y(Km)
Sodxial _ e A Ca , (B.4g)
Euv ( hi‘xml Yiﬁm) I Y%m) 4

ial £ (¢
wv At;Xial ?‘(lém) At Y%m) ’ -5

whereas polar perturbations can be decomposed into

1
JgRolar — hap Y™ DR (B.6)
Hv hiolar Y(fm) R2 {K y (m) Yap + G Vuvby(fm)] ’

a
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SPolar _ < Aty YU ARty (m) ) B:)
pvo 1 l 14 : :
Atio ar Y[S m) A$3) y(£m) Voo + A+2) Yu(hm)

Results are presented for each spherical harmonic mode (¢, m).

In fact, Egs. (B.4) - (B.7) define 12 gauge-dependent perturbations of the metric and energy-momentum
tensor that contain 20 degrees of freedom in total. Each perturbation variable is given by a spherical
harmonic coefficient being a function of the two remaining coordinates x* = (t,7). Following the
exact same procedure as outlined in Chapt. (2), general gauge transformations of each quantity can
be derived which allow to deduce expressions that are invariant under those transformations. Hence,

a possible set of gauge-invariants is given by the following relations (see [51]):

* axial gauge-invariants:

ka = h3 — Vb 4+ 2hv,, (B.8)
) haxiali
Ly = At3ial ATTdd, (B.9)
L=atM - gTd , (B.10)
* polar gauge-invariants:
kap =hap—Vepa—Vaps, (B.11)
@ :K—ZvApA, (B.12)
tap = Atap — pSVcTap — TacVep© — TecVapS, (B.13)
= AFO T, € R2 (k@) V,G, (Bq)
C 1 _
2 = A2 — %vc <2R2Tdd> , (B.15)
13 = Ar() — <;R2Tdd) G, (B.16)

where the definitions v4 = (V4R)/Rand p, = hi(ﬂar — R?V ,G/2 have been applied. V 4 denotes a
covariant derivative on the (¢, r)-submanifold.

In the following, two main simplifications will be performed. First of all, we assume the background
spacetime to be entirely sourced by pressureless dust which implies Tdd = 0. Secondly, we evaluate
Egs. (B.4) - (B.7) in Regge-Wheeler (RW) gauge (see [76]), i.e. the gauge-generating 4-vector field (¥
is chosen such that h = hi(ﬂar = G = 0. Considering Egs. (B.8) - (B.16), we see that perturbations in
RW gauge are identical to the gauge-invariants on spherically-symmetric backgrounds. In fact, this
particular gauge is equivalent to the conformal Newtonian gauge which is conveniently applied to
describe perturbed FLRW models. Perturbations of spherically symmetric dust solutions can therefore
be identified as

0 kuy\™
5 va — - Ala , B.1
8 ( K, YU 0 ) (B.17)
y(4m)
STRW — 0 LaY (B.18)
nv L Y(fm) LY(Zm)
Ala ab

for the axial branch and
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kanYWm) 0
Sgpy = ( A 2o e ) , (B.19)
0 ray QDY ~ Yab
t4p Ym) £, ylom
STRW — AB Alg B,
w < ” Y§ém) rzazL £(3)y (em) 7ath(z) Ya(gm) (B.20)

for the polar branch. These quantities assemble a general metric ansatz that can be inserted into
Einstein’s field equations to obtain linear partial differential equations constraining their spacetime
evolution. However, the general form of these equations turns out to be very abstract and therefore
impractical for numerical treatment. For this reason, Gundlach & Martin-Garcia (2000) (see [54]) addi-
tionally projected all perturbation variables on a covariant perfect fluid frame spanned by orthonormal
basis vectors (14,1,4) in the (t,r)-submanifold. In fact, on a spherically symmetric background, the
comoving four velocity u;, can be written as

uy = (ug, 0), (B.21)

which defines the natural unit vectors u4 and n4 = —epuP® that are perpendicular to each other. €43
denotes the usual Levi-Civita tensor on M?. Physically, perturbations are then specified to observ-
ers comoving with the background fluid. In case of pressureless dust, this decomposition allows to
separate density- from four-velocity perturbations which yields the general ansatz

p=p (1 + AY(M)) , (B.22)
A Eom = KZTJ na+ %hAB u3> ybm), UYQ(M)] , (B.23)
Au;xial — (0/ 6?5/”‘)) . (B.24)

