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Thesis Summary

This thesis is broadly concerned with the dynamics, statistics and phenomenology of the perturbed
Universe. By studying the perturbations to cosmological spacetimes, and the subsequent growth of
large scale structure, we find that we can link both fundamentally and astrophysically interesting
physics to cosmological observables. We use a healthy mix of statistical, analytical and numerical
techniques throughout this thesis.

In Chapter 2 we introduce and summarise the statistics of random fields, as these are funda-
mental objects used to model cosmological observables. We introduce the spherical Fourier-Bessel
expansion as a tool to perform genuine 3-dimensional studies of cosmological random fields. In
Chapter 3 we introduce the theory of inflation and discuss the basic machinery that allows us to
calculate the statistical properties of the quantum mechanical flucatuations that seed large scale
structure. What we see is that different fundamental physics in the early Universe leads to differ-
ent statistical properties that we may test. The second half of Chapter 3 introduces the large scale
structure of the Universe that describes the clustering of galaxies on cosmological scales. We dis-
cuss the growth and evolution of structure under gravitational collapse and the core observables
that are predicted, such as the power spectrum, variance and skewness.

Chapter 4 introduces the Minkowski functionals. These are a set of topological statistics that
probe the morphological properties of random fields. In particular they may be used to quantify
deviations from Gaussianity in the large scale structure of galaxies. The deviations from Gaussian-
ity can be generated by two primary mechanisms: 1) The gravitational collapse of perturbations
is a non-linear process. Even if we have Gaussian initial conditions, gravitational collapse will
induce non-Gaussianity. 2) Different theories for the early Universe will imprint different non-
Gaussian features in the primordial perturbations that seed large scale structure, i.e. we have
non-Gaussian initial conditions. We can connect the amplitude and momentum dependence of
the non-Gaussianity to different fundamental interactions. We introduce a topological statistic
based on the Minkowski functionals that retains the momentum dependence giving us greater
distinguishing power between different contributions to non-Gaussianity.

In Chapter 5 we introduce the Baryon Acoustic Oscillations (BAOs) as described in the spherical
Fourier-Bessel formalism. The BAOs are a solid prediction in cosmology and should help us to
constrain cosmological parameters. We implement a full 3-dimensional study and study how
redshift space distortions, induced by the motion of galaxies, and non-linearities, induced by
gravitational collapse, impact the characteristics of these BAOs.

Chapter 6 extends the spherical Fourier-Bessel theme by introducing the thermal Sunyaev-
Zel'dovich (tSZ) effect and cosmological weak lensing (WL). It is thought that weak lensing will
provide an unbiased probe of the dark Universe and that the tSZ effect will probe the thermal
history of the Universe. Unfortunately, the tSZ effect loses redshift information as it is a line of sight
projection. We study the cross-correlation of the tSZ effect with WL in order to reconstruct the
tSZ effect in a full 3-dimensional study in an attmept to recover the lost distance information. We
use the halo model, spectroscopic redshift surveys and suvery effects to understand how detailed
modelling effects the tSZ-WL cross correlation.
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Chapter 7 marks a real change in theme and introduces the subject of relativistic cosmology.
In particular we introduce the 1+3, 1+1+2 and 242 formalisms as tools to study cosmological
perturbations. We provide rather self-contained introductions and provide some minor corrections
to the literature in the 1+1+2 formalism as well as introducing new results.

In Chapter 8 we apply the 1+1+2 and 242 approaches to the Schwarzschild spacetime. Here
we outline the full system of equations in both approaches and how they are related, setting up a
correspondence between the two. Our aim is to construct closed, covariant, gauge-invariant and
frame-invariant wave equations that govern the gravitational perturbations of the Schwarzschild
spacetime. We correct a result in the literature and derive two new equations. The first governs
axial gravitational perturbations and is related to the magnetic Weyl scalar. The second is valid
for both polar and axial perturbations and is given by a combination of the magnetic and electric
Weyl 2-tensors. We discuss their relation to the literature at large.

Finally, in Chapter 9 we apply the 1+1+2 and 2+2 approaches the LTB spacetime. This
inhomogeneous but spherically symmetric spacetime is the first stepping stone into genuinely
inhomogeneous cosmological spacetimes. We seek a closed, covariant master equation for the
gravitational perturbations of the LTB spacetime. We present an equation governing axial gravita-
tional perturbations and a preliminary equation, valid for both the polar and axial sectors, that is
constructed from the electric and magnetic Weyl 2-tensors but is coupled to the energy-momentum
content of the LTB spacetime. We discuss how auxilliary equations may be introduced in order to
close the master equation for polar and axial perturbations. This last result leads to the identific-
ation of H as a master variable for axial perturbations of all vacuum LRS-II spacetimes and the
LTB spacetime. It is thought that these results can be extended to non-vacuum LRS-II spacetimes.
Likewise, the master variable constructed from Weyl variables constitutes a master variable for all
vacuum LRS-II spacetimes and it is thought that this will extend to the non-vacuum case.
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Chapter

The Standard Model of Cosmology

1.1 Introduction

The current standard model of cosmology is based on a Universe that underwent a period of ac-
celerated expansion in the early Universe with the current energy-matter content consisting of
baryonic matter (b), radiation (e.g. photons, three generations of sterile neutrino, etc) , cold dark
matter (CDM) and dark energy (A). This model is refered to as the ACDM model and the under-
lying framework is provided by General Relativity, assuming the Einstein-Hilbert action, and the
minimal standard model of particle physics. The ACDM model is in good agreement with observa-
tional data ranging from the cosmic microwave background (CMB), large scale structure surveys,
supernovae observations, gamma ray burst observations and others.

As experiments become ever more precise and new experiments are devised to probe previously
unexplored regimes (e.g. gravitational wave observations, CMB polarisation, 21cm cosmology)
then it becomes increasingly important to explore and understand the fundamental framework of
the standard model of cosmology in a self-consistent manner. General relativity is best described
as an effective field theory that is incompatible with quantum theory motivating an entire industry
in quantum theories for gravity. Currently Einstein gravity is believed to become an invalid de-
scription for gravity above a fundamental energy scale, the Planck scale, £ 2 Mpianck. In this
regime the standard models of gravity and particle physics break down and it is believed that new
physics (e.g. new degrees of freedom or significant changes to the fundamental laws of physics)
could become important. Under the ACDM model the early Universe initially starts in a high dense
state (i.e. big bang models) with an initial, unavoidable, singularity if we assume isotropy and ho-
mogeneity in our cosmological model. The presence of this unavoidable high density state implies
that our current theories of fundamental physics have limited applicability to the very early Uni-
verse. It is very possible that a quantum theory of gravity in the very early Universe could become
important at early times and even provide a natural explanation for an inflationary mechanism.
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1.2 General Relativity for Cosmology

General Relativity (GR) is a classical theory for gravitation and is a generalisation of special re-
lativity, which itself is based on the notion spacetime as a unifying feature. In GR we treat gravity
as a geometric theory intrinsically linked to the curvature of spacetime and that gravitational
interactions are just manifestations of the curvature of spacetime itself. In fact, one of the key
foundations of GR is that both matter and energy will produce curvature. The link between the
way in which energy and matter curve spacetime and the way in which curvature induces gravit-
ational interactions on the energy and matter is specified by the Einstein Field Equations (EFEs),
which form a system of second order, non-linear partial differential equations.

GR is primarly based on understanding the geometry of spacetime. The branch of mathematics
on which GR is founded is known as Riemannian Geometry. In the classical theory of GR, neither
the spacetime, nor its topology, are given a priori. Instead, we must construct models by specifying
a background spacetime that sets the arena for our analysis. This is often done by careful studies,
such as the identification of symmetries in the system that may be imposed on the spacetime. An
example of this line of reasoning is the study of spherically symmetric solutions within GR in order
to model stellar objects or black holes. The natural language to use in GR is that of Differential
Geometry and as such we will provide a very brief, concise introduction to the core topics. More
detailed introductions and explanations may be found in [89; 172; 244; 459; 492; 493; 582].

Definition 1.1. A spacetime is defined by the pair (M, g), where M is a Lorentzian manifold' and
g is a pseudo-Riemannian metric on M. Together, this pair forms the fundamental object in GR.

Definition 1.2. The set of all vectors at a point p € M form a vector space called the tangent space
T, M and the collection of all tangent spaces on M is the tangent bundle TM. Similarly, the set
of dual vectors, also called one-forms, at a point p € M forms the cotangent space T* M where the
collection of all cotangent spaces on M forms the cotangent bundle 7% M.

Definition 1.3. The metric tensor is a vital object in the description of curved spacetimes and is
conventionally denoted by g,;. Formally, the metric is defined as a symmetric, non-degenerate?
bilinear form g, on T, M for all p € M. As the metric is non-degenerate, we can define an inverse

metric g% via
Jabg"™ = 8, (1.1)

where ¢ inherits the symmetry of g,,. As such, the metric also provides a 1-1 correspondence
between vectors and dual vectors, v, = gqv” and v* = g*®v,. The metric tensor is involved in
many important aspects of GR including [89]: 1) causal structure of spacetime; 2) calculating
physical distances and proper time along curves; 3) replacing the Newtonian gravitational field ¢;
4) generalising the notions of a dot product to curved spacetimes. The notion of the metric being
a bilinear form simply means that we define a rule that maps two vectors to the real numbers, this
is just a statement regarding the generalisation of the inner product to a curved spacetime

g(v,u)=g(u,v) =v-u. (1.2)

INote that by Lorentzian we just means that metric has a signature of (—, +, ..., +).
2Non-degenerate simply means that g(v,u) = 0 for all u iff v =0
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Now, perhaps most importantly, the metric can be used to define a line element ds? which can be
used to calculate the length of a path in a spacetime. In a given basis, coordinate or general, the
metric specifies the line element as follows

g(dz,dzx) = ds? = gapdz®da®. (1.3)

The metric contains all the information needed in order to describe the curvature of the manifold.

A general metric is said to be orthonormal if
g(ea,€) = Nap nap = diag(—1,1,1,1) 1.4

and in the absence of gravitational fields, the metric simply reduces to that of flat spacetime, the
Minkowski metric 7,

ds3 i rowski = Napdztdz® Nap = diag(—1,1,1,1). (1.5)
Given a vector basis {e, }, the components of the metric tensor are specified by
Jab = g(ea,€p) = €q - €p, (1.6)

demonstrating how the metric encodes the geometric notions of orthogonality and norm of a
vector. The metric assigns a norm or magnitude |v|> = g,,vb® to each vector v € T, M. If
gapv®ub = 0 then v® and u® are said to be orthogonal.

Definition 1.4. In a curved spacetime we face an additional problem, namely that parallelism
breaks down. This arises as, under general coordinate changes, we may have non-trivial basis
vectors meaning that as we consider the change in a tensor field moving around a manifold we
must take into account both the changes to the tensor components themselves as well as the fact
that the basis in which these components are calculated could be changing from point to point.
The core problem at work is that there is no natural way to compare vectors at two different
points of a manifold unless we introduce additional structure. The structure that we introduce is
called the covariant derivative. The metric g,;, allows us to uniquely identify a unique derivative
operator V, that is defined to be metric compatible, i.e. V,gp. = 0. This is called the Levi-Civita
connection. Using this definition, the covariant derivative of a vector v* and a dual vector w, are
defined as follows

Vau? = 0,0° 4 T8 0F 1.7
Vawy = Oqwp, — TF g (1.8)

where the objects I'¢, are the Christoffel symbols and are defined by

1
be = §gad (Ocgbd + Ovgea — Oagse) - (1.9)

The structure of these equations simply correspond to the partial derivative term plus some addi-
tional correction where the partial derivative term arises from the change of the vector field from
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x® to z* + dz® and the correction term accounts for the change in the basis vectors. If we have a
curve v : I — M with tangent vector v¢, then the curve will be geodesic iff

viV0b = fol. (1.10)

If f = 0 then the curve is said to be affinely parameterised. Similarly, a vector field u* along the
curve is said to be parallel transported along the curve ~ if

V2V ul = 0. (1.11D)

An affinely parameterised geodesic is just one for which the tangent vector is parallely transported
along itself. The concept of parallel transport is interesting as it provides a framework for under-
standing how we can move a tensor along a path whilst keeping it constant. In curved spacetimes,
parallel transport of a vector from point to point is path dependent.

1.2.0.1 Curvature

The notion of curvature arises by considering the commutator of covariant derivatives acting on a

vector v*
V.Vt — VVau® = R, v, (1.12)

where R°, , is the Riemann curvature tensor. In local coordinates 2* the Riemann tensor can be
written as
R\, =0\, =0,y +TX T'7 pom i (1.13)

vAp Aot vp T tpotui

Taking traces of this tensor we can construct the Ricci tensor R,, = R°,, and the Ricci scalar
R = R,.

1.2.0.2 Einstein’s Field Equations

The Einstein-Hilbert action for General Relativity is based on the following action:

S = d493F Migl _
= g 5 (R—AN)+ L, (1.14)

where we have introduced the reduced Planck mass M? = (87G)/2. Here R = R¢ is the Ricci
scalar and A dark energy. The field equations are defined as functional derivatives with respect
to the metric g,;. Einstein gravity is often interpreted as a geometrical theory for gravity with the
Einstein field equations describing both how matter moves within a spacetime but also how the
presence of matter generates curvature within the spacetime. The Einstein field equations (EFE)
are given by:

Gap = Rap — %gabR = Tab — Agas- (1.15)
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For convenience, we set the reduced Planck mass, Mgl = (87TG)_1/ % to unity. In the EFE, G,
is known as the Einstein tensor, R,, = R, was the previously defined Ricci tensor, T, is
the energy-momentum tensor and A is the cosmological constant. The EFE are central to the
study of General Relativity describing how gravitational interactions arise as a manifestation of
the curvature of spacetime.

1.3 The Friedmann-Walker Universe

The Friedmann-Lemaitre-Robertson-Walker (FLRW) cosmological model is a maximally symmet-
ric, non-static, non-vacuum, spatially homogeneous and isotropic solution to Einstein’s field equa-
tions described by the following metric [187; 188; 318; 319; 462; 583]:

ds* = —dt® + a*(t) [dr® + fz(r) (d6” + sin® 0d¢?)] (1.16)

where fx(r) is a function that depends on the curvature of our three-dimensional spatial hyper-
surfaces

K=2 sin(vV/Kr) K>0
frr)={ r K=0 (1.17)
(—K)~1/2 sinh(v—-Kr) K <0.

The function K is the mean spatial curvature of the spatial hypersurfaces. The metric Eq. (1.16)
admits a perfect fluid source given by

Top = (M + p) UgUp + PGab, (1.18)

where p and p are the energy density and pressure of the Universe®. Calculating the Einstein tensor
for this metric and substituting the energy-momentum tensor into these expressions recovers a
system of equations that determines the evolution of the energy density and the scale factor:

g2 "¢, K (1.19)
3 a?
a 4G
a_ 1.20
. 3 (1 + 3p) (1.20)
= —3H (1 +p). (1.21)

The first of these equations is the Hamiltonian constraint (the Gy term), more commonly known
as the Friedmann equation. The second of the equations is the Raychaudhuri equation governing
the acceleration of the scale factor. The last equation is the conservation equation and tells us
about the time evolution of the energy density.

3Note that the energy density is sometimes labelled by p instead of i, e.g. [566]. We will typically use x to uphold the
conventions of [166].
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1.4 Dimensionless Parameters

It is conventional to re-write the Friedmann equations in a dimensionless form by introducing
reduced quantities. These are the well known energy density parameters
O

Q) = 352 (1.22)

where 11(; denotes the energy density for a given species of particle. Some of the standard contri-
butions that we will use are

Kb A K

Q— = — = ——
A 3H2) K Hzaza

=352 (1.23)

where (Q,,, denotes non-relativistic matter, 2, denotes dark energy contributions and 5 denotes
curvature contributions. By inspection, Friedmann’s equation can take the form of a constraint

D Qx+ Q4+ 9k =1 (1.24)
X

In terms of these parameters the function K can be defined by
K = HZ(Qno + Qp, — 1) = —H2 Q. (1.25)

We can re-write 1.21 in terms of an equation of state parameter w = p/u as follows

dlnp
dlna

“3(1 + w). (1.26)

The solutions to this equation are of the form p o« a=3(*t®), As soon as we fix the equation of
state, we can study the redshift evolution of the density parameter for the given form of matter.

—-3(1+wx,) 2
a HO
Qi) = Q0 <> <H> 1.27)

ao

Standard Density Parameters in Cosmology

Type of Matter Equation of State | Density Parameter | Redshift Evolution
Generic w=wx Qx ox g 30+w)
Relativistic Matter w=1/3 Q, xa?
Non-Relativistic Matter | w =0 Qpn x a3

Curvature w=—1/3 Ok xa?
Cosmological Constant | w = —1 Qa o a’

Using these density parameters we can also introduce a relation for the Hubble parameter

H(a 2 a —-3(14wx) a —2
E*(a) = (Ij([o)) => Qxg (ao> +Qxo <a> + Q. (1.28)

X 0




33 Chapter 1. The Standard Model of Cosmology

Similarly, these parameters can be used to characterise the curvature of the spatial surfaces in an
FLRW spacetime.

Curvature in FLRW
Q + Q| Curvature of Spatial Surfaces | K | Qg

>1 Closed >0 <0
<1 Open <0 | >0

1.5 Distances in Standard Cosmology

There are various possible definitions for distance that we may use in cosmology. In practice, this
will often depend on the physical situation at hand and the observational data that we are working
with. If we have redshift data available, we can define a comoving radial distance of an object at
the given redshift. Alternatively, we may choose to use the comoving transverse size of an object
leading to a comoving angular diameter distance. In this section we introduce some key formula
for distances and redshift that will be used throughout the thesis.

Definition 1.5. The comoving radial distance r, characterises the distance between two points
measured along a path between an observer at » = 0 out to an object at redshift ~ by integrating
along the radial null geodesic. The form of the metric introduced earlier 1.16 along the Hubble
relation given in 1.28 leads to

z dz/

e A

(1.29)

where, in our convention, aq is simply unity. The factor Ay is the Hubble distance and has a
numerical value on order 9.26 x 1026 A1 m. Also note that y is another common variable used to
denote the comoving radial distance (e.g. as in [154]) and r to denote a radial coordinate defined
by 7radial = fx (x). This should not provide any confusion in this thesis and is simply a matter of
convention.

Definition 1.6. The comoving angular diameter relates the the comoving transverse size of an
object to the solid angle under which it is observed. The definition is given by

dscom = R2 (r)dQ? (1.30)

source ang obs*

The surface area of a comoving sphere centered around » = 0 out to a comoving radius r has a
surface S(©™ = 47 f2 (r) leading to

Rang(2) = fr[r(2)]. (1.31)

Definition 1.7. The angular diamter distance is a generalisation of parallax and is defined as the
ratio of the transverse physical size of an object to the solid angle under which it is observed for a
geodesic bundle converging at the observer. The angular diamter distance D 4 is therefore defined
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by

_ fx[r(2)]
Da(z) = (I; ey (1.32)

Definition 1.8. Finally, the luminosity distance is defined by relating the luminosity of a given
source at a comoving radial distance r from the observer to the observed flux. As a result we find

Dr(z) = (1 + 2) fx[r(z)]. (1.33)




Chapter

Cosmological Random Fields

2.1 Introduction

Cosmology aims to understand the formation, dynamics and phenomenology of structure on large
scales. Unfortunately, the language we must use in order to describe cosmological structure is
that of statistics. The reasons for this are three-fold. First, the typical sizes we deal with when
talking about cosmological structure make it impossible to follow the evolution of all systems.
Secondly, when we take into account the timescales over which evolution occurs, it is impossible
to follow the dynamical evolution of a single system. Instead we make observations down our
past light cone meaning that we observe objects at different times in their evolution. We do not
observe across a single spatial hypersurface. Lastly, we do not have direct observational access to
the primordial fluctuations that seed cosmological structure. This means that we have no definite
initial conditions for deterministic evolution and our resulting model will be statistical in nature,
not deterministic.

When we put all these various caveats together, it quickly becomes apparent that the observ-
able Universe should really be modeled as a stochastic realisation of a statistical ensemble. In the
vanilla models for inflationary cosmology, the primordial perturbations are seeded as quantum
fluctuations of a hypothetical quantum field that drives a period of exponential expansion. These
vacuum fluctuations will be highly Gaussian and adiabatic. The fact that the primordial density
perturbations are seeded in such a quantum mechanical manner implicitly imply that the stochastic
nature of our Universe was set from the very earliest periods. Strictly speaking, the initial condi-
tions for large scale structure are non-Gaussian as nonlinear evolution of the density perturbations
leading up to the formation of the CMB will induce non-Gaussianities, even if the initial quantum
fluctuations are perfectly Gaussian [450]. This means that the description and statistical under-
standing of Gaussian random fields and perturbations about Gaussian random fields will be of
prime importance.

In the rest of this chapter we introduce a number of concepts that will be vital to later chapters
and are vital to a working understanding of modern cosmology. In particular we will intro-
duce the spherical harmonic decomposition, the spherical Fourier-Bessel formalism and various
other quantities that are pre-requisite to an understanding of the applications in Chapter 5 and

35
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Chapter 6. A more detailed introduction to some of the concepts used in the description of cos-
mological random fields can be found in Appendix F.1.1. For now we provide a basic introduction

to cosmological random fields.

2.2 Random Fields

2.2.1 Introduction

As outlined above, cosmological random fields form the fundamental objects in the analysis of
cosmological phenomena. The statistical and stochastic nature of these fields, however, means
that we do not aim to predict the precise locations of galaxies, for example, but rather the average
separations of galaxies on a given scale. Much of these notions should be familiar from quantum
mechanical arguments in which we do not predict the precise position or momentum of individual
particles but rather the statistical distribution of the position and momenta across an ensemble of
particles. The perturbations that arise in the early Universe are of a quantum mechanical nature
and are therefore treated as stochastic random fields.

2.2.2 3D Random Fields

A perturbation evaluated at some time ¢ can be described as a random variable f(x) corresponding
to the assignment of a real value to an element x € R according to a probability density function
P[f(x)], i.e. each point f(x) is a real number. Here, P[f(x)] is a functional that gives the probabil-
ity of yielding some field configuration. A random field is formed from a set of N random variables
f(x;) for which x; € R™ according to some joint probability distribution. The set of functions is
referred to as an ensemble and each individual function is a realisation of the ensemble.