The density perturbation A is scalar function and also transforms as scalar on S2. Hence, it naturally
belongs to the polar branch. Four-velocity perturbations split into one n4-component @ and two
tangential components ¥ and 0. It can be shown that the general ansatz proposed in Egs. (B.23)
and (B.24) contains all three possible spatial velocity perturbations and additionally preserves the
normalisation g, u*u" = —1 to first order. Evaluating general gauge transformations of these objects,
one finds the following set of new quantities which are manifestly gauge-invariant

A
A=A— inAp’ (B.25)
P
- 1
w:w—nApBVBuA—i—EnAuB (Vepa —Vaps), (B.26)
v="0—p ug, (B.27)

with the same definitions applied above. v turns out to be automatically gauge-invariant. Interestingly,
the RW gauge reduces again all perturbation variables to the gauge-invariant ones which directly
relates the density and velocity perturbations to the components of the energy momentum tensor
defined in Egs. (B.17) - (B.20), i.e.

Loa=70puy, (B.28)
ta=vpuy, (B.29)

1
tagp = 0 Ausug +w (MATIB + TIAMB) + E (kACuCuB — kBCuCuA)] . (B.30)
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In absence of background pressure, no pressure perturbation in the form of anisotropic stress ¥, is
generated' which additionally leads to t2 =G =1L =0.

For convenience, the metric tensor k45 in RW gauge can further be decomposed into components
with respect to the fluid frame

kagp =4 (—upup+nang) + ¢ (nanpg +uaup) +¢(uang +upnga) , (B.31)

which is equivalent to an expansion into Pauli matrices with scalar coefficient functions #(t, 1), ¢(t,r),
and ¢(t, 7). Introducing the new variable x = ¢ — ¢ — 7 finally yields

kap =n (—ugup+mnang) + (X + @ + 1) (nanp +uaup) +¢ (uanp +upny) . (B.32)

For a dust-comoving observer, we obtain

ug = (-1,0), (B.33)

nas=—e B __ 0 a” B
A= —€apu° = |0, ——m———= | , (B.34)

where Eq. (3.22) has been applied.

Inserting k4p into the general polar metric perturbation in Eq. (B.19) finally yields the metric ansatz
specified in Eq. (4.1) for the polar branch. The full axial metric ansatz is already determined by Eq.

(B.17).

1 Within this framework, any anisotropic stress would correspond to terms being quadratically in the velocity perturbation that
are neglected in the first-order approach.



FLRW LIMIT OF GAUGE-INVARIANT PERTURBATIONS IN LTB MODELS

This short appendix outlines the basic procedure to obtain the homogeneous limit of the polar and
axial LTB gauge-invariant perturbations. We will just report on the main aspects here and refer to
Clarkson et al. (2009) (see [29]) for detailed calculations.

For expressing the homogeneous limit of LTB gauge-invariants in terms of FLRW gauge-invariants,
the two different metrics somehow need to be matched. A main complication arises as the Regge-
Wheeler gauge is not well adapted to the conformal Newtonian gauge and therefore components
of the metric tensors cannot straightforwardly be identified. It is rather necessary to identify metric
components in a general gauge and compute the gauge-invariant perturbations afterwards. Starting
from the general perturbed metric presented in Eq. (2.26), the corresponding gauge-dependent 3-
scalar, 3-vector and 3-tensor contributions need to be decomposed into spherical harmonics and can
then componentwisely be identified with the expressions in Egs. (B.4) - (B.7). For instance, we obtain

¥ — y y(lm) , (C.1)
(51) = (s Y, sy +5Y7{™) (C.2)
)= Jm X" I T C3)

v e YE™ 4 Ry Yy o g (TR y )y tm) )

where summation over (¢,m) is implied. By construction, (S;) represents a divergence-free vector and
(hij) a divergence- and trace-free tensor which both contain two remaining the degrees of freedom.
Hence, the spherical harmonic coefficient functions in Egs. (C.2) and (C.3) reduce to two independent
degrees of freedom either (see [29] and Sect. (2.3.2) for details).