Correlators of the fields are the expectation values of products of the field at different spatial
points and, in general, times. The two-point correlator is defined by

axm:wﬂmﬂww:/DfmﬂﬂMf@» @.1)

where the integral is defined as path integral over the field configurations. Alternatively, we can
choose to work in the Fourier domain instead of the spatial domain. Adopting the symmetric
Fourier convention, we have

10 = [ s S0 22)
3y _
100 = [ s St 2.3)

For real fields, we also have the hermiticity constraint f(k) = f*(—k). Using these definitions we
can introduce the Fourier domain two point correlation function

(f(k) f*(K')) = P (k) dp(k — k") (2.4)

2 2
- %Pf(k) Sp(k — k'), (2.5)
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where P (k) is the dimensionless power spectrum, given that f(x) is dimensionless. The spatial
two-point correlation function can therefore be expressed in terms of the Fourier space two point
correlator as follows

3 31,/ ,
€xy) = U0 = [ s [ s VRIL M)ty @)
B % %Pf(k) / dQy, e ), 2.7)

where we have simply substituted for the definition of the two point correlator, as per Eq. (2.5),
and integrated over the delta function. We can proceed further by performing an angular integra-
tion over a variable y defined by k - (x —y) = pk |x — y|. The angular integration reduces to the
following expression

+1
2 / dp eyl = 4z o (k|x — y|), (2.8)

-1

where jo(z) = sin(x)/x. Finally, the two-point correlation function is given by

dk
ey) = [ PR dolhlx 31 29
and the variance by
o? =£(0) = %k Py (k). (2.10)

In addition to the two point correlation function, we may define higher order correlators in a
logical way. For example, the bispectrum or three point correlation function is defined by

(f (k1) f(ka2)f(ks)) = (27)° B(ki, ko, k) 6p (ki + ko + ks) (2.11)
and the trispectrum or four point correlation function is defined by
(f(k1)f(k2)f(ks)f(ka)) = (27)° T'(k1, ka2, ks, ka) 0p (ki + ko + k3 + ka). (2.12)

A random field will be defined by the infinite hierarchy of such polyspectra but in reality we tend
to focus on the lowest order polyspectra as a probe of the random field.

2.2.3 Gaussian Random Fields

One of the most important classes of random fields that occur in cosmology and statistics is that
of the Gaussian random field (GRF). This is a very special field that is completely characterised by
it’s power spectrum or, equivalently, by it’s two point correlation function. The multivariate joint
probability distribution function for the Gaussian random field has the form

Plfroes ¥l dfys o dfy = — e oxp l—;Zfaaa;fb] doedfy,  (213)
ab

(2r)Ndeto
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where o, is the covariance matrix constructed from (f, f,). An important result of the Gaussian
random field is that all odd correlators vanish, as (f) = 0 can always be enforced, and all even
correlators factorise into products of the two point correlation function. This is why the power
spectrum completely characterises a Gaussian random field. Subsequently, the bispectrum is the
lowest order correlator for which a non-zero measurement would signify some departure from
Gaussianity. This is also why statistical predictions for the shape and amplitude of the bispectrum
from theoretical models has received a lot of attention.

2.2.4 Smoothed Random Fields

In making the transition from the mathematical framework describing the statistical properties of
random fields to real world observations, we must take into account the finite resolution available
to us. Typically this means that we are not interested in observations of a random field below
some smoothing scale R. In cosmology, it is very common to deal with a random field smoothed
by a window function Wr(x) rather than the underlying field itself

flx) = / d*x' Wr(x' —x)f(x). (2.14)
A prototypical smoothing function is the Gaussian filter
.’172
Wg(z) = exp (—2) . x=kR, (2.15)

though we may choose normalise the window function such that [ d3z2Wg(z) = 1.

2.3 Spherical Harmonics

The spherical harmonics have a special place in cosmology. These functions are defined as the
eigenfunctions of the Laplacian on $? and can therefore be used as a complete set of basis func-
tions on the sphere. This means that any cosmological observable on the sky can be decomposed
into a 2-dimensional projection onto the sky via these harmonics. This is exactly the situation
encountered in studies of the CMB and tomographic analysis of large scale structure. In this sec-
tion we gather some core definitions and relationships that will be crucial to the analysis presented
later and, whilst being part of the standard literature in cosmology, should serve as a self-contained

reference to the material in this thesis.

2.3.1 Definition

The spherical harmonics Y (6, ¢) can be defined in terms of Legendre polynomials Py, as follows

Y(0,0) = (—1)7"\/W Py (cos0) €™, (2.16)
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where the Legendre polynomials are defined by

(1 — xz)m/Q dttm

2 ‘

Pon () = 501 e [#? —1]". (2.17)

The are the position space representation of the eigenstates of the momentum operators L2 = —V2
and L, = —i0,:

VY = —L(L+1) Yo, (2.18)

8ga§/€m =1m Yy, (2.19)

such that ¢ > 0 and |m| < ¢. The spherical harmonics form a complete orthonormal set of complex
valued basis functions on the sphere. These harmonics are something of the spherical analogue to
the Cartesian Fourier expansion. In the flat sky limit, the eigenfunctions to the Laplacian V21 = 0
are plane wave solutions of the form o e,

2.3.2 Orthogonality and Completeness

In the usual convention adopted in cosmology, the spherical harmonics form a set of orthonormal

basis functions

/ Yo () Y5, (Q)dQ = 6 6K, (2.20)
leading to a closure relation

> Yo (Q) Yo (@) = 62p (2 — Q). (2.21)

m

2.3.3 Functions on the Sphere

We are now in a position where we can expand a random field on the 2-sphere S2. The eigenfunc-
tions to the Laplacian on S? are the spherical harmonics Y,,. The coordinates on the sphere are
given by Q = (6, ¢).

Definition 2.1. The spherical harmonic expansion of a square integrable function is given by

FO) =" fom Yom () (2.22)

m

with an inverse transformation given by

fin = [ 401 Y@, (2.23)

Definition 2.2. The 2D angular power spectrum is defined by the 2-point correlation function

<f€mfé*’m’> = 6@@’ (Smm' CZ- (2.24)




2.4. Spherical Fourier-Bessel Expansion 40

Definition 2.3. Similarly, the angular bispectrum is defined by the 3-point correlation function

JuJ2 U3
<f€1m1 f@zmm f€3m3> = ( > Belfsz (2.25)

myp m2 M3

where the term in brackets is the Wigner-3;j symbol discussed shortly in Section 2.5.

2.4 Spherical Fourier-Bessel Expansion

In this section we introduce an extension to the Cartesian Fourier and spherical harmonic analysis
presented previously. In cosmology, spherical coordinates are often a very natural choice as they
can be, by an appropriate choice of basis, be used to place an observer at the origin of the analysis.
Many upcoming cosmological surveys, such as wide-field BAO and LSS surveys, will provide both
large and deep coverage of the sky demanding a simultaneous treatment of both the extended
radial coverage as well as the spherical sky geometry. For such surveys, the spherical Fourier-
Bessel (sFB) formalism provides a natural decomposition. This formalism will be introduced and
used extensively in Chapter 5 and Chapter 6. We leave more detailed comments and analysis
of the formalism to these chapters. Here, we just wish to provide a schematic and functional
overview of the sFB formalism and some of the key results.

The Laplacian in 3D spherical coordinates r = {r, 6, ¢} may be decomposed into an angular
and a radial component as follows

Vi=V2+ %vg, (2.26)
r

where r is the comoving radial distance and 2 correspond to the 2D angular coordinates {6, ¢}.
The radial part of the Laplacian is given by

10 0
2_ 1 0|20
V= ol [r 81"} (2.27)
and the angular part is given by
R T ) 1 62
Vo= gnaae T0%0] T sma a2 (2.28)

The spherical Fourier-Bessel (sFB) formalism works by assuming that the 3D function in question
may be decomposed into a product of an angular and a radial function. We consider an arbitrary
3D homogeneous and isotropic random field ¥(r) and decompose the function into its radial and
angular terms

T(Q,7) = R(r) B(9). (2.29)

The Helmholtz equation in spherical coordinates may therefore be written as

V20 = — k>0 (2.30)
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V20 flzv??\l’ = k0. (2.31)
The solution to the angular sector is simply the standard spherical harmonic
() = Yo (), (2.32)
where the Laplacian acting on the spherical harmonic obeys the relation
VEYim(Q) = =L (L +1) Yo (Q). (2.33)

The radial function is determined by the following equation

10,0 s L(L+1) B
r2 Or [r 67“} Rt [k r2 =0, (2.34)
which has a non-singular solution of the form
R(r) = jo(r), (2.35)

where j,(r) is the standard spherical Bessel function of order ¢. This may be related the normal
Bessel functions by j,(r) = \/7/(2r) J, +1(r) but for our purposes the spherical Bessel functions
will be most convenient. The eigenfunctions to the 3D Laplacian in spherical coordinates are
therefore products of spherical harmonics and spherical Bessel functions, Y, () j¢(r), with an
eigenvalue of —k2. Putting this together, we can construct normalised basis functions for the sFB
transformations

Zrom (Q,7r) = \/zkjg(kr) Yim(Q). (2.36)

It should be noted that, in general, the radial eigenfunctions are ultra-spherical Bessel functions
but when the spatial curvature of the Universe is small, they can be well approximated by spherical
Bessel functions. This is the approach we adopt. The sFB decomposition of a 3D homogeneous
and isotropic random field is given by

Definition 2.4. The spherical Fourier-Bessel decomposition of a random field ¥ is defined by

‘II(Q’T) = /dk Z \I’Em(k) Zkg7,L(Q,7‘) (237)
{tm}
with an inverse relation
\Ifm(k):/d%\p(r) Zom (7). (2.38)

In our notation, {¢,m} are the normal quantum numbers and k is the wavenumber or momenta.
This formalism can be extended to finite surveys where the wavenumbers become discrete case
but we defer that discussion to Section 5.6.3.
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2.4.1 Homogeneous and Isotropic 3D Random Field

We now consider a 3D statistically homogeneous and isotropic random field ¥(r; r) defined at a
time instant r. When appearing after the semi-colon, the » dependence is simply an expression
of the time-dependence of the function. Remember, the transform of a field at a distance r cor-
responds to the transform of the homogeneous field everywhere on a single hypersurface defined
at a time equal to the time the observed light left the source. The coefficients of our expansion
depend on the look back time of the observation and hence on the distance itself. This is simply
a statement equivalent to the fact that cosmological observations are down our past light cone
and not on the spacelike hypersurface defined at a time ¢. We use the comoving distance r as a
measure of the cosmological time ¢. The power spectrum of the 3D homogeneous and isotropic
field at a time r is defined by

(U (ks ) U5 (K r)) = CFY (ks r) Sp(k — K 600 Sy - (2.39)

In the homogeneous case, the power spectrum is independent of ¢ and collapses to C,(k;r) =
P(k;r), where P(k;r) is the standard Cartesian Fourier power spectrum. The 3D Fourier expan-
sion of the field ¥(r;r) is given by

(U(k; ) U* (K5 7)) = (2m)3P(k;7)0% (k — k). (2.40)

Given that the 3D Fourier expansion is denoted by

1
(2m)% .

and that we have the Rayleigh expansion of the exponential

U(r;r) = / Bk (k;r)e*T (2.41)

e =dm > it jo(kr) Yim Q) Yim (), (2.42)
{tm}

we can construct a relation between the Fourier coefficients and the sFB coefficients by inserting
the Rayleigh expansion into the Fourier expansion. Using that d*k = k2d(Q;, dk, we find that

Uy (k1) = \/% kit /ko U(k; 1) Yo (). (2.43)

As well as calculating the power spectrum of the field at a given time, we can also evaluate
the coefficients of the fields at two different times r and »’ to effectively calculate a cross-power
spectrum of two different homogeneous fields ¥(r;r) and ¥(r’;r'). Assuming that homogeneity

and isotropy still hold the cross-spectra reduces to
(U (k3 7) U0 (K5 7")) = Colksmyr") Sp (K — k) Su0r G - (2.44)

The homogeneity of the field means that the Fourier identity still holds and Cy(k; r, ") = P(k;r,r’).
For many of the cosmological fields that we consider, the correlations of the field are reasonably
localised in the sense that correlations become negligible for sufficiently large separations and the
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only significant contributions arise from small scales. Typically [r — /| < 150Mpec. Over such a
scale, the cosmological times are approximately equal and we can make the approximation that
r ~ r’ and hence that the power spectrum is calculated on the same spatial hypersurface [90].
The general form for the power spectrum adopted is

P(k;r,v') = /P(k;r) P(k; 7). (2.45)

Following [90], we adopt the geometric mean of the power spectra rather than choosing one
power spectra or the other. This allows us to split the integral into two internal integrals which
reduces the computation time of the problem at hand.

2.4.2 Inhomogeneous 3D Random Field

In the case where the random field is inhomogeneous in 3D space but the 2D projection retains
the homogeneous and isotropic characteristics, then the sFB power spectrum does not collapse
down to the Cartesian Fourier power spectrum. This scenario can occur when the random field at
question, for instance, depends on a line of sight integral from the source to us. This is the case for
weak lensing which is often considered a 2D radial projection of the underlying 3D gravitational
potential. In reality, it is given by the 2D projection at each source at a distance of r of the
gravitational potential along the line of sight. This means that it maintains the 2D homogeneity
and isotropy but it does not have such a property in the radial direction. The density field, however,
is a genuine 3D homogeneous and isotropic random field. Now, the power spectrum at two
different distances for an inhomogeneous field is given by

<\I’gm(k; T)\I/Z/m/ (]4}/; 7‘/)> = C[(k, k‘/) 5@@/ 6mm’- (246)

In such a scenario, the power spectrum does not reduce down to its Fourier counterpart.

2.4.3 Cross-Correlating 3D Random Fields

We can study the cross-correlation of two different random fields in the sFB formalism by using
the same approach as previously but for two fields ¥ and ®. The cross-spectra is given by

(U (ks ) @5, (K5 1")) = CFE (K, K') Soer S - (2.47)

Such cross-correlations are becoming increasingly important in modern cosmology due to the
astrophysical and cosmological information probed by different observables. This will be the case
in Chapter 6.

2.4.4 Projected 2D Random Field

We can extend this formalism to studies that include a 2D projected field ({2) that samples some
underlying 3D field ¥(r) according to some arbitrary weight function wy(r)
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Y(Q) = / drwy (1) U(r). (2.48)

In order to derive the underlying harmonics we first perform a 2D decomposition of the field and
then perform a spectral decomposition of the underlying 3D fields in the sFB formalism.

Vi = [ 42V, (@)y(@) (2.49)
_ / QY () { /O mdrww(r)xp(r)} 2.50)
- [av; @) [ / ) drw¢<r>\/z [ {;W}wm/m)wm«k;r)jukr)] 2.51)
. / 0 L%}ygn(a) Ypm/(Q)] /0 h drww(r)\/z / kdk Uy (ks 1)jor (k) (2.52)
= /000 drww(r)\/z/kdkjg(kr) Uy (k). (2.53)

To make last the step to 2.53, we used the spherical harmonic orthogonality relation as per equa-
tion 2.20. The sFB harmonics associated with a projected 2D field sampling an underlying 3D field
according to the window function w,(r) is therefore

'(/)Z’rn = \/E/oo dr w’lb(r)/dkk.]f(kr) \Ijént(k;rf‘)' (254)
0

From this representation we can construct the power spectra and related cross-correlation spectra
of a 2D projected field with other 2D projected fields of 3D fields. The cross-correlation of a 2D
projected field )y, with another 2D projected field ¢, yields the following angular spectra

(DemPirms) = CLP 800 O - (2.55)

Similarly, the cross-correlation of a 2D projected field v, with a 3D field ¢y, yields

<¢em(k)1/1?/m/> = C?m(k)dﬂ/dmm’- (256)

2.4.5 Spin-s 3D Random Field

Up to this point we have only dealt with scalar fields, which are spin-0 quantities. The spherical
Fourier-Bessel formalism may be extended to fields of arbitrary spin-s, generalising our results.
Specific spin-weighted fields that will be of interest later in the thesis are the shear and flexion
fields found in 3D weak lensing. The spectral decomposition of such fields necessitates the in-
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troduction of a set of 3D basis functions that are constructed from products of the spin-weighted
spherical harmonics SYM(Q) on the sphere and the radial spherical Bessel functions j,(kr). As we
will see, an expansion in the spin-weighted basis can also be related to a scalar function through
the use of spin-lowering and spin-raising operators. As before, the spherical coordinates provide
a natural choice for the eigendecomposition of spin-weighted functions, providing a clear separ-
ation in terms of radial and spherical harmonic modes. Extending the definition of the spin-0

eigenfunctions Z.,, (r), we introduce the spin-s eigenfunctions

2 R
sZkZm(r) = \/;k‘jg(k"l") snm(Q) (257)

We briefly want to say a few words on the spin-weighted spherical harmonics in order to set the
notation and provide some useful relations. The spin weighted spherical harmonics are defined in
terms of the Wigner D-matrices

2A+1

471_ —s,m

Yo (Q) = (0, 6,0). (2.58)

The Wigner D-matrices were originally introduced in quantum mechanics as an eigenfunction of
the Hamiltonian for spherical and symmetric rigid rotors. The matrix is intrinsically connected to
the irreducible representation of the SU(2) and SO(3) groups.

Definition 2.5. The Wigner D-matrices are defined by
D! (a,B,7) = exp(—im'a)d’,  exp(—imy), (2.59)
where {«, 3,v} are Euler angles and Wigner’s small d-matrix is defined by the following expression

(_1)m/—m+s
G+m—=s)st(m' —m+ ) ([j—m'—s)!
(2.60)

e = 1G+m) (G —m) (G +m) (G —m)]2 Y

S

2j+m—m'—2s m’'+2s—m
X [cos (ﬁ)] ’ {sin (ﬁ)] - .
2 2

These formula make assumptions about the order and structure of rotations around the Euler
angles. The Euler angles are simply a way of representing the orientation of a reference frame
with respect to a known, fixed original frame. In our convention we assume the zyz rotation
operation. This simply means that the Euler angles correspond to a rotation around the z axis by
«, a rotation around the ¢’ axis by 3 and a final rotation about the 2" axis by v. The Wigner D
matrices form a complete set of orthonormal functions of the Euler angles {«, 5,~v}

27 T 27 2
. ; o 8T
[ da [ singds [ dyDyua50) Dl 50) = 5 BB, (26D
0 0 0 2j+1
Having defined the spin weighted spherical harmonics and the appropriate functions, we gener-

alise the orthogonality relationship of the spin-0 spherical harmonics to spherical harmonics of
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spin-s

/dQ {5nm(0)} [s’n’m’(ﬁ)] {s”n”m/’(ﬂ)} :\/(2€+1)(2€’+1)(2€”+1) ( e 0 )

47-(- m m/ ml/

< / Y VZ )
X .
A

where the terms in brackets are the Wigner-3j symbols that will be discussed in Section 2.5. The

(2.62)

completeness relations for the spin weighted spherical harmonics can be shown to obey
Z {s%m(ﬂ)] [snm(ﬂ/)} = 5D (Q - Q,) 5 (263)
m

and the complex conjugate of a spin-s harmonics is given by

Y = (=)™ Y (). (2.64)

m

With all this machinery in place, the spin weighted spherical Fourier-Bessel decomposition can be

written as
W)= [ Y o] Ziam ) 2.65)
0 {em}
(k) = [ & (0] [ Zig o). (2.66)

We now wish to introduce one final concept that will be vital in linking a field of spin-s to a field of
spin-s’, namely the spin-raising and spin-lowering operators. The spin raising operator, or edth, 3
is a geometric operator that can be defined as a totally projected covariant derivative with respect
to a null-tetrad defined on the 2-surface (see Section C.0.1 for a more detailed treatment). The
operator O acts as a spin raising operator on the quantum number s and its complex conjugate 0
acts as a spin lowering operator

0 [Yem] = [(€ =) (L4 5+ D] [11Yem] (2.67)
D [Yoml = —[(+5) (= s+ D] [o1Y0m)] (2.68)

The spin weighted spherical harmonics are eigenfunctions of the operator & 9

0 [Yem] =—(l—8)(£+s+1) [Yen] (2.69)
0 [Yom]=—(L+3s)(l—s5+1) [Yom]. (2.70)

Qi

Using these relations, we can map the scalar spherical harmonics onto the spin-2 spherical har-
monics as follows

(£+2)!
(€ —2)

Eﬁ = i;: [-2Yem] @71)

00 Yy = [Yen] D0V =
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These functions will be particularly useful when decomposing a complex valued spin-2 field into
two scalar real functions that can be shown to correspond to the even and odd parity components

of the spin-2 field.

2.5 Wigner 35 Symbols

The Wigner matrices are some of the stranger objects that are typically encountered in statistical
cosmology. In essence, these matrices are just rescalings of the Clebsch-Gordan coefficients, pla-
cing all multipoles on an equal footing. The matrix essentially describes the quantum mechanical
coupling of two angular momentum eigenstates into a third eigenstate.

Definition 2.6. The Wigner 35 symbol can be defined by its relation to the Clebsch-Gordan coeffi-

cient <£17 62, mi,moy |1€37 m3>

mi1 Mo M3

/ 12 /
(1 . >:<‘1”l“2+m3[2£g+11“2<£1,eg,ml,m2w37m3>. (2.72)

This symbol obeys a number of useful symmetry properties:

‘el 82 £3 — (_1)@14’@24’@3 Zl €3 62 (273)
mp; me Mg mip Mms3 Mma
L l 1
_ (71)Z1+52+£3 ( 2 1 3 > (274)
mo miq ms
L
_ (_1)41+f2+43 < gl 62 3 ) . (275)
—mp —Mm2 —M3

Some of the main identities associated to this matrix that we will abuse are given by the ortho-

gonality of the 35 symbols

bty L 0 by 4
Z(2£3+1> ( 1 b A ) ( 1/ 2/ )Z(gg; Y (2.76)
l3ms3 myp Mm2 Mms mi; My m 1M 2My
14 ¢ ¢ /¢ / Vi
> (2€3+l)< L by L ) ( v b >:55m/5g,, 2.77)
mime mi; M2 Mms3 mi M2 Mg

Finally, we introduce the Gaunt integral which is defined as the overlap of three spherical harmon-

ics of spin weight s.

Definition 2.7. The Gaunt integral is defined to be

[ 49 [V @] [12¥eama @] [s¥eims (] = Tt (ﬁl b by ) ( oot )
S1 S2  S3 mip Mg M3

(2.78)

Doour, = \/(241 +1)(262 +1)(203 + 1) 2.79)

47 '
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This is exactly the orthogonality condition that we encountered for the spin weighted spherical
harmonics 2.62. For the scalar spherical harmonics, s = 0 and the expression simplifies somewhat.

2.6 Spherical Bessel Functions
The spherical Bessel functions have some useful properties that we wish to introduce here. These

will be used repeatedly in our subsequent analysis. First of all is the recurrence relation that allows
us to generate spherical Bessel functions of a higher ¢

% [z e(@)] = 2 (@) o1 (@) + e (x) = W; 2 Je(@); (2.80)
% [2750(@)] =2 e () Cjea(@) = (0+1) fepa(z) = (20+1) d%je(x)- (2.81)

We can also define the first derivative of the spherical Bessel functions as

1

3r) = 57 [ () = (€4 Diea ()], (2:82)

and the second-order derivative by applying 2.82 to itself

o[ 2 420-1) 00 —1) (C+1)(L+2)

Ji (r) = [m]é(r) - mie—ﬂ”) - m]ew(ﬂ . (2.83)

2.7 Limber Approximation and its Extension

The Limber approximation, along with its Fourier space counterpart, is a very useful and widely
used tool in cosmology [323]. Often we will want to investigate particular limits for our 2-point
correlators and the Limber approximation provides what is known as a small angle approximation.
Here, we assume that we are dealing with small angular separations and that certain functions
vary relatively slowly. This method is more exact in the high-¢ limit and typically breaks down
for small multipoles. In practice the Limber approximation often amounts to replacing our Bessel
functions with an appropriately weighted delta function, at least to leading order. An immediate
outcome is that we reduce the dimensionality of our integrals by using the delta function to col-
lapse an integral. This can often prove useful when dealing with large multi-dimensional integrals
in the calculation of covariance matrices [297].

Definition 2.8. The extended Limber approximation is implemented through the following ap-
proximate relation

/k2 F(k) jolkra) jo(kry)dk ~ [ ] F (é> owlra=m) )y (2.84)

2v Ta r2

For high ¢ the spherical Bessel functions can be replaced by a Dirac delta function d1p:

L /T
zhi{:o je(z) = 5511) (v—1ux). (2.85)
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At small ¢ this approximation breaks down. We could improve our Limber approximation by
incorporating higher order corrections [329]

1a? 1a3

_ e n/4 e n —4
/dxF(m)Jl,(x) = [F(a:) 53 F"(x) 62 F (w)} - +0(™), (2.86)
where spherical Bessel functions j,(z) are related to the ordinary Bessel function J, (x) via
Je(@) =4[ 5 Jv(2). (2.87)
In practice, we will typically only use the leading order result in the Limber approximation or
we will perform a full numerical calculation. An examples of the improvement in accuracy when

going to higher orders in the Limber approximation may be found in [56]. Though for ¢ > 10 the
differences between the various approximations and numerical schemes is on the percent level.
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Chapter

Inflationary Cosmology and Large Scale

Structure

3.1 Inflationary Cosmology

3.1.1 Introduction

Any cosmological model that aims to describe the origin and dynamics of structure on large scales
must satisfy a growing number of constraints. It is well known that the Universe appears to be
highly homogeneous and isotropic on the largest scales. However, the presence of large scale
structure (e.g. clustering of galaxies) means that we must provide a mechanism that is capable
of generating the primordial density perturbations that seed this structure. The current favoured
mechanism is inflation, as we shall outline shortly. First, we will recall some of the key constraints
and problems that inflationary cosmology was invoked to solve.

e Flatness Problem: In the flatness problem, we note that Qg is extraordinarily close to
zero at the current time but it also represents an unstable point in the matter and radiation
dominated era. This means that if Q is so close to zero now, it must have been even more
so in the past. This constitutes an extreme fine tuning problem in the early Universe, i.e.
QK (ts)] < 10790,

e Horizon Problem: Observations of the CMB, and its near perfect blackbody spectra, suggest
that distant regions of the Universe were in causal contact in the far past. If we rewind
the expansion, assuming standard FLRW expansion with the cosmological parameters from
today, then we see that two regions that are causally disconnected today will remain causally

disconnected. This is clearly an issue.

e Relic Particle Abundances: This is a statement to the effect that particles produced in
some approximate GUT regime are not observed today and we would need to explain the
abnormally low abundances in a rather natural way.

51
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e Coherence of Perturbations: This is a more subtle point but is often one of the key con-
straints that kills many theories for the early Universe. In particular we require shape and
structure in the power spectra for the CMB and LSS. Many theories for the early Universe
can generate perturbations of the right amplitude and scale but, as there is no mechanism
that enforces coherence, result in a whitened power spectrum.

e Superhorizon Fluctuations: This constraint tells us that we need a mechanism that is cap-
able of generating perturbations on scales larger than the particle horizon.

e Gaussianity, Scale Invariance and Adiabaticity of Perturbations: Observations of the
CMB tell us that the primordial perturbations seeding large scale structure must have been
highly Gaussian, near scale invariant and highly adiabatic. A theory for the early Universe
must clearly satisfy these constraints.

The theory of inflation [383; 325; 532; 245; 231; 326] was introduced as a rather natural
mechanism that solves the horizon and flatness problems but also introduces a mechanism that al-
lows for coherent perturbations in the early Universe. These perturbations arise from the quantum
mechanical fluctuations of a hypothetical quantum field that drives a period of quasi-de Sitter in-
flation. Inflation solves the flatness problem by providing a mechanism, i.e. the exponential
expansion, that drives the Universe towards Qj = 0 sufficiently fast to compensate for the sub-
sequent drift at the end of inflation. This alleviates the problem of fine tuning as Q2 is pushed
incredibly close to 0 for rather generic initial conditions. For exponential expansion, we see that
the comoving Hubble radius will decrease with time and this means that two points that were in
causal contact at some Planckian size patch can be dragged outside the horizon by the exponential
expansion to cosmological scales. In effect, two points at cosmological distances apart today could
have been in causal contact in the early Universe. A similar argument will apply for relic particle
abundances, by introducing a period of rapid exponential expansion in the early Universe these
relic particles would be rapidly diluted and hence unobservable today. Superhorizon perturba-
tions are also natural in inflation as perturbations generated on quantum scales can be dragged to
cosmological scales by the expansion. One of the real powers of inflationary cosmology, however,
is that it allows us to generate a coherent power spectrum. The argument goes as follows: modes
generated on quantum scales get dragged outside the horizon during the expansion where they
subsequently freeze out. This means that the modes do not undergo dynamical evolution, their
wavelengths have become sufficiently long that causal physics can alter them. After inflation, the
Hubble radius grows and modes slowly re-enter the horizon. Once the modes enter the horizon
they become dynamical and start to oscillate, the wavelengths are now below the horizon scale
and causal physics can once again affect them. The important point here is that once the modes
freeze out, the amplitude is fixed. All modes enter the horizon with some constant amplitude and
are hence coherent. This gives the characteristic shape and structure to the power spectrum of
primordial perturbations but also sets an important bench mark. For coherent phases, the most
basic requirement is that at some point in the distant past the modes of interest had to be within
the horizon. Currently, only inflation offers such a self-consistent explanation for all these fea-
tures. Finally, the observed Gaussianity of the CMB places strict limits on the interactions of the
quantum field(s) in the early Universe. In particular, for highly Gaussian perturbations we require
that higher order interactions are relatively suppressed. It is a major goal of modern cosmology
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to detect and study such non-Gaussianities as their imprint in the CMB and LSS can tell us a
huge amount about fundamental interactions in the early Universe as each interaction induces a
particular shape and structure to the n-point correlators.

The modern vanilla model for inflation is based on a set of rather reasonable and generic initial
conditions. First of all we assume that the whole calculation can be done within the semiclassical
framework. By this we simply refer to the fact that we have a classical homogeneous and isotropic
background spacetime governed by the EFEs on top of which we quantise our field theory. For
the simplest models we just adopt a single scalar field ¢ that is assumed to be minimally coupled
to gravity, canonically normalised and equipped with a simple quadratic mass potential. The
initial conditions for the system are set by assuming the Bunch-Davies prescription in which we
assume that there exist no excited states at an initial time ¢, and that as we approach small scales,
modes will be deep within the horizon and curvature effects may be neglected. In such a limit we
asymptotically recover the conventional Minkowski vacuum. Finally, in order to violate the strong
energy prediction and generate exponential expansion, we assume that the field initially starts off
in some excited state such that the potential energy dominates over the kinetic energy. These last
two points raise interesting and important questions regarding the fine-tuning of initial conditions
required for inflation. We will discuss that in a little more detail later. First, we want to sketch out

the various assumptions in a some mathematical detail to fix our notation:

e Einstein Gravity

G =8nGT,, 3.1

Homogeneous and Isotropic Background Solution

ds? = —dt? + 2’V dx;dx; p=H (3.2)

Free Scalar Field ¢ Driving Inflation

S = %/d4x\/§ [M;R —(V¢)? — 2V(¢)} (3.3)

Canonical Kinetic Terms

L=L(X,V) X-= —%gwamam b L= X V() 3.4)

Bunch-Davies Vacuum (Initial Conditions)

b (to) ~ Ape ™1 (3.5)

Perturbations Around Background

o(t,x) = o(t) + 0¢(t,x) g (t,x) = Guu(t) + g (t, ) (3.6)
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e Slow Roll Dynamics
V(p) > ¢°. (3.7)
e Potential, such as
1 2,2
V(g)=gm°¢ (3.8)

Now that we’ve introduced the notation and set the scene we can start to build up the ma-
chinery that is required in order to calculate non-Gaussianities during inflation. What we will see
is that the hierarchy of n-point correlation functions are sensitive to the underlying field theory as-
sumed to drive inflation and its interactions. In essence, the dynamics and interactions of the field
imprint themselves on the correlation functions by inducing amplitude and momentum depend-
ence. This is important as it states that by studying the n-point correlation functions of the cosmic
microwave background or large scale structure, both of which can be related to the primordial
density perturbations, we can probe the dynamics of the very early Universe. In the next section
we will introduce the In-In formalism as a tool for calculating n-point correlation functions. This
is the modern approach championed by [345] in his classic paper.

3.1.2 In-In Formalism

There are by now many references in the literature available that give good overviews of the In-In
formalism in cosmology. Some of the key papers on which the foundations of this chapter are
based can be found in [345; 589; 100; 306; 123]. We make no attempt at providing a detailed or
technical discussion but simply aim to give a schematic overview of how non-Gaussianities may
be calculated given a field theory for inflation in the more modern notation of [345].

For the In-In or Keldysh-Schwinger formalism, we are no longer interested in calculating trans-
ition probabilities but are interested in calculating an expectation value of some arbitrary operator
Q constructed from the product of field perturbations ¢, and ém,. In a non-static spacetime, such
as a de-Sitter spacetime, the initial vacuum |0_) is generically different from the final vacuum
|04). This is due to time varying strong gravitational fields that effectively induce a gravitational
Schwinger effect, i.e. gravitational particle production [495; 225; 226; 227; 352]. The matrix
elements (04|Q(t)|0_) are, in general, complex and will not correspond to observables of physical
interest.

This is in stark contrast to the In-Out formulation of QFT which is conventionally formulated
as a boundary value problem. Here, the boundary values are defined by two asymptotically well-
defined states, i.e. particles. In scattering processes, for example, we start out with some initial
state, evolve the operators from ¢ = —oo to ¢t = oo and then evaluate the overlap of the the initial
state with some final state.

In the In-In approach, we re-cast the problem in terms of an initial value formulation where
the aim is to calculate a correlation function at some arbitrary time ¢ given some initial Cauchy
data at ty. The initial data in this instance is just a prescription for the initial vacuum state.
In inflationary cosmology, the initial vacuum (2 is usually given by following the Bunch-Davies
prescription, for which the vacuum state is defined by the asymptotic limit  — —oo such that
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the momenta of interest are deep within the horizon and curvature effects may be neglected. We
also make the implicit assumption that no degrees of freedom are excited on these scales, we are
effectively stating that there is zero particle content and that no Planckian degrees of freedom may
be excited. The appropriate vacuum state in this limit is just the Minkowski vacuum |0).

In the Heisenberg picture the expectation value of our operator is given by:

(Q) = (QQ(1) ), (3.9)

where we conventionally wish to evaluate this expectation value at the end of the inflationary
period ¢. In order to construct a quantum field theory for inflation we are required to specify a
Hamiltonian of the system:

H[6 (), n(t)] = / B rH[B(x, 1), a(x, B)]. (3.10)
The canonical coordinates ¢,(x, t) and 7,(x, t) obey the canonical commutation relations:

[fa(x,1), T (¥, 1)] = i6ap0°(x — ¥), (3.11)
[d)a (X7 t)a ¢b(Ya t)] = [ﬂ-a (X, t)7 Trb(y7 t)} =0. (312)

The time dependency of the canonical coordinates is generated by the total Hamiltonian through
Heisenberg’s equations of motion:

Ga(x,1) = i [H[@a(t), ma(t)], da(x, 1)] (3.13)
To(X,t) = i [H[da(t), 7a(t)], ma (X, 1)] . (3.14)

In order to proceed we split the field into a classical time-dependent homogeneous background
solution and a small perturbation:

Ga(X,t) = Ga(t) + 5pa(x, ) (3.15)
Ta(X, 1) = Ta(t) + 67ma(x, 1). (3.16)

The Hamiltonian H generates the time-dependence of the fields but it is the terms of H of quad-
ratic order and higher in the perturbations that generate the time dependence of the fluctuations.
The total Hamiltonian can therefore be split into the zeroth and first order terms H alongside the
time-dependent Hamiltonian H: H = H + H. The time-dependence of the fluctuations is given
by:

6da(x,) = i | H[o(t), m(1): 1], 36 (x.)] (317)
Sia(x, 1) = i [ﬁ[¢(t),w(t);t],ana(x,t)} . (3.18)

The operator formalism outlined by [589] expresses the fluctuations at time ¢ in terms of the
unitary time evolution of the fluctuations at some initial time ¢,:

0pa(t) = U (t,0)da(to)U (¢ o), (3.19)
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6ma(t) = U (t,to)0ma(to)U(t, to), (3.20)

where the unitary time evolution operator is defined by an initial condition U(tg, ty) = 1 and the

differential equation:

%U(t, to) = —iH[6¢(t), 6m(t); )U (¢, to). (3.21)

In order to calculate U (¢, ty) we switch to the interaction picture and decompose the higher order
Hamiltonian H into a quadratic kinematical term and an interaction term:

H[56(t), 5m(t); 8] = Hol0b(t), 5 (t); 8] + Hi[86(t), 5m(t); 2], (3.22)

such that we aim to express U as a series expansion of the interaction terms. The time-dependency
of the perturbations is governed by the quadratic term H, with the interaction picture operators
being free fields. It can be shown that the unitary time evolution operator is given by [589]:

Ul(t,to) = Uo(t, to)F(t,to), (3.23)

where .

F(t,tg) = Texp <—z’ HI(t)dt> . (3.24)

to

Combining Eq. (3.24) and Eq. (3.19) we can express the expectation value of an operator by:

(@) = (QUF 1 (t,10)Q" () F (L, 10)|2), (3.25)

=(Q| {Texp (z /t: H,(t)dt)] QL(t) [Texp (—z/t: H,(t)dt)] Q). (3.26)

In the above prescription we are free to write the vacuum of our interacting theory in terms of
the vacuum for the free theory |0) as we do not generate non-trivial vacuum fluctuations through
interactions. This arises as F'~'F = 1 and we essentially find that in the In-In approach the
vacuum fluctuation diagrams automatically cancel. For inflationary cosmology this formalism is
useful as it allows us to calculate the n-point correlators for an arbitrary model, as an example the

three-point correlator would be:

<Rk1szRk3>(77) = (3.27)
_ n n
(0] | T exp (—i / Hz(n’)dn’ﬂ Ry (1) Ry (M) R (n) | T exp (—i / Hz(n")dn”ﬂ |0).
—oo(1—ie) —oo(14i€)
(3.28)

3.1.3 Maldacena’s Calculation
3.1.3.1 ADM Approach

Maldacena’s calculation [345] uses the In-In formalism to compute the leading order corrections
to the scalar and tensor perturbations in the minimal single field inflationary model that we intro-
duced earlier. The action for this inflationary model is perturbatively expanded about the spatially
homogeneous background FLRW solution. The leading order term is quadratic in the fluctuations
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representing the Gaussian contribution from the free field. The non-Gaussianities that arise in the
three-point function are generated due to the non-linear nature of the Einstein field equations as
well as non-linearities in the inflaton potential. As with all areas of physics, choice of notation and
convention is a particular problem in the literature. Maldacena [345] happens to adopt rather
obscure notation in comparison the much of the literature in cosmology. We will introduce this
notation and make the connection to the Mukhanov-Sasaki notation [383; 471; 472].

The action for the vanilla model described above is that for a free scalar field minimally coupled
to gravity with some arbitrary potential V' (¢)

S = %/\/g [R—(V)* —2V(e)]. (3.29)

Note that we have set the reduced Planck mass to unity Mpf = 871Gy = 1. The homogeneous
background de Sitter spacetime has a metric that can be recast in the following form [345]

ds? = —dt* + 2O dz,dx; = 2P (—dn? + dxydx;). (3.30)

Solving the EFE and equations of motion for the scalar field provides us with a set of equations
that govern the background spacetime

3p° = %¢52 +V(9), (3.31)
p= 0%&»2, (3.32)
0= ¢+ 3pd + V(o). (3.33)

As mentioned, Maldacena adopts a somewhat unconventional notation but the relation to the
more normal Hubble parameter and scale factor in cosmology is as follows p = H = a/a. Follow-
ing the normal procedure in inflationary cosmology, we consider quantum fluctuations about the
background solution

Jab(t) = gan(t) + dgap(t, %), (3.39)
B(t) — o(t) + 09(t, x). (3.35)

An initial problem in describing these quantum fluctuations lies in removing unphysical degrees
of freedom from our calculations. The fluctuations above can be described by five scalar fields of
which four arise from the metric: dgoo,dg;;,090;i ~ 0;B,0g;; ~ 0;0;H and the fifth from the scalar
fluctuation 0¢. Not all of these scalar fields have physical significance and we can remove two
of the scalars by considering the gauge invariances on our action from reparametrisations of the
form z* — x' + 0%, (see [345; 123] for more explicit details). A further two modes are removed
due to constraints on the action leaving only a single physical field.

In order to proceed, it will be important to separate out the dynamical and gauge degrees of
freedom. A useful way to do this is to adopt the ADM formalism [21] in which we re-write our
metric in terms of the Lagrange multipliers N (¢,x) and N*(¢, x) along with the dynamical variables
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h;; and ¢. In the relativity community, the variables N (¢,x) and N*(¢,x) are known as the lapse
and shift respectively.

The ADM approach is based on a foliation of spacetime with a set of preferred spatial 3-
surfaces. We implicitly assume that the spacetime (M, g,;) is globally hyperbolic, where a space-
time is said to be globally hyperbolic if it admits a Cauchy surface > [220]. In turn, a Cauchy sur-
face is simply a spacelike hypersurface in the manifold M such that each timelike curve without
end intersects ¥ once and only once. The topological structure of the manifold is therefore R x X.
This means that spacetime is simply foliated by hypersurfaces ¥; for ¢ € R such that

M= U 2y, (3.36)

teR

where the hypersurfaces X; are defined at a given coordinate time ¢ forming the leaves in our
foliation. We therefore identify 3, with {¢t} x ¥ noting that the leaves are implicitly assumed to
be defined such that they do not intersect. This formulation of General Relativity is particularly
suited for studying the initial value formulation where ¥, is the initial hypersurface on which the
constraint equations are solved.

The spacetime metric g,; will induce a spatial metric h;; on each leaf ¥; which corresponds to
the orthogonal projection of the space of all spacetime vectors at each point p € X. The projection
tensor h;; onto X can be defined by

hij = gij +niny, (3.37)

where n’ the unit normal vector to the hypersurface ;. Physically, the lapse represents the rate
of flow of proper time with respect to coordinate time ¢, N = —t*n, and the shift represents
displacements tangential to the hypersurface ©;, N = h;tj. Under this prescription, the metric
may be written as:

ds* = —N?dt* + h;; (dz’ + N*dt) (da’ + N7 dt) (3.38)

with metric components:

900 = higN'N? — N, g =N"2 (3.39)
go0j = hijN’; 9" = -N"2N, (3.40)
9ij = hij§ Qij =-N? [Nthj - NiNj] (3.41)

The action Eq. (3.29) can therefore be rewritten as [345; 123]

S = % /d4x Vh [NR —2NV + N (E;EY — E?) + N~ (q's - N’Bi(b)? - Nhija,-qsaqu} ,
(3.42)
where we have introduced a normalised extrinsic curvature K;; = N~!'E;; defined by the Lie
derivative of the spatial metric:

(3.43)
By =~ (hij — D;N; — DjNi) , (3.44)

E = Ej (3.45)




59 Chapter 3. Inflationary Cosmology and Large Scale Structure

The variable R corresponds to the 3-dimensional Ricci curvature scalar for a hypersurface ¥, and
D; are the covariant derivatives induced by the spatial 3-metric h;;. See Section 7.4 for a further
treatment in the 1+3 formalism.

In order to perform actual calculations we will need to adopt a particular gauge. Following
[345], we adopt the uniform inflaton gauge in which all degrees of freedom are absorbed by the
metric tensor such that v,; parameterises the gravitational degrees of freedom [345]:

0p=0;  hy =D I1+20(6,%)0; +75]; vy v =0, (3.46)

with the last two constraints ensuring that the perturbations are transverse and traceless.
The action for the dynamical degrees of freedom can be found by solving the equations of
motion for the lapse and shift. These equations are derived, from a field theoretic perspective,

by the functional derivative of the action with respect to the Lagrange multipliers. The resulting
equations of motion are the momentum constraint and the Hamiltonian constraint

0=D; [N'(E;-6§E)], (3.47)

0=R-2V - N2(E;EY — E?) - N2¢. (3.48)

It can be shown that we only need to expand the action to the necessary order in the fluctuations
for the n-point correlator that we wish to calculate [345]. For example, when calculating the
2-point correlator we only need to work to quadratic order in the fluctuations. However, to work
with the 3-point correlator we need to expand the solutions to cubic order in the fluctuations. The
lapse and shift can be defined in terms of a general parameterisation of the scalar fluctuations n
the metric

N =1+2®(t,x), N'=690;B(t,x). (3.49)

For convenience we also re-write the metric h;; as
hij = e?POFXEx) 5, (3.50)
The momentum constraint equation can be shown to reduce to
—3p [2,0'@ _ c’} — 0" [pB + e 2¢] + §%P =0, (3.51)
and the Hamiltonian constraint reduces to
20 [2/@ - g'] —0. (3.52)

These constraint equations can be used to remove a scalar degree of freedom as we can fix ¢ by
setting

d=-2, (3.53)

and implicitly choosing the constant of integration to be zero such that, when fluctuations are
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turned off, we recover the original background metric. Substituting this into the momentum
constraint removes another degree of freedom as it fixes the scalar field B with the following

—2 12
B (1‘12) (3.54)
2p

equation

p

These results are plugged back into the ADM action Eq. (3.42) and expanded to the appropriate
order.