Identifying the expressions in Eqs. (B.4) - (B.7) with the spherical harmonic decomposition of Eq.
(2.26) yields general, gauge-dependent polar and axial perturbations of spherically symmetric dust
spacetimes in the homogeneous limit. Given these identifications, the gauge-invariant perturbations
can directly be computed using the corresponding expressions outlined in App. (B). In accordance
with this procedure, Clarkson et al. showed that the LTB gauge-invariants {)x, ¢, ¢, #, I, v} can be
written in terms of the FLRW gauge-invariants {®, ¥, (V;), (k) } in the following way:

1 1
X = (1 - KTZ) Ry + 2 [—(1 — Krz)a, + r} hy — r—zhm

+ {(1 _ k)2 - (3 —rzer)ar 4+ 1)2;28 + 4Kr2] WTE) (C.q)
¢=-2Y Copv 20 rlzhm

+ {—Har e _r"rz)ar AR ;(1 - Kr2)} WP (Cs5)
¢ =V1—xr? {V, — 3,V +dch, — (a, _ 1) am(n)] / co
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1
N=®-Y—(0:+2H)V + E(l — k1) hyy + [—(1 —xr?)0, + K?’} h,

(C7)
L 2 (2-x?) 2\92 | 1 (TF
+5 {—BT—2H8T+72—78,+(1—K7 )02 | h(TE),
V1 —xr? 2\ - -
I1 =) [<8r - r) V+ arhr} , (C.8)
_ 27 _
167tGa(t)pv = [—(1 — xkr?)02 4 krd, + W} v, (C.9)

where the constant spatial curvature «, the conformal time 7, and the corresponding Hubble rate H
have been involved.

Although being complicated differential relations, Egs. (C.4) - (C.9) contain very profound information
about the nature of LTB gauge-invariants in the FLRW limit. As outlined in Sect. (2.3.2), the physical
interpretation of FLRW gauge-invariants is possible because of the high degree of spatial symmetry. ®
and ¥ denote generic scalar gravitational potentials whereas the 3-vector (V;) gives rise to velocities
and the 3-tensor (h;;) to propagating modes, i.e. gravitational waves. In comparison, LTB gauge-
invariants show complicated mixings between different perturbation types even on homogeneous
backgrounds.

X Trepresents a genuine tensor quantity which explains its behaviour as propagating mode. ¢ does
not contain any scalar part whereas ¢ incorporates the scalar metric perturbation known from per-
turbed FLRW models, but is also augmented by additional vector and tensor contributions. 7 actually
corresponds to the difference of the Bardeen potentials plus corrections from vectors and tensors. In-
terestingly, the scalar limit of the evolution equation 7 = 0 exactly reflects the result ® = ¥ in absence
of anisotropic stress. By construction, axial perturbations do not contain any scalar parts. II is con-
strained by a wave equation and so necessarily incorporates propagating modes. These are encoded
in tensor contributions in the FLRW limit. Eq. (C.9) shows a generalised Poisson relation between the
velocity potential V and the axial velocity perturbation o.

We want to stress that all these statements rely on the FLRW limit of the LTB gauge-invariants. Any
physical interpretation of these quantities on inhomogeneous backgrounds is far more complicated
since, mathematically, no natural splitting into 3-scalars, 3-vectors and 3-tensors exists. In this case,
only combined effects of all perturbation quantities have been studied so far (see Chapt. (8)).