3.1.3.2 2-Point Correlator

As a consequence of the previous section, the only remaining scalar field of physical significance
is (. We now expand Eq. (3.29) to quadratic order and derive the 2-point correlator. Using Fried-
mann’s equation (i.e. the Gy, term of EFE) we can relate the inflaton potential to the background

equations as follows
2 Ly
V=3p" — §¢ . (3.55)

After inserting this into the action and performing an integration by parts, in which we neglect a
total derivative, we obtain [345]

1 . B2 .
§=3 / dt d%% [e3ﬂg2 _ef (34)2} (3.56)
1 h2 .
=3 / dt d%% [a3<2 —a (34)2} (3.57)

This final action is for a free scalar field which can be interpreted in terms of a collection of
harmonic oscillators and we perform the conventional mode expansion found in QFT

d3k .
C(t,x) = / W@(t)eﬂm, (3.58)

where each oscillator has a time-dependent mass arising due to the fact that we are working in an

expanding spacetime. The classical equations of motion are given by the functional derivative

5L d h2 p?

which generates two independent classical solutions. Using these solutions we can perform the
usual creation-annihilation operator expansion

Ge(t) = G (Daj, + G (Da—r. (3.60)
where the creation and annihilation operators obey the following commutation relation

ar(k1), a;(kg)} — (27)36(k1 — ko). (3.61)
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We can introduce the conformal time, dt = adn, which allows us to rewrite the action by the
following

S = % / [adn] d%% a [(g’)z - (ag)Q] . (3.62)

We can connect this to the literature at large in the inflation by noting that we can define a
Mukhanov-Sasaki variable v = z( such that z = 2a®e. This variable reduces to the conventional
Mukhanov-Sasaki action [383]

1 ‘ , 2
Snms = 3 /dT d3z [U'Q — (Ov)” — 112} ) (3.63)

The equation of motion is given by
" 2 2
vy + <k — 772> vk = 0, (3.64)

leading to an exact solution for the mode functions vy, of the form

—ik - ik -
on(n) = a (1 - Z) +pl (1 n Z) . (3.65)
V2k kn V2k kn

The Bunch-Davies prescription tells us that at very early times, » — —oo, we want to isolate the
positive frequency modes leading to initial conditions of 5 = 0 and « = 1. The Bunch-Davies
mode functions are therefore given by

. ! (3.66)
() = — (1 - — .
) V2k ( kn)
The mode functions presented here are promoted to operators via
iy, = v (n)ay, + v ()al,, (3.67)
where
[ak,a;,] = (21)36(k — &) > Wog, o] = L. (3.68)
We can use these results to calculate the 2-point correlation function for the field ¢

pa

— 2~ (27)36(k + K Py (k), 3.6
2k3M§l¢£ (ﬂ—) (+ ) () ( 9)

016k ()G (D]0) ~ (2m)%6° (k + k)

with the star denoting that we evaluate the quantity at horizon crossing, k = aH1. Letting p?/¢? =
1/2¢, the dimensionless scalar power spectrum is given by

11 H?

€ 812 M? ’
Pl lk=aH

k3

5 Pollk) = A2(k) ~

(3.70)
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noting that P, = 27 2P,,.

3.1.3.3 Gravitational Wave 2-Point Correlator
The action quadratic in the tensor perturbation « can be written as [345]

1 .
5= g/ [€2°%i5%i5 — €°Ovi; O] - (3.71)

The tensor perturbations are expanded as a series of plane wave solutions with a given helicity

d3k ,
= [ G 2 BRI (3.72

™

such that ¢;; = 0 = k/¢;; and (k) = efj'-(k) = 2J,4. The 2-point correlator reduces to

1 42

s s\ __ 353 /
i) = )8 e+ K

Saur. (3.73)

As such, the dimensionless tensor power spectrum is therefore given by

k3 2 H?
gabilk) =28k = Som| (3.74)
Pl =l
3.1.3.4 3-Point Correlator
The cubic order action can be shown to be
. ¢! 5p :i20-27
Sy = Ee PCE0™Ce+ ... (3.75)

Using the In-In formalism we seek to calculate the 3-point correlation function of operators O(t)
constructed from products of the field and its derivatives

(O(t)) = (U; (t,10)O(to) Uine (t, 0))- (3.76)

int

It has been shown that this can be re-written in the following equivalent form [345]

t

(O()) = —i/ dt'{[O(t), Hr(t)]). (3.77)
to

For an operator of the form O(t) = (3(t), the general structure of the 3-point correlator was shown

to be given by [345]
HA 1

_ 3.3 , éi*i

A, (3.78)
with A, encoding the momentum dependence of our function. Naturally, for operators of a differ-
ent structure, for example O(t) = ¢2¢, the momentum and amplitude dependence of the 3-point
correlator will be different. The key and crucial point here is that by analysing the shape and

structure of the bispectrum we can distinguish between different physical contributions. Similarly,
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by changing the underlying field theory we introduce different dynamics and different interactions
that will introduce different momenta dependence into the bispectrum. We briefly survey some of
the key ways in which you can relax the assumptions that go into the vanilla model of inflationary
cosmology in Section 3.2.

3.1.3.5 Tensor-to-Scalar Ratio

The tensor to scalar ratio is a dimensionless number that characterises the relative amplitude
of the tensor perturbations to the scalar perturbations. This number has seen something of a
resurgence with preliminary reports from BICEP2 suggesting a possible B-mode polarisation at
scales associated with primordial gravitational waves [3]. This quantity is, as the name suggests,
simply defined by the ratio between the tensor and scalar power spectra

(3.79)

3.2 Non-Gaussianity

The result presented in [345] corresponds to a vanilla model for inflation adopting minimal phys-
ics beyond the standard model. By considering all possible generalisations to this model, such
as the presence of additional fields or deviations from Einstein General Relativity, we are able to
probe the observational consequences of non-standard physics on the statistical properties of the
CMB and LSS. We could also work to higher orders in the perturbative expansion and investigate
the statistical properties of higher order correlators such as the trispectrum. In this section we
will briefly outline some of the key mechanisms that give rise to non-Gaussianity to provide more
concrete motivation for Chapter 4.

e Modified Gravity: By allowing deviations from Einstein gravity (see [111] for a recent
overview of current research trends in modified gravity) it is possible to generate non-
Gaussianities due to the inherent non-linearities in the field equations. Einstein gravity
predicts fx. ~ 1 [450; 345] and it is plausible that deviations from standard General Re-
lativity could generate more prominent non-Gaussianities but also give rise to a different
structure in the bispectrum and other higher order correlators. Examples of studies of this
nature include investigations into Gauss-Bonnet models (e.g. [330; 574]) and f(R) models
[141] among many others.

e Higher Order Contributions: These calculations can broadly be split into two categories:
higher order correlation functions and additional contributions beyond tree level calcula-
tions. Examples of trispectrum calculations include [509; 25; 26; 378; 42] and examples
of leading order contributions from, for example, loops include [527; 528; 509; 510; 147,
460; 516].

e Non-Canonical Models: The vanilla inflationary model assumes canonically normalised
kinetic terms. By relaxing this assumption on our Lagrangian it is possible to construct
models that give rise to non-trivial levels of non-Gaussianity. An example of such a model
is £ = p(X, ) where X = —1(0¢)? is the canonical kinetic term [186]. The framework
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for this sort of analysis is more general than assuming a canonically normalised kinetic term
and many studies adopt a non-canonical picture when deriving results such that in the limit
p — X we recover the canonical results. Examples of these types of calculations can be
found in [505; 186; 80]

e Multi-Field Models: By including additional quantum fields in inflationary scenarios it is
possible to introduce interaction terms or other non-linearities that generate non-Gaussianity.
There are a vast number of models of this nature so we pick out only a handful of relevant
references: [506; 7; 25; 43; 516].

e String Motivated Cosmology: It is thought, given the energy scales approached during
inflation, that inflationary cosmology, and its subsequent observables, could be sensitive to
quantum gravitational effects. In particular, much progress has been made in embedding
inflation in string theory with many attempts relying on compactification schemes in type
IIB string theories with a focus on creating (meta-)stable de Sitter vacua that can undergo
a period of sustained stable inflation (e.g. [288; 46; 597]). An alternative approach, in
the string scenario, is to make use of braneworlds, with the Dirac-Born-Infeld (DBI) models
receiving much attention (e.g. [14; 308; 48; 26; 378]). Given the success of the AdS/CFT
correspondence [344], there have been attempts to model inflation from a holographic point
of view, e.g. [537; 345; 508; 146; 241]. The dS/CFT correspondence states that quantum
gravity in a 4- dimensional de Sitter spacetime is dual to a 3-dimensional Euclidean CFT
where the timelike coordinate in dS becomes the scale parameter of the CFT.

e Non Bunch-Davies Vacuum: Inflation can potentially be sensitive to the initial conditions
of our model. The approach we adopted was given by the Bunch-Davies prescription. This
assumed that no Planckian degrees of freedom could be active and that there was zero
particle content in the Universe. This is highly likely to be an over simplification and the
extent to which our semiclassical approach is valid is not known. Some have argued that
as we approach small scales, and hence high energies, it is possible that physics beyond the
standard model can excite additional degrees of freedom or introduce physics beyond our
current theories and hence generate deviations to the initial conditions for inflation (e.g.
[15; 155; 156; 137; 122; 138; 479; 140; 224]). We are constrained by observations in
conjunction with the current paradigm for inflation to be reasonably close to the Bunch-
Davies vacuum. A good, though purely phenomenological, example is that of the a-vacua,
which correspond to the excitation of a narrow range of momenta. The appropriate pre-
scription for generating such an initial state is to take the Bunch-Davies vacuum and apply
a squeezing operator to create a new squeezed state parameterised by a. Typical calcula-
tions of the bispectrum for these models are demonstrated in [372; 600]. Deviations from
Bunch-Davies typically encounter problems arising from more formal considerations of QFT
in curved spacetimes or introduce deviations from Gaussianity that are not observed [75].

e Non de Sitter Geometry: Inflation is often taken to occur in a (quasi-)de Sitter background.
However, it is possible to allow variations in the underlying isometries of our spacetime
to model inflation occurring in various other cosmological backgrounds. Notable examples
would include the anisotropic solutions such as the Bianchi models or inhomogeneous solu-
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tions such as the LTB and Szekeres models. Alternatively, models in which anisotropy is
sourced by primordial vector fields have been considered with the appropriate calculations
found in (e.g. [41; 148]).

Features in Inflaton Potential: This encapsulates a number of models that introduce fea-
tures into the inflaton potential through various mechanisms. Some good examples of such
models include those based on the axion monodromy model (e.g. [37; 38; 240; 185; 365]),
supergravity based models (e.g. [269]) and more generalised studies of features in the
power spectrum (e.g. [8]).
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Large Scale Structure: Simulations

Figure 3.1: A public release image of the large scale structure of dark matter halos from the Millenium
simulation’.

Large Scale Structure: Observations

Figure 3.2: A public release image of the large scale structure of galaxies from the 6dF Galaxy Survey.
Visualisations by C.Fluke, Swinburne University of Technology 2.
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3.3 Large Scale Structure

3.3.1 Newtonian Structure Formation
3.3.1.1 Introduction

In this section we briefly outline the key equations that come into play when describing the growth
of structure in the Newtonian approximation. Here we implicitly assume that the matter content
is unrelativistic and we are considering scales far smaller than the Hubble scale. In this approach,
we first outline the formation of large scale structure from the gravitational collapse of the density
fluctuations of a pressureless fluid, cold dark matter, before moving to an expanding spatially ho-
mogeneous and isotropic spacetime. We will assume that the geometry of spacetime is very close
to FLRW and is spatially flat. This approach to structure formation is suitable at late times during
the matter dominated era and full relativistic treatments are possible but necessarily require addi-
tional structure that we do not wish to discuss here. Parts of this treatment follow the derivation
and notation in [432].

3.3.1.2 Static Euclidean Case

In the static Euclidean case, the hydrodynamical equations of motion coupled to gravity describe
the evolution of 6 parameters X = {X;} = {p, v, P, ®}

Ohp+V-(pv)=0 (3.80)
1

v+ (v-V)v= —; VP —-Vo (3.81)

A® = 47Gp, (3.82)

where we have introduced the energy density p = p(t, x), the pressure P = P(t,x), the velocity of
the fluid v = v(¢,x) and the gravitational potential ® = ®(¢,x). We have neglected the entropy S,
which would contribute an entropy conservation equation, as this is a reasonable approximation
to dark matter, the dominant matter component in large scale structure formation. In addition,
the system of equations is not closed and we need an additional constraint, the equation of state
P = P(p,S), to complete the equations. These equations will be valid in the non-relativistic
regime such that |v| < c and P < pc?.

Schematically, our approach will be to introduce a perturbative expansion around the back-
ground quantities up to arbitrary order

_ 1
Xi=X;+edX; + 562 52X, + O(e). (3.83)

The system of equation is then solved perturbatively. The background field equations, i.e. zeroth
order, are given by

hp+3Hp=0 (3.84)
OV + (V- V)v=-Vo (3.85)
A® = 47Gp, (3.86)
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where we have used the Hubble relation
v=H(t)r V-v=3H (3.87)

Initially neglecting gravity, we can write down the system of linear order equations by eliminating

the background
O dp+pV-0v+V-(dpv)=0 (3.88)
1
OOV + (v -V)v+ (v-V)ov = =3 (c26p) — V6P (3.89)
A§P = 47G bp. (3.90)

Here we have introduced the sound speed ¢, which is defined with respect to the adiabatic com-
pressibility coefficient

=t <5P) , (3.91)
p \0p/),

where a is either the temperature (7') or the entropy (S). The sound speed is defined to be

cg =pXs- (3.92)

Initially neglecting gravity, we can write down a wave equation at linear order that relates the
density and pressure perturbations

D26p — ASP = 0. (3.93)

If we introduce the adiabatic compressibility coefficient, this reduces to

1 /OP

Xo = — () ) (3.94)
p\op/,

where ¢ is either the temperature (7") or the entropy (.5), then we can rewrite the wave equation

as

5?6,0 — ciAép =0 (3.95)

The solutions to this equation will be waves of a constant amplitude propagating with a sound
speed ¢, with no flow of heat and therefore constant entropy. Folding gravity into the mix we find
that the wave equation gets modified, picking up an additional source term

D20 p — 2 A6p = 4nGp dp. (3.96)

We proceed by decomposing this equation into a series of plane wave solutions such that dp o
expli(wt — k - x)]. This allows us to quickly and conveniently switch to the Fourier domain by
noting that 9; — iw and A — —k? = —(27/A)2. Each wavenumber will now satisfy a dispersion
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relation given by

amc? (N2

where we have introduced the Jeans length
™
N = Coy]——. (3.98)
J S Gﬁ
Modes that are smaller than the Jeans length oscillate and the conventional sound waves are
recovered. If the modes are larger than the Jeans length then the perturbations are unstable and
grow exponentially. This means that long wavelength perturbations A > \; are dominated by
gravitational effects whereas short wavelengths A < \; gravitational effects are negligible and
we recover sound waves. Heuristically, for A\ > \;, pressure is no longer able to support gravity
and large inhomogeneities may develop. We can associate a mass to the Jeans length in the
conventional way

()
=2 <3> (3.99)

3.3.1.3 Expanding Space

We now want to fold in the effects of an expanding spacetime and see what happens to our naive
description of the growth of large scale structure. First, we introduce comoving coordinates x
defined by

r(t) =a(t)x (3.100)

where a(t) was just the scale factor of the spacetime. The velocity field is then given by the time
derivative of the physical coordinate r

v(t) =i = Hr+u. (3.101)

Here u = ax is just the proper velocity. We can now re-write the hydrodynamical equations of
motion by re-writing the spatial derivatives V, in terms of the comoving coordinates Vy/a and
the time derivatives d;p(t,r) as O:p(t,x) — H x - Vxp(t, x). The equations of motion become

p(t,x) +3Hp(t,x) + %Vx [p(t,x)u(t,x)] =0 (3.102)

u(t,x) + Hu(t,x) + é (u-Vx) u(t,x) = —2Vx D(t,x) — aip VxP(t,x). (3.103)

where V,-x = 3. We can now introduce the density contrast §, one of the most important variables
in modern cosmology

o(t,x) = p(t,xp)(t)ﬁ(t); p(t,x) = p(t) [1+6(t,x)]. (3.104)
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The first equation above then reduces to
- 1
5+EV[(1+6) u =0 (3.105)
where we will set V to V unless explicitly stated otherwise. The equation of motion becomes
" . 1 A 1 1 i
The gravitational potential is determined from the Poisson equation
AD = 471G pa*(t)é, (3.107)

which has a solution of the form

5(t,x')

x —x'|’

(3.108)

O(t,x) = fGﬁa2/d3x’

3.3.1.4 Linearised Solutions and the Growth of Structure

We can now limit our analysis to systems for which the fluid is only weakly perturbed from the
background configuration. The perturbative expansion can be written as

§=00 463 4 ., (3.109)

but we only consider solutions for which § < 1 and we neglect terms of order O(¢?) and higher.
Linearising our equation of motion Eq. (3.106) we find

.. . 2
5+2H6:%A6+4WG56. (3.110)

This equation is a second order differential equation and we therefore seek solutions of the form
0(t,x) = D4 (t) e (x) + D_(t)e_(x), (3.111)

where €(x) is the initial density field and D, and D_ are growing and decaying modes respectively.
These modes are solutions of the equation

D+2H(t)D — %HQ(t)Qm(t)D =0 (3.112)
where the mean matter density is denoted by
3 2
ArGpn(t) = §H Qp(t). (3.113)

The solutions can be shown to be given by

5 H(a) /“ da’
Dy(a) =2 Qe e 3.114
@) = 5=, Pmo o [@E@)] G114

D_(a) = H(a), (3.115)
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where

H(z)

2
0

B = |
as in Eq. (1.28). In a flat dust dominated Universe this simply reduces to D, = a. In Eq. (3.114)
we can see that the growth of structure is driven by the matter density, which sources the gravit-
ational potential which in turn determines the rate of structure formation, but the Hubble para-
meter prevents structures from undergoing gravitational collapse. This can be seen, for example,
in Eq. (3.110) by the appearance of a Hubble dependent friction term.

3.3.2 Matter Power Spectrum
3.3.2.1 Transfer Function

We can perform a somewhat simplified study of the shape of the linear matter power spectrum by
analytically modelling a transfer function characterising the evolution of the density fluctuations
during the radiation era and describing the interactions between photons and baryons [174; 175]
5(k,2) Dy (2)

—_— (3.117)

s N E

where, naturally, the transfer function depends on the cosmological parameters and content of the
Universe. This function is defined to have the limit

lim T'(k) = 1 (3.118)
k—0

as super-horizon modes will not be affected by radiation domination as they only re-enter the
horizon during the matter era. The aim of this approach is to relate the dark matter power
spectrum to the initial power spectrum of density fluctuations

Py(k, z) <= Pe(k, 2), (3.119)

hence we need to connect the linear density contrast § to Bardeen’s curvature perturbation ®. This
is achieved by invoking Poisson’s equation

E2®, kT (k) = 4nGpm(2)

where T'(k) is the linear transfer function that describes the evolution of density fluctuations in the
radiation era and hence the interactions between photons and baryons. At early times, non-linear
evolution may be neglected and ignored on the scales we are interested in. The result is that we
can write the linear density perturbation in terms of the primordial potential

. _ Mk
61111,k(2) - (1 T Z) (I)k: (3121)
2T
M(k) = glzlnf({? (3.122)
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Transfer Function 7'(k)
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Figure 3.3: Here we show transfer functions 7'(k) for various different scenarios. For different species of
matter, the scales at which features become dynamically important differ. For instance, in CDM models
the small scale features at high & are clearly suppressed in comparison to larger scales. For baryons, this

transition scale is larger due to the erasure of small scale structure by the heating induced by tight coupling
between photons and baryons. From [425].

The time evolution of the primordial potential is therefore given by
Py (k,a0) = T%(k,ao) Po(k, a;) (3.123)

and, because Ps(k,a;) = k*Pg(k, a;), we have the time evolution of the matter power spectrum

Py(k, ao) = Ps(k, a;) T*(k, ao) [D+(a0)]2. (3.124)
D (a;)

The approximate shape of the transfer function can be deduced from reasonable physical assump-
tions. Modes that become sub-Hubble during the radiation dominated era k >> k., remain almost
constant, if we ignore logarithmic growth contributions, from n ~ 1/k to n ~ 1/keq. As k > keg,
we expect the transfer function to behave as T oc (keq/k)? due to this lack of growth. For modes
that undergo growth & <« k., we have T'(k,ao) ~ 1. This approximate transfer function encap-
sulates some of the key ideas but is far from accurate due to the step in the function and the
rather grotesque simplifications. More accurate formula exist for modelling the transfer function
[36; 174; 175]. The classic transfer function of [36] is given by (see Fig. 3.3)

In(1 + 2.34q)
2.34q

1/4

T(q) = [1+3.89g + (16.1)* + (5.46¢)" + (6.71¢)*] """, (3.125)

where ¢ = k/(T'Mpc™t) and I' = Q,,0h?. This transfer function is valid for cold dark matter

models with adiabatic initial conditions. Extensions to isocurvature conditions have been given

_ , 32 L7128 ~1/1.24
T(q) = (5.6q) 1+[15q+(o.9q) +(5.6q)} . (3.126)

We will not need this form but will use the adiabatic result in Chapter 4. This builds on the
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work of many authors but notable contributions can be found in [36; 68; 69; 157]. In Fig. 3.4
we show a number of cosmological measurements for the 3-dimensional Fourier power spectrum
compared to the linear matter power spectrum extrapolated to z = 0 assuming the best fit ACDM
parameters.

Finally, we note that the most accurate approach would be to solve the full relativistic Boltzmann
equation. We will often use publicly available numerical packages, such as CAMB [320], to accur-

ately calculate the matter power spectrum for a set of cosmological parameters.

Matter Power Spectrum
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Figure 3.4: The matter power spectrum compared to observations that range from linear scales, such as
the CMB, to non-linear scales such as those probed by weak lensing. The various measurements are labeled
on the figure and the solid line is the matter power spectrum extrapolated to z = 0 assuming the best fit
parameters in the ACDM model. From [555].

3.3.3 Variance of Large Scale Structure
The variance of the matter power spectrum is given by
o2 = (6%) (3.127)

where we can also introduce analogous quantities that are related to derivatives of the density
field

? = —(5V?9), (3.128)
o5 = (V25 V35). (3.129)

)
|
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These quantities will be used extensively in our discussion on Minkowski functionals where we in-
troduce a series expansion about a Gaussian background using the variance parameters o, to track
the order of the expansion. For large scale structure, the variance parameters of the unsmoothed
field density fluctuations are calculated by integrating over the matter power spectrum

2
= / Rk K P(k), (3.130)

and the variance parameters of the smoothed density fluctuations, with smoothing function W(kR)
of smoothing length R, will be calculated by

K2dk .
af:/ o3 E¥ P(k)W?(ER). (3.131)

Finally, we introduce one last quantity, og,-11pc, Which is not the same as oy in the notation above.
The quantity og,-1np IS @ crucial parameter in cosmology which does have a large influence over
the growth of fluctuations in the early Universe. The normalisation of the initial power spectrum
is specified such that the variance of the density fluctuations in a sphere of radius Rg = Sh™'Mpc
is on order unity

3
02— inpe = <47ng /5(x) d3x> ~ 1. (3.132)

In essence, this length scale Rg tells us the fundamental scale below which non-linearities cannot
be neglected as the density contrast becomes too large for linear theory to be a good approxima-
tion. Remember, the linear approach works very well for 0 < 1. In order to account for non-linear
evolution of the density field, it is conventional to perform a perturbative expansion

§=0W0 463 4. (3.133)

with each term §(") being of order €” in the initial density field.

3.3.4 Skewness

The skewness of large scale structure has long been used as a testing ground for deviations from
Gaussianity [285; 286]. The skewness is simply related to the variance weighted third-order
moment of the density field [432], which is defined by

(63) = <(5<1>)3> + <(5<1>)25(2>> +O>). (3.134)

The skewness itself is defined by the following expression

S5(0) = <<;23>>2 ~ % —(n+3), (3.135)

where the last relation holds if we neglect the presence of a window function W (kR).
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Linear Power Spectrum: Variance Parameters
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Figure 3.5: Here we plot the two variance parameters for a linear matter power spectrum Ppin (k) smoothed
by a Gaussian window of smoothing length R where the parameters are defined by Eq. (3.131).
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Chapter

Minkowski Functionals and Large Scale

Structure

4.1 Introduction

As we saw in the previous Chapter, the canonical model for inflation is a single free scalar field
obeying the Hamilton-Jacobi slow-roll constraints in a semiclassical background governed by Ein-
stein gravity with initial conditions set by assuming that the vacuum state asymptotically ap-
proaches the Bunch-Davies vacuum. The appeal of invoking such an inflationary model is that
it provides a rather natural mechanism for solving the causality and flatness problems whilst al-
lowing for the generation of primordial density perturbations through quantum mechanical fluc-
tuations [383; 325; 532; 245; 231; 326]. The scalar field model draws motivation from concepts
in particle physics and in many ways represents a vanilla model for inflation in the sense that we
have made rather minimal assumptions about the presence of physics beyond the standard model
in the early Universe. It should be emphasized, however, that whilst the scalar field models draw
on ideas from particle physics there is, as of yet, no known candidate particle that could source
the hypothetical quantum field driving inflation as we saw in Section 3.2. The energy scales typ-
ically associated with inflationary cosmology are currently far beyond that accessible to terrestrial
experiments and we must necessarily extrapolate current theories to these energy scales prompt-
ing questions over the validity of the effective field theories in describing inflationary models and
possible quantum gravity (i.e. UV) inspired corrections (e.g. [155; 137; 288; 46]).

The CMB probes the early Universe in a linear regime acting, currently, as one of the most
direct probes of the dynamics of the early Universe. One of the largest problems with current
and future CMB surveys (e.g. polarization) is the relatively small signal-to-noise ratios. Planck is
expected to exhaust the information content of the temperature anisotropies but will not provide
strong statistical constraints on the polarization with a number of dedicated polarization missions
in the development stage (e.g. CMBPol [44], COrE [74]). Given that we only have access to one
realization of the Universe, it is important to use as many cosmological data sets as possible to
analyse the statistical properties of primordial density perturbations (e.g. [500; 576; 144; 322;
389]).
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A number of recent papers have suggested that the statistics of dark halos may provide as strin-
gent constraints on primordial non-Gaussianity as CMB observations (e.g. [87; 136; 355]). When
observing large scale structure we encounter more severe non-linearities, for which there a pleth-
ora of mechanisms for generating significant non-Gaussianity. The first and most prominent is the
non-linear evolution of structure through gravitational instability. A second source of non-linearity
is the bias relation between the galaxy and matter distributions that arises when considering large
scale structure surveys. The final, and in our case most interesting, source of non-Gaussianity is
primordial in origin. In this Chapter we consider the role of large scale structure (LSS) surveys in
providing a probe of early Universe cosmology and further develop the skew-spectra as a tool to
distinguish between various contributions to the observed bispectrum of LSS.

The set of statistics that we will be the central focus of this chapter are a set of topological stat-
istics known as the Minkowski functionals, which can be used to characterise the morphological
properties of cosmological random fields. These functionals have been extensively developed as a
statistical tool in a cosmological setting for both 2-dimensional (projected) and 3-dimensional
(redshift) surveys and are analytically known for Gaussian and weakly non-Gaussian random
fields, making them suitable for studies of non-Gaussianity. Examples of such studies include CMB
data [113; 422; 118; 484; 414; 303; 178; 145; 261; 401], weak lensing [358; 477; 549; 396],
large scale structure [212; 113; 213; 373; 114; 382; 215; 370; 461; 465; 86; 483; 466; 474;
485; 486; 293; 423; 262; 260; 257; 259], 21cm [203], Sunyaev-Zel'dovich (SZ) maps [395] and
N-body simulations [486; 293; 258]. Note that this is an incomplete list of references and we have
selected a sample of representative papers from the literature.

The Minkowski functionals, being intrinsically defined in the spatial domain, provide a probe
of all orders of correlation functions in contrast to the more conventional polyspectra or Fourier-
space methods (e.g. power spectrum, bispectrum and trispectrum). In the weakly-non-Gaussian
limit it was shown [260] that the Minkowski functionals reduce to a weighted probe of the bis-
pectrum given in terms of a set of skewness parameters. This makes the Minkowski functionals
complementary to Fourier based methods as it offers an alternative probe of the data in the pres-
ence of contaminants such as survey masks, inhomogeneous noise, foregrounds, etc [260].

The next decade should see the next generation of large scale structure surveys beginning to
produce cosmological data sets in unprecedented detail with the most notable of these surveys
including: WiggleZ ' [63], Euclid ? [310], WFIRST ® [222], Boss 4, BigBoss ° [480] and Subaru
PFS °. These future surveys can be combined with the latest CMB measurements to effectively trace
the growth of structure formation from the surface of last scattering (z ~ 1100) through to the local
Universe (z ~ O(1)). The availability of such data sets promises to provide tight constraints on
cosmological parameters [586; 556], angular diameter distance derived from BAO measurements
[430], Hubble expansion rate, growth rate of structure formation [431], Gaussianity of initial
conditions and the nature of late time cosmic acceleration [10]. With more comprehensive data
sets, a deeper understanding of systematics (e.g. [263]) and improved understanding of both
primordial and late time contributions to non-linearity of the growth of structure (e.g. [54; 100])

Thttp://wigglez.swin.edu.au/site/
2http://euclid.gsfc.nasa.gov/
Shttp://wfirst.gsfc.nasa.gov/
“http://cosmology.Ibl.gov/BOSS/
Shttp://bigboss.lbl.gov/
Shttp://sumire.ipmu.jp/en/
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it becoming possible to do comprehensive studies utilising higher order statistics. In particular,
we are slowly reaching a point where it will be possible to break degeneracies between various
contributions to observed non-linearity (primordial, gravitational instability, bias, systematics, etc)
and constrain theories for the early and late Universe.

The work presented in this Chapter is based on [434] and the outline for this Chapter is as
follows: In Section 4.2 we introduce the foundations of integral geometry and differential topo-
logy that will be needed in order to understand the geometrical interpretations of the Minkowski
functionals. This section can be considered as somewhat optional and the main statistical results
and analysis is presented in Sections 4.3.5 and 4.4 and We proceed to introduce the Minkowski
functionals via Crofton’s Intersection formula in Section 4.2.4.1 and via the Koenderink invariants
in Section 4.2.4.2. We subsequently discuss analytical results for the Minkowski Functionals in
a Gaussian random field in Section 4.3.4 before detailing the extension to weakly non-Gaussian
fields using the perturbative approach in Section 4.3.5.

The particular cosmology that we will adopt for numerical studies in this Chapter is defined
by the following parameters: Q, = 0.741,h = 0.72,Q, = 0.044,Qcpm = 0.215,Qm = Qp +
Qcpwm, ns = 0.964, wy = —1,w, = 0,05 = 0.803,, = 0.

4.2 The Minkowski Functionals

4.2.1 Introduction

As we mentioned in the introduction, the Minkowski functionals were originally introduced in
cosmology as a means to study the morphological and topological properties of large scale struc-
ture and, more recently, cosmological random fields. The Minkowski functionals were originally
introduced by Minkowski in 1903 [375] as a means to associate a probability measure with a
transformation group, with the Minkowski functionals being distinguished by a strict motion in-
variance, to solve long standing problems in stochastic geometry. It was the further work of
Austrian mathematician Blaschke that resulted in the systematic study of what is now known as
integral geometry [64]. It was this work that introduced the Quermalf} integrals or the scalar
Minkowski functionals. This initiated a whole field of study with many important insights into
geometric probability and stochastic geometry being introduced as a result [234; 469].

In this section we will concisely introduce some fundamental concepts and basic notions in the
fields of integral geometry and differential topology. These two branches of mathematics provide
us with two distinct routes that lead to technically different definitions of the topological char-
acteristics but, for applications to cosmology, remain numerically equivalent or approximately so
[115]. Differential topology defines the topological characteristics based on the spatial derivatives
of the contour surfaces and provides a very elegant framework from which we can derive ana-
lytical results. The primary downside is that the resulting numerical calculations often become
somewhat cumbersome. Integral geometry, however, provides a numerically convenient frame-
work in which we can calculate the topological properties of a random field but is analytically
cumbersome and analytical results do not arise as elegantly as in differential topology.
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4.2.2 Differential Topology

We first outline some key results in differential topology that will be of use in understanding the
Minkowski Functionals, many of these results are quoted without proof and the reader is referred
to the literature for a detailed overview [1]. In reality, much of the mathematical literature is
overloaded with additional structure that is not needed in cosmological applications and we will
often drop such rigour in favour of physical intuition. In this brief introduction we will be strongly
guided by the presentation in [115].

Given a random field ¥(x) defined on a d-dimensional support V C R, the excursion set Q
is the set of all points for a given threshold v for which Q = {x|¥(x) > vo}, where o = {U}1/2
is the standard deviation. The bounding surface of the excursion set is given by 9@, this is the
focus of differential topology and not the excursion set. If we consider a 2-dimensional manifold
M with one-dimensional boundary M, which is piecewise smooth’. The Gauss-Bonnet theorem
states that the Euler characteristic of the manifold is defined by

2nxp(M) = /M KdA+ /a/vi kg ds+ Z(ﬂ' — ), 4.1)

=1

where K is the Gaussian curvature of M, k,; is the geodesic curvature of the curve M, ds is a
length element, dA is an area element and «; are the set of n interior angles of the vertices of the
boundary 9 M. In this thesis we will not consider any applications where vertices in the boundary
will occur and we will drop this term from our discussion. The Gauss-Bonnet theorem as it stands
is relevant to both 2- and 3-dimensional excursion sets. In the 2-dimensional case, defined on a
flat surface, the Gaussian curvature K vanishes and the Euler characteristic is simply given by a
contour integral along the boundary

2TXE = / kyds, (4.2)
oM

which may be interpreted as the number of isolated regions minus the number of holes in the
isolated regions. In the 3-dimensional case, such that we have an excursion set bounded by a
2-dimensional surface with no boundary®, the Euler characteristic reduces to an integral of the
Gaussian curvature of the surface over all compact pieces of the excursion set [115]

2TXE :/ K dA. (4.3)
M

This quantity is the one that we will be interested in, as our focus will be on 3-dimensional
random fields. The literature tends to be rather split as to which quantity is of interest: the Euler
characteristic x g or the genus g. The genus is approximately the number of handles that a compact
two-dimensional surface possesses. A sphere will have a genus of zero whereas a torus will have
a genus of 1. Similarly, a coffee cup will have a genus of 1 and is topologically equivalent to the
torus as it may be smoothly deformed into a torus but we may not smoothly remove the handle.

7This simply means that we allow vertices to appear where differentiability of the boundary breaks down.
8E.g. a sphere or torus would ensure that k4 vanishes.




81 Chapter 4. Minkowski Functionals and Large Scale Structure

The two topological invariants are related by the following equation
xe =2(1-g). (4.4)

The genus is a topological quantity that is defined for 3-dimensional sets with closed 2-dimensional
surfaces. If we were to include a boundary term then this relation is modified to x5 = 2(1 —g) —b.
The quantity g has no direct analogue in the 2-dimensional situation but the Euler characteristic
may be well-defined in both dimensions. The genus defined in this way is somewhat problematic
as it does not obey additivity. An example of this behaviour was detailed in [115] and we repro-
duce their argument here. Given two disjoint spheres, each sphere on its own will have a genus
of zero so, intuitively, one would imagine that the total genus is zero. However, the integrated
curvature over the surface of each sphere must be 47 such that the total for the set including both
spheres is 87. The Gauss-Bonnet theorem then tells us that the Euler characteristic for each sphere
is xg = 2. The total set then has an Euler characteristic of yg = 4 and thus the genus is given by
g = —1. The cosmology community has taken to defining an additive topological quantity that is
also termed the genus

gs = _Xl- (4.5)

2
Reproducing our discussion above for the quantity g, we see that for each sphere g, = —1 and
for the total set g; = —2, as we would expect in the additive case. For simply connected surfaces,

such as the scenario we just described, g5 < 0 and for multiply connected surfaces g5 > 0.

4.2.3 Integral Geometry
4.2.3.1 The Convex Set

A landmark result in integral geometry is Hadwiger’s theorem [234] demonstrating the uniqueness
and completeness of the Minkowski functionals under rather general assumptions

Definition 4.1. Hadwiger’s theorem states that the morphological properties of a d dimensional
convex set, or any finite union of convex sets, that satisfies motion invariance, additivity and con-
tinuity will completely described by a set of d + 1 functionals known as the Minkowski functionals
[234; 235].

By morphological, we simply mean the properties of a random field that are invariant under trans-
lations, rotations and obey additivity. We will provide a more mathematical definition of these
properties in Section 4.2.3.2. A collection of points K in a d-dimensional Euclidean space R? is a
convex set if for every pair of points in K we can join them with a line segment that is contained
in C. If the interior of this set is not empty then we say that we have a convex body. If the set
is also bounded and closed, we say that the set is compact. The class of all convex sets that are
bounded and closed is denoted by K. The outer parallel set IC,. of distance r to the convex set K is
the union of all closed balls of radius r centered at the point &

Kr = b(k,7). (4.6)

kek
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Figure 4.1: To find the area of the parallel set /C, that encloses the original triangle IC (in grey) we can use
the Steiner formula. In 2-dimensions this reduces to a sum over three components: the area of the original
triangle (in grey), the area of the corners (in blue) and the perimeter (in purple). Each of these contributions
is related to one the Minkowski functionals in 2-dimensions W; for ¢ € {0, 1, 2}.

From this definition, we can invoke what is known as the Steiner formula to relate the volume of
KC,- to the Minkowski functionals W; as follows [234; 591; 374]

Vik,) =Y (f) W(K)r 4.7)

where V denotes the n-dimensional volume. In low-dimensions the Minkowski functionals take
on simple geometrical interpretations. We can build up a lot of intuition by first considering
2-dimensions before generalising to the 3-dimensional case. In 2-dimensions we find that [591]

Wo(K) = A(K) (4.8)
Wi (K) = %E(IC) 4.9)
W (K) =, (4.10)

where A is the 2-dimensional area, £ is the boundary length or perimeter in 2-dimensions and
W is just 7 as the Euler characteristic of a disk is just unity (Fig. 4.1). The area of the parallel set
V(K,) can then be written as

V(K,) = AK) +rL(K) + 7. (4.11)

This has a neat geometric interpretation attached to it. Consider a convex set constructed from a
regular triangle Fig. 4.1. In order to find the area of the parallel set that engulfs our triangle we
need to sum three different components

1. The area of the original triangle (grey shaded in Fig. 4.1): A(K).

2. The area of the rectangles in that join the corners ( shaded in Fig. 4.1): rL(K).

3. The area of the three corner sections, whose union forms a circle with Euler characteristic of
unity, xg(K) = 1, and a radius r (blue shaded in Fig. 4.1): 7r2.

This concept is visually shown in Fig. 4.1. With this intuition in place, we can now move one
dimension higher and consider the 3-dimensional case. The Minkowski Functionals W; are now
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defined by
Wo(K) = V(K) 4.12)
Wi (K) = %suc) (4.13)
Wy (K) = %”B(/C) (4.14)
Wy (K) = %” (4.15)

where V is the 3-dimensional volume of the convex set K, S is the surface area of KC, B is the
mean width of K, also related to the integrated mean curvature, and W3 is related to the volume
of a sphere. This means that the volume of the 3-dimensional volume V(X,.) is given by

V(K,) = Wo(K) + 3rWi(K) + 3r2Wa(K) + r*Wa(K) (4.16)
47r®
3

=V(K) +rS(K) + 27’ B(K) + (4.17)

Again, we can attach a geometric picture to this formula. Let our 3-dimensional volume K be that
of a regular cube. In order to find the volume of the 3-dimensional tube engulfing the original
cube we need 4 different components:

1. The volume of the original cube: V(K).

2. The volume of the section of the tube that connects the corners to one another, i.e. the
surface area of the cube: rS(K).

3. The mean width B(K).
4. The volume of the corners, whose union forms a sphere of radius r: %mﬁ.
The mean width is related to integrated mean curvature as follows

H

PO o om

ds, (4.18)
where the mean curvature is given by 2H = (k1 + ko).

So, what does this all mean? Hadwiger’s theorem is just telling us that given simple geometrical
objects, currently just a convex set X, we can evaluate the change in the geometrical properties
of the object as long as the object is smoothly deformed such that its topology does not change.
This was one of the bedrocks and foundational principles in providing a complete morphological
characterisation of convex sets in Euclidean space. However, the machinery we have defined above
is only valid for the convex set and this clearly reflects some underlying constraints on the shape
of our object. We need to extend this definition to relax the constraints and consider objects of
generic shape. To do this we need to introduce some additional machinery into our framework.

4.2.3.2 The Convex Ring

In Section 4.2.3.1 we developed some intuition into how the Minkowski functionals are tied to
geometrical concepts by using Steiner’s formula 4.7 to study the Minkowski functionals applied
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to convex sets. We now need to extend the principles above to objects with no constraints on the
shape. This is clearly not possible with just a convex set and we will need to slightly modify the
machinery to expand our definitions to the finite union of all convex sets, known as the convex
ring. The convex ring is class of all subsets 7' of R¢ that may be expressed as a union of compact
convex sets:

T:UICi . Kiek (4.19)

A more intuitive view, perhaps, is that we can treat a pixel as a convex set and element of K and
hence an image or cosmological data set will just be an instance of the convex ring R. So whilst
the concepts introduced can seem rather abstract, their physical relations are surprisingly simple.
In this section we will provide a more mathematical definition for motion invariance, additivity
and continuity and sketch out their physical implications. We will then proceed to construct a
functional that obeys these properties for a convex set and outline how this generalises to the
convex ring.

As before, we now introduce a continuous map ¢ : K — R such that the map obeys the
following properties [1; 591; 374] [591; 374]

1. Motion Invariance: Given the group G of all translations and rotations in R%, a function is
motion invariant if it obeys

o(gK) =(K); VK €K,g € Gqy. (4.20)

2. Additivity: A functional is additive, on the convex set K, if it obeys

(K1 (/o) + (K1 [V Ka) = (K1) + ¢(KCs).- (4.21)

Note that this criterion is not just a technicality, the union of two convex sets will not neces-
sarily be itself convex, even if the intersection is.

3. Continuity: The functional ¢ is continuous if

lim ¢(K,) = ¢(K), (4.22)

T—>00

whenever {K,} is a sequence of compact sets such that lim,_, ., K, = K in the Hausdorff
metric.

These are not just enforced for fun, not only do they have important implications for the definition
of the Minkowski functionals but they also have important implications for data sets in cosmology.
For instance, motion invariance simply ensures that the measurement ¢ does not depend on our
choice of coordinate system. Additivity is important for constructing global properties of the ran-
dom field from local ones and is one of the backbones of Hadwiger’s theorem. Finally, continuity is
just an overbearing technical criterion that is automatically satisfied when working with digitised
or pixalised images and is just a way of saying that we can smoothly shrink the parallel K, back
towards the original set X in a continuous way. These criteria seem rather general and it would
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be natural to think that we are left with a vast choice of functionals. To our surprise, however,
Hadwiger’s theorem states that there are only d 4+ 1 independent functionals for a d-dimensional
space. Put differently, the continuous functional ¢ (K) can be expressed as a linear combination of
the Minkowski functionals [591]

d
p(K) =Y aiWi(K), ai€R. (4.23)

=0

This means that the d+1 Minkowski functionals provide a complete set of morphological measures
on the set of convex bodies . An important point that was rather glossed over in the discussion
above is that the additivity criterion was defined for convex sets. What we really require in cosmo-
logy is a set of morphological estimators defined on the convex ring R. As before, we can define
an additive functional ¢ such that

F(nUn)+¢(nND) =¢M) +¢ (%) s LT eR. (4.24)

We have denoted the functional on the convex ring as ¢ just to make the transition a little more
transparent. One of the most important jumps made when extending from a convex set K to
the convex ring R is the introduction of the Euler characteristic such that (see [374] for a nice
introduction)

1 K
xs(K) = { e (4.25)

for all K € K. For an empty disc or circle is just yz = 0 whereas for a non-empty disk yg = 1.
Remember, in 2-dimensions the Euler characteristic is roughly the number of isolated regions
minus the number of holes. The Euler characteristic is additive, motion invariant and continuous
on R. Hence, for our element T of the convex ring R we see that [1; 115; 374]

xe(T) = xr (U Ki) . (4.26)
=1

This can be used to define the entire set of Minkowski functionals for all elements of the convex
ring T € R such that Wi(d) (T) = w;x(T), this procedure is defined by Crofton’s intersection
formula as in Section 4.2.4.1. These d + 1 Minkowski functionals will provide a complete system
of additive functionals on the set of objects that are construction from the finite union of convex
bodies [374]. Note that we have purposefully left the mathematical details to the literature as it
does not add any extra intuition at this point. In summary, we have just demonstrated that the
Hadwiger characterisation theorem can be generalised to the convex ring and thereby defined the
Minkowski functionals over the convex ring.

We will often find it more convenient to renormalise the Minkowski functionals in terms
volumes of unit balls in d-dimensions such that [481; 591; 374]

Wd—i

Wi(K), (4.27)
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where
/2
In the notation given here, the 3-dimensional Minkowski functionals reduce to
My(K) =V(K) (4.29)
1
M (K) = gS(lC) (4.30)
1
My (K) = ;B(IC) (4.31)
3
M3(K) = ZXE(’C)- (4.32)
m

4.2.4 Practical Calculations

In terms of practical applications and practical calculations using the Minkowski functionals, we
need a formalism that we can apply to Gaussian and weakly non-Gaussian random fields. Two
of the main approaches to calculating the Minkowski functionals in this instance are through
Crofton’s intersection formula and via curvature weighted integrals. Crofton’s intersection for-
mula is particularly apt for numerical calculations and we only mention it in passing. The main
approach adopted in this thesis is via the curvature weighted integrals. An additional extension to
the local curvature method was given by Koenderink [298] in which 2-dimensional images were
analysed with respect to geometric invariants formed from the first and second derivatives of the
random field. The calculations have been done in 2- and 3-dimensions [482; 483] and have been
particularly successful in applications to the CMB (e.g. [414; 260]).

4.2.4.1 Crofton’s Intersection Formula

Crofton’s intersection formula is one of the classic results in integral geometry and enables us to
relate the Minkowski functionals from different dimensions [135]. Here, we consider a body K in
d dimensions along with an arbitrary £ dimensional hyperplane F and seek to calculate the Euler
characteristic x of the intersection K (| E in k dimensions. By integrating this quantity over the
space of all possible hyperplanes £ (@) we arrive at the kth Minkowski functional of the body k in
d dimensions. Crofton’s formula reduces to

wd

o (K) = /gm du(E)x® (K E). (4.33)

Wd—kWk

Note that the measure dy is normalised such that
/ dux(E) = 1. (4.34)
gl

The power of this approach is that if we let K represent the excursion set of some homogeneous

and isotropic random field sampled for L points in a cubic lattice of spacing a, then it is possible to

(d)
k

just sum over the set £, of all dual lattice hyperplanes [483]. The integral can then be replaced
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by a summation over the hyperplanes

(d)  wd 1 kW d—k)!

ec®
We do not discuss this approach further and instead refer the reader to [483] for further details.
We do note however that this approach is particularly optimised for numerical calculations due to
the cubic lattice structure implemented.