To conclude this section, we want to draw attention a very important simplification of this setup.
Assuming that the averaged initial universe is sufficiently homogeneous and isotropic and that devi-
ations from this symmetries are mainly caused by scalar perturbations, the only non-trivial part of
Egs. (C.4) - (C.9) is given by ¢ = —2V¥. Practically, this remarkably simple initial configuration allows
to set up initial conditions for the LTB evolution equations which is laid out in detail in Chapt. (6).
In addition, we see that the initial Bardeen potential does not source any axial modes. Since the axial
branch is dynamically decoupled from the polar branch, these contributions can also not be generated
during spacetime evolution. As already mentioned in Chapt (4), restricting the analysis to the polar
branch does then already imply a complete description in this setup.
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It was shortly discussed in Chapt. (5) that the basic idea behind finite element discretizations consists
of writing the model problem (PDE and boundary conditions) into so-called weak formulation and
converting it to a variational problem. The variational problem can then be solved by discretizing
the domain of interest into finite elements and approximating the solution by suitable basis functions
(polynomials in particular) on each element with coefficients to be determined. Regarding the evol-
ution equations of polar perturbations on the LTB background, this procedure is explicitly outlined
in this section. Regarding the broad applicability of the DUNE framework to various classes of PDE
problems, the following derivations are admittedly quite abstract. However, all steps closely follow
computations outlined in the documentation of the dune-pdelab-howto module edited by the DUNE
project team (see http://www.dune-project.org/pdelab/pdelab-howto-2.0.0.pdf). Hence, we refer
to this document for more details.

We consider the Egs. (4.4) - (4.6) in the interior of full spatial domain Q) = (0, r) constructed in Chapt.
(5). We first introduce auxiliary variables ¢ and f to convert the system into five first-order equations
in time. For the spatial finite element problem, we then rewrite the system into weak formulation
by multiplying with an ansatz function v and integrating over the domain (). The ansatz function
is chosen to vanish at the boundary d() such that terms with second-order spatial derivatives are
replaced by first-order spatial derivatives using partial integration.

For a test function v € (Hl(Q))5 (5-dimensional first-order Sobolev space, called test space), we
obtain:

/Q)'(vldr:/o)ﬁmdr, (D.1)

' / (—1)(0+2
/szdr:—/x/ (;22> dr+/ _%X/_?’HHX-F A—#
Q . 5 T (D.2)
2(7/ 2 !/ B
+7€ +Z [HH —ZHL] g—4(7cp+A¢] vy dr,
/¢U3dr:/q§v3dr, 03
Q Q
p 5t 2 e z2” 1-2c% (041
[otr= [ [0+ 2o ooty 1228 _aeen
Q Q ay ray reas 2reaf (D)
+2 0 | vydr
Zra, 6| vadry
X/
Q Q QZ
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The index i € {1, 2, 3, 4, 5} of the test function v expresses the components of the tuple

5
(U], U3, U3, U4, 05)T € (Hl (Q)) :

We abbreviate the notation by combining all terms in the LHS to temporal residuals m; and RHS
terms to spatial residuals 7;:

%ml()(/ v, t) = (X o1 t), (D.6)
B (%, 02,1) = 200 % 9,9,6,02,1) D7)
jtmg,(cp, vs, t) =r3(P,v3,t), (D.8)
jtm4(§0r Us,t) = 14(X, X, 9, §,6,0a t), (D.9)
%MS(C, vs,t) =r5(X, ¢, 05,1). (D.10)

We can then define the full temporal and spatial residuals by taking the sum of each

Mo

I
—_

m =

5
m;, r= Zri. (D.11)
i i=1
The problem of solving the polar master equations can then be reformulated in terms of a residual
(variational) problem

Find a solutionu = (x, %, ¢, #,¢)T € (Hl(Q))5 (called trial space) such that

d
am(u, v,t)—r(u,v,t)=0

holds for each test function v € (H 1(0))5 and for each time t € [tmin, fmax]-

In order to approach this problem numerically, we discretize the spatial domain of interest (2 and
approximate the solution u and the test function v by polynomials of given degree on each spatial
element. Therefore, we define general conforming finite elements (), of the full domain () with e €
EY = {eo, ..., eN}?fl} (finite element index set). The corresponding conforming finite-element-space is

given by

urk = {u € CQ) | u, € P(Q) Ve € Eg} .