4.2.4.2 Koenderink Invariants

We can now consider the differential topology approach to evaluate the Minkowski functionals in
terms of a spatial average of Koenderink invariants. This approach will be the most useful in the
application of the Minkowski functionals presented later on in this Chapter. We closely follow the
presentation of [484]. Consider a random field ¥(x) defined on a d dimensional support V C R4,
The excursion set ) can be calculated for a given threshold v by taking all points in the random
field above the threshold: Q = {x|¥(x) > vo}, where o = {¥?}!/2 is the standard deviation. We
now wish to calculate the Minkowski functionals per unit volume Vk(d) (v). The zeroth Minkowski
functional corresponds to a volume functional and can simply be defined via a volume integration
over the excursion set (). This can be written in terms of a Heaviside step function © as

—L 2O (v — ¥(x
Vo(v) = Vi /Vd O ( U(x)). (4.36)

Assuming that the excursion set has a smooth boundary 9Q), the remaining Minkowski functionals
will be given by surface integrals [488]

1 1

Vi) = Wwi_l(?) oQ

ds 61 (I{l N "@d—l) . (437)
where ds is the surface element defined on @, «; are the principal curvatures of the d — 1 boundary
and &; is the ith elementary symmetric function defined by (e.g. [484])

d—1

d
H (:E + HZ‘) = Z 247 6j (I{l c.. Hd—l) (4.38)
j=1

i=1

from which we obtain &; = 1, G5 = k1+- - -+kq_1 allthewayto &; = k1 ... kq_1. The Koenderink
approach evaluates the local curvatures in terms of geometric invariants that are formed from the
first and second derivatives, such as the square of the gradient. In three dimensions we observe
that as the isodensity contour forms a surface there will be two principal curvatures

€ijm €kim Vi W 1 ¥

(‘I’,n \I/,n)3/2
lejr€tmn Vi ¥ W 5m VU kp
2 (U p¥ )2 ’

K1+ Ko =

(4.39)

Kik2 =

(4.40)
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where repeated lower indices implies summation. In 3-dimensions, the volume weighted Minkowski

functionals Vk(d)(y) can be explicitly expressed in terms of curvature (k1, ko) weighted integrals

Vo(v) = ﬁ/vd%@ (vo — ¥(x)) (4.41)
11

Vi(v) = 6V Joo ds (4.42)

Va(v) = %ﬁ o ds [k1(x) + Ka(x)] (4.43)

Va) = = [ ds k(%) ra(x). (4.44)

V)= ——
47T|V‘ aQ

The term in 4.43 is related to the integral mean curvature H(T") such that H(T) = 27 B(T') as per
4.2. Similarly, the term in 4.44 is related to the integral of the Gaussian curvature K such that
K(T) =2mxg(0T) and xg(0T) = 2(1 — g) as per 4.3. Note that x(9T) = x(T) [1 — (—1)"] where
n is the dimension of the body T such that (n < d).

Though we will not discuss this here, there are subtle effects with respect to the boundary
effects that can become important in cosmological applications [179; 1; 115]. The details of these
corrections and how the integral geometric predictions can differ from the differential topology
predictions is outlined very aptly in [115]. We also refer the reader to [115] for a very good
discussion of the differential topology and integral geometry approaches discussed here and their
applications to cosmology. The estimator arising in differential topology coincides with that from
integral geometry if there are no intersections of the set with the boundary or if the random field
is periodic.

4.2.5 Geometric Summary

We now briefly summarise the geometrical interpretations of the Minkowski functionals in 1-, 2-
and 3-dimensions.

The Minkowski Functionals: Geometric Meaning

d 1 2 3

Vo Length Area Volume

Vi xe Perimeter Surface Area

Vo - XE Integrated Mean Curvature
Vs - - XE

The Euler characteristic has additional geometric meaning that we quickly outline here, though
we have discussed this characteristic in detail above. In one dimension, the Euler characteristic
of a compact, non-empty interval is unity and for an empty interval is zero. In two dimensions
x e equals the number of isolated regions minus the number of holes. In three dimensions the
Euler characteristic is given by the number of isolated regions minus the number of tunnels plus
the number of cavities. Alternatively, the Euler characteristic in 3-dimensions is the number of
handles a compact 2-dimensional surface possesses.
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4.2.6 Isoperimetric Inequalities

Before we continue to the Gaussian and weakly non-Gaussian random fields, we first want to
mention the isoperimetric inequalities, of which the Shapefinders of [466] are widely used in cos-
mology. We do not directly use these quantities in this thesis but the work presented could happily
be extended to reconstruct the shapefinders. This is likely to be more important when we take
into account, for instance, redshift space distortions which are prone to introducing elongations
into large scale structure surveys to to a Doppler shift sourced by the peculiar velocity of galaxies
in clusters [275]. Here, the shapefinders may be useful in quantifying the structure induced by
these distortions.

It can be shown via mixed volumes that in 3-dimensions the Minkowski functionals obey the
Alexandrov-Fenchel inequality. This leads to the following independent but non-trivial isoperimet-
ric inequalities

Vif* > TV Vo (4.45)
V]2 > 3%1/1 Va. (4.46)

This allows us to introduce a set of isoperimetric ratios as follows

.
v %V‘O/Q? (4.47)
1
8 ViV-
y=g- ‘1/223. (4.48)

These can be used to map a convex body to a point (z,y) known as a Blaschke diagram [233].
Alternatively, we can take the approach of [466] and introduce a set of ratios of Minkowski func-
tionals known as shapefinders. We introduce three quantities with a dimension of length such
that

Thickness T' = 2‘/701 (4.49)
Width W = 2N (4.50)
TV
3 Vs
L th L = - —=. .51
eng 175 (4.51)

These can be used to re-express the isoperimetric inequalities such that L > W > T for any convex
body. In addition, these variables describe the spatial dimensions of the object in question. For
example, pancake like cosmological structure would have one dimension much larger than the
other two, L > W ~ T. The shapefinders are now defined by the following ratios

W -T
Pl i = .52
anarity P WET (4.52)
L-W
Fil tarit = . .53
ilamentarity F TTW (4.53)

Whilst it would be possible to apply these objects to study the global geometrical and topological
properties of random fields, their real power is in studying local properties of individual objects,




4.3. Weakly Non-Gaussian Random Fields 90

such as clusters of galaxies, where we are particularly interested in characterising the dimensions
of that object which may be more sensitive to different scenarios of structure formation with
regards to superclusters and voids. The work we present later is primarily related to the Minkowski
functionals but could, in principal, be used to construct shapefinder like relations for our random
field.

4.3 Weakly Non-Gaussian Random Fields

4.3.1 Introduction

Now that we have introduced the Minkowski functionals and given a rather broad introduction to
their properties, we can take a step back and introduce a formalism that will allow us to actually
evaluate the Minkowski functionals for Gaussian and weakly non-Gaussian random fields. In
particular, we will introduce a perturbative expansion around a Gaussian field and use the partition
function formalism to generate the lowest order normalised cumulants that characterise deviations
from Gaussianity. This section adopts the approach presented in [360] and much of this formalism
forms the foundations of the concomitant analysis presented in this chapter. This section does
not aim to generate a detailed re-derivation of the results in [360] but is aimed at providing an
understanding of where the terms used in the next section arise.

4.3.2 Smoothed Random Fields

Consider an n-dimensional random field f(x) which may be used to represent any cosmological
random field constructed from observable quantities, such as a density field of arbitrary dimension.
Typically, the coordinates used will either be 2- or 3-dimensional. In applications to large scale
structure we will predominantly be interested in 3-dimensional random fields. We construct a
smoothed random field f(x) from our original random field f(y) by convoluting the random field
with a window function of smoothing length R

f(x) = / &y Wa(lx — y)) (y). (4.54)

Typically we will consider smoothing by a Gaussian window which, as we will see later, allows us
to derive some useful analytical results

1 2
Wg(k) = exp (—222) (4.55)

The random field is also assumed to have zero mean (f) = 0 with finite variance (f?) = o2. It is
convenient to introduce a further normalisation of the random field such that it has unit variance

g=-—; (=1 (4.56)
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Following [360], we introduce a set of variables 4,, that enumerate the series of spatial derivatives
of the random field. For our 3-dimensional random field, this set will schematically look like

A;L = (gv 8197 8297 83.9’ 8]?97 839? 83%7 8182.9’ 8183.9’ 8283.9’ s ) ) (457)

where 1 = 0,1,2,3,(11), (22), (33), (12), (13), (23), .. .. The set of variables A, form a multivariate
random field which is encapsulated in an N-dimensional vector A. The dimension N enumerates
the total number of derivatives that appear in the statistic of interest. The statistical properties
of the multivariate random field are described by the PDF, P(A). We can introduce the partition
function Z(J) as a Fourier transform of the PDF

Z(J) = /_ h d¥AP(A) exp(iJ - A). (4.58)

The cumulant expansion theorem tells us that the cumulant generating function is In Z. This

allows us to produce the set of cumulants M}, = (A, ... Ay )c

00 N N
mz@) =3 %, SN MW T (4.59)

Given that the random field is zero mean the first few cumulants of interest can be written expli-

citly as
MY =0, (4.60)
M;(IELQ = <AIL1A,LL2>7 (461)
Ml(t?)uzus = (Ap, A Apg)- (4.62)

Using 4.59 we can reconstruct the partition function by exponentiation

= exp (Z Z Z M, ..JM> (4.63)

p1=1 Hn=1

However, if we consider the first two terms in the series we see that the n = 1 term vanishes due
to 4.60 and the n = 2 term reduces to a correlation matrix contribution that encapsulates the
contributions from the Gaussian part of the partition function

1
exp ( Z Z MMJMJM> = exp (QJTMJ> . (4.64)

p1=1 po=1

The partition function therefore simplifies to the following form in terms of this correlation matrix

M
Z(J) =exp (JTMJ> exp <Z Z ”1 i Jpin - J,Lw) . (4.65)

n=3  p1..p2

The first exponential represents the Gaussian contribution and the second exponential the weakly
non-Gaussian corrections to the partition function. Using this form for the partition function, we
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can reconstruct the PDF via the inverse Fourier transform

P(A) = ﬁ / T a1 2(3) exp(—id - A) (4.66)

— 00

Again, separating our the n = 2 term it can be shown, by setting J, — i0/0A,, that the PDF
reduces to [360]

e (_1)71, N on
P(A) =exp (Z o Z Mﬁl)pm Pg(A), (4.67)

n=3 M1 fhn

where the multivariate Gaussian PDF Pg(A) is given by

1

Peld) = o

exp (—;ATM‘lA) . (4.68)

We can now define any statistical quantity of a smoothed cosmological random field as an expect-
ation value (F') for a given function F'(A)

(F) = / b dVAP(A)F(A) (4.69)
— (_1)n n "
= <6Xp (Zj n' #Zlu M/‘SI)/"L’LM> F(A)> 5 (4.70)
n= 1.0 ln v G

where we have introduced a Gaussian averaging procedure

(.)g= /_Oo dVAPG(A) [...]. (4.71)

In this formalism the series expansion contains an infinite number of terms corresponding to
weakly non-Gaussian corrections. For practical calculations, we will often find it useful to enforce
a cut-off in terms of the variance at some arbitrary order. For weakly non-linear evolution, cosmo-

logical random fields approximately scale as M (") ~ O(c0~?)

and we can expand the distribution
function to arbitrary order in 0. The normalised cumulants can therefore be defined up to O(oy)

as

~ M(")
M) — H1bn (4.72)

M1 n—2
99

It should be noted that the conventional statistical cumulants are normalised differently to that
presented here. For instance, the conventional skewness is defined by Sg?}w = Még’% = (f3)/o3 but
the literature on gravitational instability and large scale structure typically adopts, for convenience

and physical relevance, the convention that S!(J%v = ég’% /oo. The expectation value 4.70 can then
be solved perturbatively to O(o() [360]
1 -
(F) = (Fo + 37 2 Moy (Fusnana)e o0 + O(00) (4.73)

where we have introduced the notation F,,,,.. ., = 0"F/0A,,0A,,...0A,,. The expansion
in 4.73 therefore depends on knowledge of the factors (F',,,,,,..)¢ as well the normalised cumu-




93 Chapter 4. Minkowski Functionals and Large Scale Structure

lants M, ,([f) - As we will mostly be interested in the bispectrum, we will explicitly write out the
contributions to Mi(]?g’,z. First, we define the following useful identities [360]

s _ ) (4.74)
9o
2 2
S — _Z<f (V*1)) 4.75)
0001
) 2
5@ = _2(d3d 5 (v/ Vf; (V1)) (4.76)

These are called the skewness parameters S(® and will be encountered extensively in the rest
of this Chapter. The first term S(*) corresponds to the normalised skewness and the other terms
represent derivatives of the skewness. The third order correlations have been explicitly written
out in [360] with some of the most interesting quantities being

M) =5 (4.77)
Méggu) = 3;25(1) (4.78)
M) = ;Z;S(U (4.79)
i = L% g (4.81)

ij(if) — 97 061

Finally, the term (F',,, ., ;) is calculated explicitly for the function F'. In the case of the Minkowski

functionals, these have been explicitly calculated in [360].

4.3.3 Minkowski Functionals: The F' Terms

Schematically, the functional form for these terms has some intuitive origins. Following our dis-
cussion in Section 4.2, we know that the lowest order Minkowski functional V; is related to the
volume functional, V; is related to a surface area, V5 is related to an integrated mean curvature
and V3 is related to the 3-dimensional genus or the Euler characteristic. These quantities were
shown to be equivalent to a set of level crossing statistics N;(v) and the 2- and 3-dimensional
genus G;[360], this follows from Crofton’s intersection formula [135] defined in 4.33. It is this
step that is most important in connecting the formalism employed in [360] to the Minkowski
functional discussion of Section 4.2. The relations are as follows [360]

Vo(V) = No(V) (482)
— w3

Vl(l/) = 2w2w1 Nl(l/) (483)

Va(v) = w“:iz Go(v) (4.84)

V() = — 2 Ga(v), (4.85)

Wows
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In the formalism of [360], these quantities can be calculated by taking a Gaussian average of the
appropriate kernel F. The kernels are schematically given by

No(v) = F = (0(v —g)) (4.86)
Ni(v) = F = (6(g —v)[01g]) (4.87)
Galw) 5 F =~ {89 — ) 5019) 2] Ousg) (4.88
Ga(v) s F = f% (6(g — ) 6(019) 5(D29) |939] (9119029 — Dag)). (4.89)

For V;, the kernel Nj is just an object that isolates the parts of the excursion set that are above the
threshold, i.e. the volume of the 3-dimensional excursion set [360]. The term in N; is only non-
zero for the parts of the excursion set that are equal to the threshold for which we evaluate the
absolute value of the partial derivative, this just translates into a measure of the mean area of the
contour surface in 3-dimensions [464; 359]. The next order Minkowski functional, V5 is related
to the 2-dimensional genus G or mean curvature of the excursion set [1; 113; 373; 214; 360].
The final statistic V3 is equivalent to the full 3-dimensional genus G5 or the Euler characteristic x
which, as we discussed earlier, are just related by a numerical factor of —1/2 [356; 212; 359; 360].
The Gaussian averaging of these quantities has already been calculated and has been the focus of
much attention in the literature culminating in [360].

4.3.4 Gaussian Random Fields: Tomita’s Formula

All the Minkowski functionals for a Gaussian random field are analytically known [564]. We
consider a random field ¥(x) in d dimensions. The key result of [564] and others was to show
that the functions defined in 4.86-4.89 can be analytically calculated for the Gaussian averaging
procedure defined by 4.70. For the Gaussian limit, where the only contribution is from the first
term in 4.73, the results simply rather nicely [564; 360]

No(v) = %erfc (%) (4.90)
Ni(v) = % (\(}%00> exp (”;) Ho(v) (4.91)
Ga(v) = ﬁ (\U/%G())zexp (—”;) H(v) (4.92)
Gs(v) = ﬁ (%ao)gexp <—”;> Hy(v). (4.93)

Introducing the following notation

v? e V2 T V2 v
H_1(v) =exp [2] /V dv exp {—2] = \/; exp [2] erfc [\/ﬁ} , (4.94)
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and using 4.82-4.85, we see that we can re-write the Minkowski functionals in the following
compact form for d-dimensions

k 2
(d) - 1 Wy 01 71/7
Vi,"(v) = Br) 7 g pon (\/&00) exp [ 5 } Hy_1(v). (4.95)
The Hermite polynomials of order n are explicitly defined by the following expression
d\" 1 1,
H,(v) = <_d1/> Wors exp (—21/ ) , (4.96)
with the first few Hermite polynomials being given by
Ho\(v) = \Fe P erte [ (4.97)
-1 = - Xp B \/§ .
Hoy(v) = 1 H(v) = v
Hy(v) = 12 -1 Hy(v) = 1v*—3v Hy(v) = v* — 602 + 3.

Setting d = 3 we obtain the complete set of Minkowski functionals in 3-dimensions for a Gaussian
random field

Vo) = %erfc {\%} (4.98)
- 2 1 V2 g1
2 v V2 o 17
V2 —1 V2 o 1°
Va(v) = )2 exp -5 e (4.101)

where v = u/og. The Minkowski functionals for a Gaussian random field are plotted in Fig. 4.2
for a threshold range v = {—3,...,3}. This is a reproduction of Figure 4 from [260] with the
variance parameters calculated from the linear matter power spectrum and a Gaussian smoothing
window with a smoothing length of R = 100~ !Mpc.

4.3.5 Weakly Non-Gaussian Random Fields

We now proceed to perform the exact same analysis as we did earlier but this time we allow for
higher order corrections to 4.73 using the M,, ,,,, matrices defined earlier. Luckily for us, the
Gaussian integration for these 4 statistics has already been done [360] and we will simply quote

the results for 3-dimensions here

Vo(v) = %erfc (\2) + \/12? exp (—\%) {[Séo)Hg(u)} og + 0(03)} (4.102)
Niw) =+ ( 71 ) exp <_”2> {Ho(u) + {S(O)Hg(u) + S(l)Hl(u)} oo + 0(03)} (4.103)

6 3
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Minkowski Functionals V. (v) for a Gaussian Random Field
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Figure 4.2: Minkowski Functionals for a Gaussian random field where the excursion set is defined for a
threshold v = {—3, 3}. The variance parameters oo and o1 have been calculated via the linear matter power
spectrum and Gaussian window function at a smoothing radius of R = 100h~*Mpc, as outlined in [260].

1 o1\ 2 5(0)
GQ(Z/) = W (\/30-0> exp (—2> {Hl(l/) + |:TH4(V) (4.104)
1) )
+ QSTHQ(V) + ST}UO + (’)(03)}
1 g1 3 U2 S(O) 1
Gs(v) = e (\/%) exp (-2) {Hg(l/) + [TH5(V) + SWH;(v) (4.105)

+5@ Hl(y)}oo + 0((;3)}.

By inspection, and by the analysis in the Gaussian case 4.95, we can start to see a general structure
that unifies the various Minkowski functionals. For instance, we have a pre-factor exponential
term, a variance parameter term that is weighted by the Minkowski functional number £ as well
as a set of Hermite polynomials that are also weighted with respect to k. Following the notation
of [360; 260], the formula for a MF in a weakly non-Gaussian field can be given as a sum of term
Gaussian term plus the non-Gaussian corrections as function of the threshold v with an overall
amplitude Ay

Vie(v) = Agor(v) (4.106)

The amplitude of the Minkowski Functionals are weighted by the spatial dimension, the variance
of the random field o and the variance of the derivative field ¢

k
1 W2 o1
Ap = .10
T )Rt/ (mkwk) <\/§ao> (@107
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where w;, = 7%/2/T'(k/2 + 1) was defined to be the volume of a k-dimensional unit ball. The
structure of the amplitude normalised Minkowski Functionals v (v) can be given as a sum of the

Gaussian term v](co) (v) plus a perturbative expansion vlg") (v) with respect to the variance o

ve(v) = U](CO)(V) + v,(cl)(u)oo + v,(f)(u)ag + v,(f’)(u)ag’ +... (4.108)

In this thesis we are purely interested in the leading order corrections which correspond to the
skewness parameters. We could, in principle, extend our analysis to higher order corrections which
probe higher order cumulants. For instance, the term v,(f) (v)o? will correspond to non-Gaussian
corrections that effectively probe the trispectrum or 4-point correlation function. The Gaussian
term is given by

U,(CG) = 67V2/2Hk_1(1/), (4.109)
and the non-Gaussian term at order oy is given by

k(k — 1)

e (1 k
oV = '/ { [65(0)Hk+2(u) +3SmHr(v) + —

S(2)Hk_2(l/):| oo + O(US)} , (4.110)

where Hy(v) denotes the k-th Hermite polynomial and S, are the skewness parameters. Remem-
ber, the skewness parameters were defined by products of the field or its derivatives [360]

E* Py (k). (4.111)

@), 5o T g NV, [
- J

S(): 1 1= 2 2 SQ 1 NS 92
o) 0,01 04 T

The key points to this discussion are as follows

1. We have detailed analytical formula for the perturbative expansion for weakly non-Gaussian
random fields up to arbitrary order in the variance.

2. From this, we can construct analytical expressions for the Minkowski functionals via the
formalism of [564; 360] and many others.

3. The Minkowski functionals can be studied by exploring the skewness parameters or, as
we shall see, their skew-spectra generalisations. Once we have the full range of skew-
ness parameters we can reconstruct the Minkowski functionals via 4.106. This is shown
in Fig. 4.4 for a bispectrum corresponding to gravitational instability at a smoothing length
of R = 200h~'Mpc. We will define the bispectrum and the necessary physics shortly (see
4.125) but for now just appreciate that the non-Gaussian corrections of interest induce very
small changes to the Minkowski functionals themselves.

4. The skewness parameters can be re-expressed as momenta weighted integrals of the bispec-
trum.

As we will be specialising this approach to large scale structure, we note that the Fourier coeffi-
cients will be defined in terms of the density contrast of galaxies §(x, z)

1
(2m)?

5(x,2) = / Ak & (k) ek, (4.112)
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Minkowski Functionals Vi (v) for a Weakly Non-Gaussian Random Field
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Figure 4.3: Minkowski Functionals for weakly non-Gaussian random field with a bispectrum corresponding
to that of gravitational instability at a smoothing length of R = 200h~'Mpc. We will define the bispectrum
and the necessary physics shortly (see 4.125) but for now just appreciate that the non-Gaussian corrections
of interest induce very small changes to the Minkowski functionals themselves.

Difference in the Minkowski functionals Vj(v) for a Weakly Non-Gaussian Random Field
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Figure 4.4: Here we plot the difference between the Gaussian and weakly non-Gaussian Minkowski function-
als for a bispectrum corresponding to that of gravitational instability at a smoothing scale of R = 200h~'Mpc.
We will define the bispectrum and the necessary physics shortly but for now just appreciate that the non-
Gaussian corrections of interest induce very small changes to the Minkowski functionals themselves.
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Now that we have this formalism in place, we seek to extend the definitions even further by
generalising the skewness parameters to their skew-spectra counterparts.

4.4 Generalised Skew-Spectra

Previous work has resulted in the development of optimal 3-point estimators for simple models of
the bispectrum, most notably for the phenomenological local configuration parameterised by fio¢.
Most of these optimal approaches compresses the data into a single estimate based on fnr and
consequentially we lose sensitivity in distinguishing between various contributions to the observed
non-Gaussianity.

The skew-spectra are a proposed method utilising cubic statistics constructed from the cross-
correlation of two differing fields. These fields are constructed as a product of the maps and their
derivatives. The three different skewness parameters that we generate will reduce to a weighted
probe of the bispectrum. Following the method developed in [388; 390] we can define a power
spectrum associated with each of these skewness parameters and hence we can associate a power
spectrum to each of the Minkowski functionals. The power spectrum associated with a given MF
will, by construction, have the same correspondence with the various skew-spectra SIU ) as the
Minkowski functionals have with the one-point cumulants S () [390].

The advantage to the associated power spectra is that we retain more of an ability to distin-
guish between various models for non-Gaussianity rather than collapsing all information into a
single estimator (e.g. estimators for fyr). This is due to the generic momenta dependence of
higher order correlators such as the bispectrum. A previous paper [393] derived analytic results
for topological statistics based on the use of skew-spectra [388] allowing us to relate the analytic
skewness parameters to the topological properties of large scale structure. Each of the general-
ised skewness parameters or generalised cumulant correlators can be constructed from triplets of
field variables that relate to either the original density contrast or to variables constructed from
derivatives of the fields:

2
So(x1,%2) = w (4.113)
0
2 2
S1(x1,X2) = (0 (Xl)z f(XQ»C (4.114)
0001
Sax1, x2) = O vagl)v%(xz»c' (4.115)
1

The Bispectrum B(k1, k2, k3) is defined in the Fourier domain as a three-point correlation function

of the Fourier coefficients:
<(5(Z)(k1)(5(2)(k2)(5(2)<k3)>c = (27‘(’)3(5D(k1 =+ k2 + kg)Bg(k‘l, k‘g, ]63, Z) (4116)

The skewness parameters are calculated by integrating over the bispectrum using the appropriate
weights:

11 [ kidk [!
So(ka, 2) = 06147r2/0 lez /_1 dp Bs(k1, k2, k1 + ko, 2)W (ki R)W ([k1 + ko R), (4.117)
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S1(k2.2) = o 10 Ooo it / 11du|k1+k2|235<k17k2,|k1+k2|,z>W<klR>W(|kl+k2|R>7
(4.118)
9 1 [™kdk [* )
Sy (kg 2) = T ), 4 /_1dﬂ(k1 ko) |k + ko|?Bs(k1, ko, [ki + ko, 2)W (k1 R)W (Jk; + ka|R),
(4.119)
S,-:/OOOdekSZ-(k)W(kR); i =€ {0,1,2}. (4.120)

with W (kR) an arbitrary window function of smoothing radius R. Although the window may be
generic the two most commonly adopted forms are the top-hat and Gaussian window functions.
We will assume a Gaussian window function, for results on the top-hat window function we refer
the reader to the literature [52]. We adopt the following notation: |k; +ko| = (k74 k3 42k kop)'/?
and the angular terms are given by 1 = (k; -ks)/(k1k2). In our convention the one-point skewness
parameters can be recovered by integrating over the second momenta ko

Sy (z) = / k3dks S (k, 2). (4.121)
0
These were the parameters investigated in [260] and are shown in Fig. 4.9. The skew-spectra
shown here are related to the skewness parameters but avoid the compression of information en-
capsulated in the integral over ko. In the approach presented above we are able to define a power
spectrum associated to the Minkowski functionals by considering the leading order corrections,
O(0y), to the Gaussian Minkowski functionals generalised to our skewness parameters:

m(m —1)

o NG (1, . 2) o {éSO(k’ 2)Hpio(v) + %S&(lf,z)Hm(u) +—

Hp—o(v)Sa(k, z)} .

(4.122)
Essentially, we have associated to each Minkowski Functional a power spectrum defined in terms
of the three skew-spectra. The advantage to this approach is that we can study the contributions
to the Minkowski functionals as a function of the Fourier mode k. This is useful as a generic model
for non-Gaussianity carries momenta dependence giving us greater distinguishing power than
the conventional approach which compresses information from all modes into a single statistic.
This compression represents a loss of distinguishing power. The skew-spectra presented above are
relatively independent of our choice of background cosmology but will be dependent on the model
for non-Gaussianity due to the aforementioned momenta dependence.

We now specialise this formalism to different physically motivated configurations for the bis-
pectrum corresponding to non-Gaussianity induced by gravitational collapse as well as different
configurations for non-Gaussianity sourced in the early Universe by non-vanilla theories for infla-
tionary cosmology Chapter 3.
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4.5 Non-Gaussianity: Primordial and Gravity Induced

In the weakly non-linear regime (§ < 1) the description of gravitational clustering can be de-
scribed by Eulerian Perturbation Theory (see e.g. [54]). As the density contrast at a given scale
becomes highly non-linear (6 > 1) the perturbative treatment breaks down and we observe an
increase in the growth of clustering. Perturbative studies of gravitational clustering have previ-
ously garnered a lot of attention. Starting with [427], there have been a significant number of
attempts to reproduce the observed clustering of a self-gravitating fluid in a cosmological setting,
most of which adopt a brute force approach using N-body simulations [54]. In the perturbative
approach, solutions are generated by performing a series expansion with higher order corrections
being introduced to the Fourier expansion of the linear density contrast under the assumption that
the density contrast is less than unity for the series to be convergent:

§5(k) = 5(1)(k) + 5(2)(k) + 63 (K) + ...; (4.123)
@ = [ Ch [Pk _ W (1) 5O
09(k) = | 5 5 0D(k1 +ka —K)Fa(ki, k2) 5 (kp) 6 (k). (4.124)

The linearized solution for the density field is 6(*) (k) with the higher order terms describing cor-
rections to the linear term. Using a fluid approach, known to be valid at large scales, before shell
crossing, one can write the second order corrections to the linearized density field by introducing
a coupling kernel, F5(k;, k2). Newtonian gravity coupled with the Euler and Continuity equations
can be used to solve a system of non-linear coupled integral-differential equations, in order to
generate the kernels Fy(kq, ko) and F3(kq, ko, k3), by solving perturbatively order by order. The
expression for the matter bispectrum can be written in terms of an effective fitting formula that
allows us to interpolate between the quasilinear and highly nonlinear regimes:

Biin(k1, ko, k3) = 2F5(k1, k2) Piin (k1) Piin (k) + cyc.perm.; (4.125)
ki -ky ki ko
2k3 2k?

51
Fyfla ) = Zane, ka(ne, ko) + (

2 (ki-ko
7\ kike

) b(ne, ]ﬁ)b(’l’be, k‘g) (4126)

+

2
> c(ne, k)e(ne, k2).
The coefficients a(n., k), b(ne, k) and ¢(n., k) are defined as follows:

1+ —0.2 4 ne+3.5
a(ne, k) = ULEZX)?%&)S ; (4.127)

1+ 0.4(ne + 3)g™+3
bne, ) = —— - o (4.128)

_ (2q)met3 4.5
c(ne, k) = W {1 + (15+<ne+3)4> } . (4.129)

Here n. is the effective spectral slope associated with the linear power spectra n, = dln P, /dlnk,

q is the ratio of a given length scale to the non-linear length scale ¢ = k/k,,;, where

3
LDZ(Z)Pnn(knz) =1 (4.130)
272
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and
(4 —2me)

m. (4.131)

Q3(ne) =

Where we have introduced og(2) = D(z)os, this parameter measures the amplitude of the linear
power spectrum on the scale of 84~ Mpc. At scales where ¢ < 1, and the relevant length scales are
well within the quasilinear regime, then a = b = ¢ = 1 and we recover the tree-level perturbative
results. In the regime where ¢ > 1, and the length scales under consideration are well within the
nonlinear scales, we recover a = o, %2(2),/0.7Q3(n.) with b = ¢ = 0. In this limit the bispectrum
becomes independent of configuration and we recover a hierarchical form for the bispectrum.
The possibility, however, of weak violations of the hierarchical ansatz in the highly nonlinear
regime is still not clear and can only be determined by higher resolution N-body simulations
when they become available. Similar fitting functions for a dark energy dominated Universe
calibrated against simulations are also available and, at least in the quasilinear regime, most of
the differences arise due to the linear growth factor [332].

The analytical modeling of the matter bispectrum presented here is equivalent to the so called
halo model predictions (see, for example, [395] for discussions of the perturbative treatment in
the context of Minkowski functionals).

4.5.1 Primordial Non-Gaussianity: Bispectrum

In this section we will introduce and discuss three templates for the bispectrum that have received
much attention in the literature. These configurations encapsulate much of the physics with many
theories tending towards one of these templates in an appropriate limit. Studies of the bispectrum
are simplified by the closure relationship stating that the momenta in Fourier space must close to
form a triangle and hence k; + ko + ks = 0. A specific triangle can be completely determined by
the length of its sides such that, if we enforce isotropy, we can completely describe the bispectrum
with three momenta {k;, ks, k3 }. The three limiting cases that we will consider are the local model
or squeezed configuration for which ks < ki, ko, the equilateral configuration k; ~ ko ~ k3 and
the folded configuration k; = ks + k3. Each of these can be motivated by various physical effects
but at the very worst they can be considered as prototypical templates that allow us to study the
phenomenology of non-Gaussianity in cosmological observables.

4.5.1.1 Primordial Non-Gaussianity: Local Model

Much of the interest in primordial non-Gaussianity has focused on a phenomenological local fy,
parametrization in terms of the perturbative non-linear coupling in the primordial curvature per-
turbation [467; 196; 575; 300]:

() = @r(z) + fvo (P () — (BF(2))) + gnu @} (z) + A (R (z) — 3(D7 (2))) + ..., (4.132)

where @ (x) denotes the linear Gaussian term of the Bardeen curvature and the amplitudes of the
various non-Gaussian contributions are parameterised by the set of variables { fxr, gnL, ANL, - - - }-
In this parameterisation, the leading order non-Gaussian contributions are described by the bis-
pectrum or, in configuration space, the three-point correlator. A large number of studies involving
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primordial non-Gaussianity are based around the bispectrum as it will contain complete inform-
ation (in a statistical sense) regarding fyr [30]. The bispectrum has been extensively studied
[302; 131; 132; 371; 84; 530], with most of these measurements providing convolved estimates
of the bispectrum. In Fourier space, the local-type bispectrum corresponding to 4.132 is maximised
for k3 < k1, ko and has the following form for the primordial potential ¢ perturbations

Bk, ko, k12) = 25 [Po (k1) Po(k2) + cyc.] . (4.133)

Standard inflationary models predict a primordial power spectrum that obeys a power law of the
form: P®(k) < k", where n is the spectral index. We can explicitly relate the linear density con-
trast to Bardeen’s curvature perturbations in the matter dominated era through Poisson’s equation
[260]:
~ ok,z) 3
2 _ ) _ 2

In the above, T(k) is the transfer function describing the evolution of the density contrast. We
adopt the BBKS approximation given in [36]. We also point the reader to [174; 175] for further
discussions on transfer functions for large scale structure and the physical assumptions that go
into the construction of a transfer function. At early times, where non-linear evolution may be
neglected, the linear density contrast can be written in terms of an effective transfer kernel:

M (k)Py,

ok, 2) = Ut2) D(z)M(k)Pr; M(k)

2K2T(k)

= - . .135
3 O 2 (4.135)

Here, D(z) is the linear growth factor normalised such that D(z) — 1/(1 + z). This allows us to
express the linear power spectrum in terms of the transfer kernel M (k) and the primordial power
spectrum Py (k):

We can relate the bispectrum for the primordial density perturbations to the bispectrum for the

Ps(k,z) =

primordial potential perturbations by:
B (ky, g, krz, 2) = D?(2) M (ky) M (ko) M (k12) BY ™ (k1 ko, ks, 2). (4.137)

Therefore, in the linear regime (i.e. valid at large length scales), the primordial bispectrum for the
local model BP"*™ will evolve according to the following expression:

M (k)

BY°(kikq, ks; 2) = 2F¢ D3 (2) | ——nol
) ( 181, K3 ) fNL ( ) M(kl)M(kQ)

Ps(k1)Ps(k2) + cyc. | . (4.138)
The local model is well motivated physically as it encompasses superhorizon effects during infla-
tion in which a large scale mode k3 that exits the horizon exerts some non-linear influence on the
evolution of small scale modes k; and k;. Remember, in Fourier space, large scale modes corres-
pond to small momenta (IR limit) and small scale effects correspond to high momenta (UV-limit).
Typically this contribution will be relatively suppressed throughout inflation but non-standard in-
flationary models, in particular multi-field models, are though to induce much larger amplitudes
for this type of non-Gaussianity.
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4.5.1.2 Primordial Non-Gaussianity: Equilateral Model

The equilateral configuration is maximised when all three momenta are approximately equal k; ~
ko ~ k3. In this configurations, the primordial potential bispectrum can be expressed as [132; 47]:

By = 6" |~ (P (k1) Py (k2) + cyc.) — 2(Pa (ki )Pa (k2)Pa (k3))?/® + (Pa (ki) P3 (ko) P3 (k3) + Cyc')l/g} :

(4.139)
The primordial density bispectrum will therefore evolve according to:
equi equi M(k3)
Bé-q (klkl, kg, Z) = 6quL D3(Z) |: — (W)Pé(kl)Pé(kQ) + CyC.perm.)
— 2 (M (k1) M (ko) M (k3))""® { Ps (k1) Ps (ko) Ps (k3) }2/>+ (4.140)

1/3

M) / {P5 (k1) Ps (k2)? Ps(k3)*}/? + cyc.perm. | |. (4.141)
M? (k) M3 (ks)

Unlike the local model, the functional form for the equilateral model does not hold any relation-

ship to fundamental physics but should be interpreted as something akin to a fitting function that

describes a number of models for which the exact analytical expressions are more complicated.

4.5.1.3 Primordial Non-Gaussianity: Folded Model

The folded configuration is maximised when two of the sides of the triangle are approximately
equal such that ks ~ ks ~ ki/2. The folded bispectrum is approximated by the following func-
tional form [99; 372]:

B = 61451 | (P (k1) P (ka) + cyc.) + 3(Pa(ki)Pa (ka)Pas ()27 — (P (k1P (1) P (ks) + eye) 2 .

(4.142)

Following the outlined procedure we can re-write this in terms of the density perturbations

fold M(k
B b ok 2) = B KM(kl)(z\;)(@)P ot 2l 2 cyc’)

+ 3(M (k1) M (k2) M (k3)) =/ { Py (1, 2) Py (ka, 2) Ps (ks, 2)}*/°

_ ( M'3(ky)

W{Pg(l{h 2)Ps(kg, z)*Ps(ks, z)°}/3 + cyc.)] . (4.143)

The evolution of the primordial bispectrum is different compared to the one generated by gravit-
ational evolution. The primordial bispectrum demonstrate momenta dependence and as a result
the shape of the bispectrum configuration differs between the various primordial models as well
as that for gravitational instability. At large angular scales, which will be probed by future weak
lensing surveys, the gravitational instability may not yet have erased the memory of primordial
non-Gaussianity, which can provide complementary information to results obtained from CMB
surveys such as Planck [433].
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4.6 Three-dimensional Density Fields

4.6.1 Gravitationally Induced Bispectrum

The first scenario that we will investigate is a three-dimensional smoothed field with galaxy density
contrast J,. The matter bispectrum is given by 4.125 which, when substituted into the skewness

parameters 4.113 in the limit ¢ < 1, gives:

11 > k2dk, [T!
Solk2.2) = — @5 ) @ ) duW (k R)W (ksR) (4.144)
0 —
15 3 [k ko) 6 ,
X [7 + 5 H <k2 + k1> + H } Ps(k1)Ps(ks)
3 1 ® k2dk, [T
- 145
Su(ka.2) = oz o /O St [ AW (k) (4.145)
10 ki k 4
x (k3 + k3 + pkika) | = +p | = + 2 ) + o p?| Ps(ky)Ps(ks)
7 ky ki) 7
9 1 © kidk, [T
Sa(k2,2) = ) /O (;ﬂ; 1 duW (ki R)W (ksR) (4.146)
1 —

10 k k 4
< [BE3Q— )] | = +p | + 2 ) + =p?| Ps(ky)Ps(k2),
7 ko Kk 7

in agreement with [360; 260]. We now specialise our analysis to a Gaussian window function
W (z) = exp(—2?/2) as this allows us to make the following simplifications [360]:

W (VE+E + 20kn)

W(l1)W(l2)

=exp(—lilop); 1 =kR, (4.147)

with R the smoothing scale and k the Fourier mode.

The angular integration over y can now be analytically performed by relating the terms in the
above skewness parameter to terms corresponding to the m*™ Legendre polynomial. This allows
us to use the following relation between integrals over the Legendre polynomials and the modified
Bessel functions I,,(z) [328; 360]:

1
2
/ dp P (p)e™* = (=1)™ ;Imwz(z). (4.148)

-1

The relevant Legendre polynomials are:

1 1 1
Po(p) =1 Pi(p) = P2(u)=§(3u2—1); Ps(u)=§(5u3—3u); P4(u)=§(35u4—30u2+3)-

(4.149)
Using these results we can systematically perform the angular integration over p in 4.144-4.146

1 1 oo l2dll I lo F
L _ 1 2 l 15) P ) Ny 2/ il —
Solkaz) = o (%2)/0 ey VW ) 5<R) 5(3) L

17 3/, 1 4
X | = Dja(hl) = = (7 + 2 ) Isja(hila) + =I5 o (1) (4.150)
7 2\, ' 1, 7
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Silkas) = —aois [ ol oW () 5 (%) Vi

o20? (2m2
Ii o 99 3 [12 12
[ <12 2 > Iy )5 (l1la) — <35 + 1 Lé + 12D I35(l112) (4.151)
+— b by (I1ly) — S, (i) |, (4.152)
A l 5/2(l1l2 35 7/2\11%2 .
11 *2dly Iy ly 3/
Salka2) = o /0 WA WP (5 ) Ps () Vam(ie)
81 9 (I Iy 99
X [%Il/g(lllg) - E (l; + I ) Ig/g(lllg) — 3[5/2(l112) (4.153)
9 (I Iy 7
+TO (12 + l ) I7/2(l1l2) 24519/2<1112)1 (4154)

where we have used the relationship | = kR as introduced in 4.147. Following the notation for the
skewness parameters used in [360], we can simplify the above equations with following variable:

@ vV 2 1 (o) ath-2 lzdll ll l2 72 g2 a—3/2,8—3/2
Sl B) = =5 (01R> /2;233135 (R> s <R) Sy SSEVACTE)
0

(4.155)
In this notation the skew-spectra parameters become:
17 4
So==55" - 352 4 =53, (4.156)
A a3y 300 9900 1l oas) 6 2
= -2 -= — - 15
Sl 14S0 251 35S1 + 7 SZ 35S3 ’ (4 7)
8l 33 9505 NMeaaz  Yqas) T2 o33
=55 — = - — - - —Sy°. .15
S2= 35 % — g5 T g% TS g (4.158)
where we have adopted the following convention: Shed) = 1(S9P + S8>). The results shown

here demonstrate the analytic dependence of the gravitationally induced bispectra on a weighted
integral over the modes in terms of Bessel functions. These equations are analogous to those
presented in [360] but generalised to the skew-spectra formalism. The skew-spectra have been
numerically calculated for three different smoothing scales R[h~*Mpc] € {10,15,20} and are
shown in Figure 4.5. The non-Gaussianity generated from gravitational instability gives rise to a
positively skewed perturbation unlike a generic inflationary model which could predict negatively
skewed perturbations (e.g. [260]). It can also be seen that as the smoothing scale increases the
amplitude increase but the scale at which we observe a cut-off increases (i.e. a cut-off occurs at
smaller momenta). In the full skewness the gravitationally induced contributions are independent
of smoothing scale [260]. Additionally, due to the dependence of the gravitationally induced skew-
spectra on the matter power spectrum and the variance of the field, we find that the generalised
skew parameters are independent of redshift under the adopted normalisation.
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3D Gravity Induced Non-Gaussianity in the Density Field z=0,1
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Figure 4.5: The three gravity induced skew-spectra Sy(k, z) (left panel), S1(k, z) (middle panel) and S3(k, z)
(right panel) are depicted 3D cosmological density field. The spectra have been calculated for two different
Gaussian smoothing scales R = 10,20~ 'Mpc for z = 0. The skew-spectra for the redshifts = = 0 and
z = 1 are identical in the quasilinear regime due to the specific normalisation adopted. A ACDM background
cosmology was assumed. The results are plotted for redshift z = 0. The skew-spectra are normalized in such
a way that they are virtually independent of redshift. The expressions for So(k, z), S1(k, z) and S2(k, z) are
given in Eq.(4.150), Eq.(4.152) and Eq.(4.154).

Local Primordial Non-Gaussianity in the Density Field z=0,1
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Figure 4.6: The skew-spectra for primordial non-Gaussianity in a 3D cosmological density field is displayed
for local type primordial non-Gaussianity. The spectra have been calculated for two different smoothing
scales R = 10,20h~*Mpc with the left panel showing Sy (k, z), the central panel S (k, z) and the right panel
S2(k, z). For each smoothing scale the upper curves correspond to a higher redshift of = = 1 and the lower
curves to z = 0. The local type primordial non-Gaussianity is considered which is defined in Eq.(4.133). We
have taken a ACDM cosmology with fxr = 20.

4.6.2 Primordial Bispectrum

Using the above formalism we can calculate the skew-spectra for the primordial bispectrum in
the local, equilateral and folded models. This is done by substituting the appropriate primordial
bispectrum [4.133,4.141,4.143] into the expressions for the skew-spectra [4.117,4.118,4.119]
and evaluating. Due to the dependence of the primordial bispectra on the angular terms and
the transfer function there does not appear to be a trivial analytical solution to these models and
it is more elucidating to proceed by numerically integrating the resulting expressions allowing
us to obtain the shape and amplitude of the spectra as a function of momenta. The resulting
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Folded Primordial Non-Gaussianity in the Density Field z=0,1
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Figure 4.7: Same as previous figure but for primordial non-Gaussianity of folded type Eq.(4.143).

Equilateral Primordial Non-Gaussianity in the Density Field z=0,1
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Figure 4.8: Same as previous figure but for primordial non-Gaussianity of equilateral type 4.141

skew-spectra are shown in Fig. 4.6, Fig. 4.7 and Fig. 4.8. Unlike gravitational instability the
primordial models have redshift dependence and exhibit similar behaviour to the gravitationally
induced models for varying smoothing scales. In the full skewness the primordial models grow in

amplitude as we increase the smoothing scale [260].