By construction, it is the function space of continuous, element-wise polynomial functions of de-
gree k on the closed set O = Q + Q. Since this function space is the same for each variable
X Xn, @1, @y and ¢j,, we have an overall 5-dimensional trial- and test space (ll’,i)5 We assume the
test and trial space to be equal (Galerkin approach).

Since dune-pdelab requires the so-called local residuals of each element as input, the local contribu-
tions of Egs. (D.1) - (D.5) on each finite element need to be determined. These contributions are called
local operators and will be computed for the present model problem in the following. For practical
reasons, we define a reference finite element (), for all computations and an element transformation
e that maps the result to the actual element considered. We then fix a local polynomial basis

{¢or = (81, 650 95 050 65

on the reference element. Thus, each function of the conforming finite-element-subspace U’}f can be
expanded into this local basis
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4 n(e)—1 .
W)= L L w0 @t €

ecE) I=
where the following expressions have been applied:
e n(e): number of polynomial basis functions on reference element (),
e (),: reference element of finite element ¢

L TP O, — Q, : element transformation

Iu’; =1{0,..., Nu,’j—l}: global coefficient index set

g: E2 X Ny — Iu’g: local to global index map

Lk
e u e R ": global coefficient vector

* X.: characteristic function of the finite element e (x, = 1 for our purposes)

Thus, the components of the full trial and test space read

n(e)—1 1)
Xn = Xo(e)Pe) (e (X)) Xe(x),
ecE) 1=0
n(e)—1 )
Xn = Ro(enPor (He (x))xe(x),
ecE) =0
n(e)—1 3)
on = Poie)Per (e (X)) Xe(x),
ecE) 1=0
n(e)—1 )
o= Been ) (1 (x)elx),
ecE) =0
n(e)—1 5)
Ch Se(ed)Per (e () xe (%),
ecE) 1=0
and
0 _ v "0 g0, -
v, = VoienPe (Mo " (x))xe(x), wherei=1,...,5.
EEE2 =0

We construct a global basis {¢;} from the local reference basis {¢,;} by defining

Py = {@(x)—( Tl et :J'GIug}
el):

glel)=j

such that uj, € U;f can be expanded into this global basis

up= ), ui¢;=FEo, (u),

i€ k

z
with FEq>uk UCR Y — U’,i being the Finite-Element-Isomorphism.
h
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Let us consider again the residual formulation of the problem

cft (u,v,t) —r(u,v,t) =0 (D.12)

= E ami(ui/ Ui, t) - ri(ui/ Ui, t) =0. (D13)
i=1

We set v; = (p](i) with j € Iu;k which allows to write the residual as component of residual vectors
M and RO

mi(uy, ¢1)) = mi(FE(u), ¢t) = MO (),

i), 9") = ri(FEu), ¢!") = RO (u);
We want to restrict ourselves to the local degrees of freedom. Therefore, the residual contributions of
each element need to be separated and formulated in terms of local operators. Therefore, we define

the subset U, C U of local degrees of freedom (coefficients of the local expansion) and the (linear)
reduction map

R, : U — U, with R,(u); = Z(Rf)lj<u>j = Ug(e)) -
i
The local operators can then be defined as maps
D‘h,E : Ug — Ue
such that they contain the local weak formulation of the problem.

In this way, the full residuals can be expressed in terms of a sum over the local residual contributions
of each finite element:

RO = T Rt o (Rea®)] ™

eeEO

, spat,i
= T Ry |[mnelReu®) ]
(el):g(el)=j

- TR )] ™

eGEO

1

MO@O); = T R [ (Reu)] ™|

eEEO

= T Ry [ Rea®)] ]

(el):gled)=j

- [h (Re(u))]

temp,i:|
0
e€E;

By direct comparison to Egs. (D.1) - (D.5), we obtain the following local operator expressions as
integrals over reference elements in terms of the local reference basis 43(1)

temporal part:
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=
—
3
~
|
—_

[, (Re (x))] <P = /Q Y [Re(0)); 61) (%) (%) det[Vie] d# (D.14)
e [=0
n(e)—1
[, (Re(%))]1mP2 = /Q Y [Re(®)); (%) $0(%) det[Vie] d2, (D.15)
e [=0
n(e)—1
(e (Re(@)) 1P = /Q L Rl L]/ #61(3) det V] i (D.16)
e =0
n(e)—1
[“h,e(Re((P))]:;mpA:/ﬁ IZ Re(@)]; 4’,51)(9?)475,4;11(9?) det [V] dz, (D.17)
e =0
temp,5 n(e) 1 A(5) A(5
[0 (Re(g))] '™ = /Q L [Re(@)) 7 (3) dein(2) det [V o, (D.18)
e =0
[, (Re(%)))5P!
n(e)—1 . . (D19)
=/ Re()]; 612 (2) En(2) det [Vie] d2
Qe 1=0
[, (Re(%), Re (%), Re(0), Re(), Re(g) )]
n(e)—1 ) 43(2 .‘f)
=—/ Re(X)lafﬁf’gl)(f)af “ )(axﬂe) det [Vipee] d
Qe =0 Z
n(e)—1 C . D) -
w8 (<R a0l @)+ FRelon 0207 (3)) s
Qe 1=0 (D.20)
N . ({—1)(£+2) ~
— 3HRe(R)1 91 (2) + (A e ) Re(x)1 §i7 (2)
+ 2 [Hy —2H1] Re() 85 (5) — 40Re (@) 9L (2) + ARc(p)s § R(f)} (@)
det [Vye| d%,
(a7, (Re(@)) )7
n(e)—1 . R (D.21)
-/, L [Ri@), ¢ (2) §ON(2) det [V dt,
e [=0
[, (Re(x), Re (%), Re(0), Re(), Re(g) )]
n(e)—1
= [F | HR@ @+ B R 8 (0) — HuR (01 8 (5)
Q. =0 ay
( (D.22)

[ 1-2kpe(2)® L(£+1) NP AW (6 (90501
( ﬂg(f)zai Zyg(f)zai Re(X)l ¢g,l (X) + 22 }ie(f)ﬂL Re(X)lax(Pe,z (x) (axﬂe)

R ()| BN det [V,
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(e (Re(x), Re(X), Re(@), Re(@), Re(g))] P
n(e)—1

" . 1
= s [—2H|Re(€)l 4’55)(3‘) = ZRe(x)1 9
e =0

=
>

det [V, d#.

These operators can directly be passed to the dune-pdelab-framework. The local operator formulation
of the fluid system (given by Egs. (4.8) - (4.10)) can be done analogously. If the spatial discretization is
completed and residual contributions of all finite elements are known, Eq. (D.12) can be integrated as
large scale ODE problem in time. All results in this work are obtained by using basis polynomials of
degree 2 in space combined with a third-order time integrator’. Initial and boundary conditions are

fixed according to the methods outlined in Chapts. (5) and (6).

In the one dimensional case we consider here, the general formulation is simplified considerably:
e The domain of interest is a 1d open interval Q) = (0, 7).
¢ The finite elements are subintervals (), = (7’j,rj+1) withe =j, 1o =0, and rNu’,; = 7y

e The reference element is the unit interval (0,1) and the transformation map s is given by

A

Pe: Qe —> Qe
X — (1’]'+1*1’]‘)92+1’j.

Therefore, the Jacobian is just a constant dgpe = rj41 — r; = det [Vse].

1 Since the solution can be expected to be sufficiently smooth, the approximation using polynomials of degree 2 yields second-

order convergence with respect to the H 1_Norm and even third-order convergence with respect to the L2-Norm (see [14]).

D(2) @spe) 71| EN(2) (D.23)
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