4.6.3 Skewness

As we noted in 4.121, we can recover the one point skewness terms by performing the integra-
tion over the second momenta k, and collapsing all the statistical information into a one-point
estimator for a given smoothing radius R and redshift 2. This was the approach taken in [260]
and is a good sanity check that we are calculating the same quantities. It was noted in [260] that
non-Gaussianity from non-linear gravitational clustering always gives positively skewed density
fluctuations and hence Sg(fa)v > 0. However, primordial non-Gaussianity can have either positive
or negative fyr, in the local model yielding either positively or negatively skewed density fluctu-
ations. This would make it easier to distinguish from Sé?gv. In addition, [260] points out that as
we increase the smoothing scale R, the non-Gaussianity induced by non-linear clustering Séf;vao

becomes weaker, while primordial non-Gaussianity S 5o s approximately constant. At local

prim
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redshifts z = 0, the primordial contribution exceeds non-linear gravitational effects for very large
scales on order R > 200h~'Mpc for fyi, = 100. Moving to higher redshifts, the relative con-
tribution from non-linear collapse is weaker and primordial contributions can be dominant for
R > 120h~'Mpc for fxr, = 100. The analogous plots in the skew-spectra approach would be
Fig. 4.5 for gravitational instability and Fig. 4.6-Fig. 4.8 for primordial non-Gaussianity. For the
local model, we see that at k < 0.0052Mpc™* for fx1, = 20 the local contributions start to exceed
gravitationally induced contributions. I the folded model, the S(® and S") terms are relatively
suppressed whereas S(?) could possibly dominate over the gravitational instability contributions
for k < 0.1hMpc~'. In Fig. 4.9 we reproduce Figure 3 from [260] to demonstrate the concepts
discussed here.
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Figure 4.9: This is a reproduction of Figure 3 from [260] showing the skewness parameters S*)(z) multi-
plied by the variance o for both gravitational instability and local primordial non-Gaussianity for fxi, = 10
at a redshift of z = 0. As can be seen, the weighted local primordial spectra demonstrate little dependence
on the smoothing scale R. The gravitationally induced contributions to the skewness parameters show a
weakening with smoothing scale. At large R it can be seen that the primordial contributions are on order

those of gravitational instability.
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Figure 4.10: This is a reproduction of Figure 3 from [260] showing the skewness parameters S(*)(z) for
both gravitational instability and local primordial non-Gaussianity for fxr, = 10 at a redshift of z = 0.
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4.6.4 Minkowski Functional Reconstruction

Using the procedure outlined in 4.122 we can associate a power spectrum to the Minkowski func-
tionals by substituting S;(k, z) into 4.106 instead of the one-point skewness parameters .S;(z). This
allows us to plot the Minkowski functionals on the full (k,v) space for a given smoothing length
R, redshift z and, where applicable, an amplitude for non-Gaussianity fnr..

In Fig. 4.11-Fig. 4.14 we plot the gravitationally induced bispectrum at a smoothing length of
R = 10h~'Mpc. Contrast this to the local primordial model in Fig. 4.15-Fig. 4.18, the folded model
Fig. 4.19-Fig. 4.22 and the equilateral model Fig. 4.23-Fig. 4.23. The primordial non-Gaussianity
models have been evaluated for an amplitude of non-Gaussianity fnr, = 20. As can be seen, the
amplitude of the primordial contributions is certainly one of the toughest challenges in modern
cosmology. To accurately detect and characterise these primordial contributions will require the
heroic challenge of highly accurate and detailed understandings of foregrounds, systematics and
instrumentation noise. This is true for both CMB and large scale structure surveys. However,
should we find ourselves in such a position we see that the various models for the primordial
contributions are momenta dependent. The shape of the bispectrum, and hence the shape of
the skew-spectra and the Minkowski functional reconstructions, can therefore be distinguished.
The functional dependence of the various models for non-Gaussianity shows significant variation
allowing for a clearer test for the hypothesis that non-Gaussianity is primordial in origin. This in
contrast to the one-point statistics for non-Gaussianity. A similar procedure could be performed
for the velocity and 2D projected cosmological random fields.
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Vo(k, v, z) : Gravitational Instability
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Figure 4.11: Here we plot the power spectrum associated to the Minkowski functionals V;(k, v, z) on the full
(k,v) space for a smoothing length R = 10~ *Mpc and a redshift z = 0. We use the gravitational instability
bispectrum.
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Figure 4.12: Same as previous figure.
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Va(k, v, z) : Gravitational Instability

Va(v,k,z) 0

-5000

Figure 4.13: Same as previous figure.

Vs3(k,v, z) : Gravitational Instability

Figure 4.14: Same as previous figure.
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Figure 4.15: Here we plot the power spectrum associated to the Minkowski functionals on the full (k,v)

20. These have been reconstructed by using the skew-spectra S;(k, z) instead of the one-point skew-

ness parameters in 4.106. For this plot we adopt the local primordial bispectrum.

space for a given smoothing length R = 10h~'Mpc, redshift = = 0 and an amplitude for non-Gaussianity
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Figure 4.16: Same as previous figure.
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Figure 4.17: Same as previous figure.
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Figure 4.18: Same as previous figure.
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Vo(k, v, z) : Folded Primordial

Figure 4.19: Here we plot the power spectrum associated to the Minkowski functionals on the full (k,v)
space for a given smoothing length R = 10h~'Mpc, redshift = = 0 and an amplitude for non-Gaussianity
fni = 20. These have been reconstructed by using the skew-spectra S;(k, z) instead of the one-point skew-
ness parameters in 4.106. For this plot we adopt the folded primordial bispectrum.

Vi(k,v, z) : Folded Primordial

Figure 4.20: Same as previous figure.
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: Folded Primordial
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Figure 4.21: Same as previous figure.

: Folded Primordial
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Figure 4.22: Same as previous figure.
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Vo(k, v, z) : Equilateral Primordial

-0.5

Figure 4.23: Here we plot the power spectrum associated to the Minkowski functionals on the full (&, v)
space for a given smoothing length R = 10h~'Mpc, redshift = = 0 and an amplitude for non-Gaussianity
fni = 20. These have been reconstructed by using the skew-spectra S;(k, z) instead of the one-point skew-
ness parameters in 4.106. For this plot we adopt the equilateral primordial bispectrum.
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Figure 4.24: Same as previous figure.
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Va(k, v, z) : Equilateral Primordial
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Figure 4.25: Same as previous figure.

Vs(k, v, z) : Equilateral Primordial

Figure 4.26: Same as previous figure.
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4.7 Three-dimensional Velocity Field

The linear density perturbations ¢, was introduced in 4.133 as being related to Bardeen’s curvature
potential in the matter dominated era ®. In the Newtonian limit the Universe can be treated as a
pressure-less fluid and the continuity equation allows us to relate the linear density perturbations
to an associated peculiar velocity v(k, z):

,(k) +V-v(k) = 0. (4.159)

In the basic inflationary paradigm and observationally the linear primordial density perturbations
are highly Gaussian. Through the continuity equation we expect that deviations from Gaussianity
will impact the observed peculiar velocity field. Following [360] we introduce a dimensionless
scalar field normalised by the Hubble variable H:

O(x) =H'V . v(x). (4.160)

Due to the expansion of the Universe, the velocity field is described purely by the diverge (i.e.
rotation-free) term with the rotational components being described by decaying solutions in per-
turbation theory (see, for example, [360; 54]). Using second order perturbation theory the power
spectrum and bispectrum can be analytically calculated ([52; 53; 360]):

Po(k) = g2 Ps(k) + O(ap); (4.161)

6 ki k 8

Bo(ki, ko, k3) = —g {7 +pu (kl + k2> + - } Ps(k1)Ps(ko) + cyc.perm. + O(a§).  (4.162)
2

The factor gy is the logarithmic derivative of the growth factor D(z) with respect to the scale factor

a:

(4.163)

InD A Q
o = dln _ QT ( M)

, 1+ —
dlna M 70 + 2

4.7.1 Gravitationally Induced Bispectrum

Using the modified power spectrum and bispectrum 4.162 we can calculate the skewness para-
meters for the peculiar velocity field:

-1 1 l2dll ll l2 2
l = — 1 21 lo)P; P,
Sollz;2) goo s 2m2 / 2772R3W (L)W i2) Ps <R) ° ( lily
13 l l
y [711/2@1;2) (zj zl> Lyo(lily) + 715/2@ zz)] (4.164)
-1 1 l%dll 9 l1 lo
Sl(lg,z) = g90'00'1 277'2 27T2R5 W (ll)W(lg)Pg (R) P5 (R> \/ 27Tlllg

Lok 38 B, 9
L) - |2 (442 I (1]
[ (12 l) 1y2(hila) = [4 (gﬂf 35 far2lhl2)

5 I l 12




121 Chapter 4. Minkowski Functionals and Large Scale Structure

Sales) = ol [ W () 7 () VERGui)?

geot 2m2 | 2m2R7 R

57 9 13 l3 51
[ I o(lils) — (l2 L >I3/2(l la) — *15/2(11l2)

9 ld 2 144
+10 (lg l?) I75(lils) — 245[9/2(1112)1 . (4.166)

Using the parameterisation presented for the 3-dimensional cosmological density fields we can
simplify the above expressions:

_ (L Bgu 3g02 8gn

Solks, 7)) = ( =Sy +5stY —=83 ) (4.167)
1/ 33 3 93 12

S (ks, R) = " (_14 (13 4 55?‘” — 550~ s<13 s§2> , (4.168)
1 [ 57 51 144

So(ka, R) = " (35 + 5(15> + 9533 - 7S§15) e > . (4.169)

These are, again, analogous to the appropriate expressions in [360]. The skew-spectra for the
three different smoothing scales are shown in Fig. 4.27.

4.7.2 Primordial Bispectrum

The 3D cosmological velocity field can be used to probe primordial contributions. We calculate
the skew-spectra for the local model (Fig. 4.28), the equilateral model (Fig. 4.30) and the folded
model (Fig. 4.29). All models have been calculated for redshifts z = 0, 1 and for smoothing scales
R = 10,20 h~'Mpc.
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Gravity Induced Non-Gaussianity in the Velocity Divergence z= 0,1
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Figure 4.27: The skew-spectra for gravitational instability in a 3D cosmological velocity field ©. The spectra
have been calculated for two different smoothing scales R = 10,20h™*Mpc with the left panel showing
So(k, z), the central panel Si(k, z) and the right panel Sz(k, z). The results for two different redshift slices
are shown. For each smoothing scale the upper curves correspond to a higher redshift of z = 1 and the
lower curves correspond to z = 0. The skew spectra are defined in 4.164, 4.165 and 4.166 respectively. The
velocity divergence O is defined in 4.160. The bispectrum for © is given in 4.162. The redshift dependence
for velocity divergence bispectrum depends on gy defined in 4.163.

Local Non-Gaussianity in the Velocity Divergence z=0,1
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Figure 4.28: Same as previous figure but for non-Gaussianity induced due to primordial non-Gaussianity of
local type with fn = 20.

Folded Non-Gaussianity in the Velocity Divergence z=0,1
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Figure 4.29: Same as previous figure but for non-Gaussianity induced due to primordial non-Gaussianity of
folded type with fnr = 20.
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Equilateral Non-Gaussianity in the Velocity Divergence z=0,1
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Figure 4.30: Same as previous figure but for non-Gaussianity induced due to primordial non-Gaussianity of
equilateral type with fn = 20.
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4.8 Two-Dimensional Projected Density Fields

Often cosmological data sets can be cast in the form of a projection over the sky. This requires
us to introduce a correspondence between three-dimensional density fields and the observed two-
dimensional projection. The formalism adopted here follows [360]. When working with a two-
dimensional projected field one of the key observables are angular distances for objects placed at
a given comoving distance r. Under the assumption of statistical homogeneity and isotropy the
Universe can be approximated by the FLRW cosmological models. The line element for an FLRW
cosmology can be expressed as:

ds* = —Pdt® + a*(t) [dr® + da(r)*(sin® 0d6> + d¢?)] . (4.170)

where we d 4 (r) is the angular diameter distance to radial comoving distance r. The scale factor is
denoted by a(t). We have d(r) = sinh(K~/2r), r, sin(K~'/?r) for a Universe of negative, zero and
positive curvature respectively. The curvature is given by K = (), — 1)HZ. The three dimensional
density field is then projected onto a two-sphere through the use of a selection function n(r) and
the angular diameter distance d(r) to relate the projected density contrast field ¥({2) to the
underlying three-dimensional density field §,. Under the flat sky approximation this reduces to

W) = / dr &(r) 5, (v, ) n(r). 4.171)

We can use a similar approach to move beyond one point statistics and consider the projected
polyspectra. The two lowest order spectra of interest to us are the projected power spectrum Psp
and the projected bispectrum Bsp

14

Py(l) = / dr @2 (r) n2(r) Py [W;r} : 4.172)

By (01,02, l3) = /drdi(r) n3(r)B5 { b Lo /s

: : : . .173
Ta) da() da()’ " (4.173)

The three-dimensional power spectra Pjs(k;r) has already been specified and the bispectrum
Bs(k;;r) will be evaluated for the appropriate model. In a manner analogous to the three-
dimensional density fields, we construct the variance and skewness parameters in order to allow
us to investigate the contributions from various sources of non-Gaussianity to the projected bispec-
trum. The main difference in this approach is that we will be required to introduce the necessary
formalism to cope with projection effects. The necessary machinery is discussed in [360] though
we have introduced the appropriate modifications to generalise the results to the proposed skew-
spectra approach. The variance parameters of a projected field smoothed by an arbitrary window
function, W (¢6,), at a given smoothing scale, 6, is given by

o3 (6y) = / %WP(()W?(&%) = 9511“ / drd (r)n®(r)D?(r)S3 [da(r)6s) . (4.174)
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We have introduced a variance function X; to relate the three-dimensional field to our projected
field Ll
S2(R) = R¥*? / ~Z k¥ P (EYW?(kR). (4.175)

The skew-spectra parameters can then be found by introducing the appropriate functions of the
projected field and projected derivative fields Eq.(4.113)

S3p(6b) = <019b> /drdA D*(r)55™ % [da(r)06] S [da(r)05] €Y [da(r)6s]
(4.176)
where skew-spectra parameters are given by

2)W (110,)W ([l1 + 126s), (4.177)

l1dl
127 4/ 1/ 117127l37
> 2m/1—

Ci(lo, R |11 + 12 Bs (11, 12,13, 2)W (110,) W (|11 + 12]6,), (4.178)

/ l1dly
2222 27“/

11 L)1 + 1o?Bs(l1, 12, I3, 2)W (110) W (11 + 12]6p).

v /l dll/
Iz, B 2m/1 -

(4.179)

For the 2-dimensional spectra the angular integration is performed by using the integral rep-
resentation of the modified Bessel functions I,,(l1l2) along with the recursion relations I, =
(Im—1 + Lnt1)/2. The integral representation of the modified Bessel functions is given by:

d

et = (i) o =2 [

71112#

(4.180)

Proceeding analogously to the 3-dimensional case, the 2-dimensional skew-spectra reduce to a
weighted integral over the the modes k = [/R:

Co(l2,R) = 53 / 1126551]3 (g) P (l;) W2(11)W (Iy) [ - Io(lil2) — 3 (Z ;j) I (I1l2) + 712(l1l2)1

(4.181)
1 lydl I !
Ci(ls, R) = W/ 127T1P (é) P (;) W2(1)W (l)
X (z2+1)1(u)—7 E+E 2—7u Li(lls) + (z2+1)1(11) Ll I5(1yls)
28 2/40\t1t2 12 ll 7 2 1102 28 2 )42\b1t2 4123 102 3
(4.182)

Cola, R) = Ei% / ll;fflp (g) P (l;) W2(11) W (1)

33 3 30 3
7l%lgfo(l1l2) - 5(@2 +150) 1 (Ihls) — 7531312(1112) - §(l§l2 + Bl I3(Lls) + 151514(1112)] .

(4.183)
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Gravity Induced Non-Gaussianity in Projected Density Field
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Figure 4.31: The skew-spectra induced by gravitational instability for projected (2D) cosmological density
field. The spectra have been calculated for two different smoothing angular scales R = 10, 20hMpc~" with
the left panel showing Cy (1), the central panel C; () and the right panel C(l). The solid line corresponds to
R = 10hMpc ! and the dashed line corresponds to R = 20hMpc . The projected skew-spectra are defined
in4.177,4.178 and 4.179.

We adopt a parameterisation in terms of the variable C2/:

of 1 (27 [l (1 l2 2 a—1,8-1
0

The skew-spectra can then be written as:

2
Co(la, R) = 73031 60 4 202“, (4.185)
93 . (31) (a0) 81 09 33 31) 3 2
== - = R -2 1
Culle, R) = 7,06 = 30" — 0P + 1105 07 (4.186)
Co(ls, R) = ?(133 — 30 _ ? 33 _ 3082 4 0B, (4.187)

The resulting skew-spectra for gravitational instability are shown in Fig. 4.31 for smoothing scales
R = 10,20 hMpc ™.

The 2D projected surveys can be used with the primordial bispectra by simply replacing the
bispectrum kernel in [4.177,4.178,4.179] with the corresponding primordial model. The results
are shown in Fig. 4.32,Fig. 4.34 and Fig. 4.33.
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Local Non-Gaussianity in Projected Density Field z=0,1
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Figure 4.32: Same as previous figure but for local type primordial non-Gaussianity for fnr = 200.
Folded Non-Gaussianity in the Projected Density Field z=0,1
0 001 ;\ T HHH‘ T HHH‘ 1 : T HHH‘ T HHH‘ \j 1075 ; T T TTTT T T TTTIT \2
= 107 & E & ;
0.0001 F = E - : l |
= § 1 =2 i 1 = 107 g =
S 00F ERRCRLA SO N\ = - f
C 7 — 3 e N
107 = ‘= L — s i / /\\ |
LB \§ 107 N 107 2 \
10 E | \HHH‘ | \HHH‘ 1 E | \HHH‘ | \HHM 1 L | \HHH\ |
0.001 0.01 0.1 0.001 0.01 0.1 0.001 0.01 0.1
/R (h Mpc™) 1/R (h Mpc™) I/R (h Mpc™)
Figure 4.33: Same as previous figure but for folded type primordial non-Gaussianity.
Equilateral Non-Gaussianity in the Projected Density Field z=0,1
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Figure 4.34: Same as previous figure but for equilateral type primordial non-Gaussianity.
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4.9 Real World Effects

In this section we briefly outline some key observational and systematic effects that lead to cor-
rections and modifications to measured quantities (e.g. power spectrum). This Chapter does not
attempt to deal with real world effects, but a more general treatment incorporating real world
effects would be a useful and vital increment to the work presented here.

4.9.1 Redshift Space Distortions

Real world observations and surveys consist of constructing a map detailing the frequency and
intensity of radiation across the sky or a patch of the sky. Cosmological distances are constructed
under the assumption that the frequency of a particular emitter (e.g. CO emission) is known
allowing us to estimate the redshift to the source. Under the assumption that we inhabit a spatially
homogeneous, isotropic, irrotational and expanding spacetime then the redshift may be converted
to a coordinate distance in a fairly straightforward manner. Redshift distance estimates consist of a
number of contributions of which the two most physically relevant, for cosmological observations,
are the metric expansion of spacetime (as the dominant factor) and the Doppler shifts arising from
local peculiar velocities of a source along the line of sight.

The non-linear nature of the mapping from real space to redshift space means that a Gaussian
random field will have non-Gaussian corrections when observed in redshift space. In addition to
these non-Gaussian corrections there will be modifications to the observed power spectrum. Such
systematics will become increasingly important with the precision of the surveys mentioned in
Section 4.1. There exists analytic results for the linear results ([289; 237; 238; 357]) and recent
studies have begun to investigate the full non-linear redshift-space power spectra (e.g. [521]). The
linear result first provided in [289] introduces the following modification to the 2-point function

Pys(k) = 0> (1 +b" fu)>Ps(k), (4.188)

where b is a linear bias factor, f the derivative of the linear growth factor and u;, = 1 - k.

4.9.2 Galaxy Bias

The formation of galaxies and collapsed objects is highly dependent on the total local matter
density. An important point to note is that large scale structure surveys only probe the lumin-
ous baryonic matter and we find that there are nonlinearities in the biased relationship between
the observable baryonic matter distribution (i.e. galaxies) and the underlying total matter dis-
tribution (i.e. baryonic plus cold dark matter). This nonlinearity can give rise to an effective
non-Gaussianity that must be taken into account when performing statistical tests of large scale
structure. Following [190] we can assume that galaxy formation is a local deterministic process
and perturbatively expand the galaxy density contrast J, in terms of the underlying matter density

contrast d,,
ba(2)
2

where by(z) is set by the constraint (J,(z)) = 0. The two remaining parameters b, (z) and bz(z)

0g(2) = bo(2) + b1(2)0m(2) + 62 (2) +0(82), (4.189)

are the galaxy bias parameters. The 2-point and 3-point correlators of the galaxy distribution are
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therefore weighted functions of the 2-point and 3-point correlators of the matter distribution

Py(k, 2) = 03 (2) P (K, 2), (4.190)
By(k1, ko, k3, 2) = b3(2) By (K1, ko, k3, 2) + b3 (2)ba(2) [P (K1, 2) P (K2, 2) + cyel] . (4.191)

In the above B,,(k1, k2, ks, z) is the bispectrum for the matter distribution. In this thesis we
have neglected the bispectral contributions from galaxy biasing and have focused primarily on
primordial non-Gaussianities and gravitationally induced contributions. For a detailed discussion
of biasing effects see [190; 498; 367; 368; 116; 511; 281, 282] for a selection of relevant papers.

4.9.3 Survey Effects

In addition to redshift space distortions and biasing effects we also have to consider additional ob-
servational effects such as survey geometry, survey volume and corrections to the radial selection
function arising from magnitude limited surveys. Other effects include the survey specifications
(e.g. range of redshifts probed), instrumental noise and additional complex non-linearities that
can manifest at high k altering the power spectrum. Examples of these complex non-linearities
include both instrumental transfer function effects in Fourier space and survey specific sample bi-
asing. A specific model for the instrument transfer function must be assumed to investigate effects
at high k for a given survey. Such a modification is arbitrary and survey dependent. Skew spectra,
being high order statistics, will be affected more by sample (cosmic) variance. The resulting bias
and scatter of these estimators will have to be dealt with more precautions than their ordinary
power spectrum counterparts. Such issues will be dealt with in a separate publication. We shall
provide a quick discussion of magnitude limited surveys, radial selection function and volume of
the survey following the discussion presented in [257].

In an apparent-magnitude limited survey the number density of observed galaxies will decrease
with redshift. This means that for the galaxies to be appropriately resolved, and hence a reliable
density field reconstructed, we need an appropriate smoothing length R > R, such that R, is
the mean separation of galaxies at our specified redshift. This means that we have a maximum
redshift zmax = Zmax(Rgy) such that R, will be the mean separation of the magnitude limited galaxy
sample at our maximum redshift z,,, [580]. The number of independent resolution elements
in each survey volume will be given by [257] Nres = Viurv(< Zmax)/(27)%/ R3. This Chapter
does not attempt to take real-world systematics into account and a detailed treatment of real-
world systematics and error estimates would be an important next step in the study of Minkowski
functionals using the skew-spectra formalism.

4,10 Future Work?

In brief we outline a few points that can be made with regards to future studies. The first natural
extension to the work presented here is to incorporate higher order terms in the series expansion
for the Minkowski functionals [363] for 3-dimensional studies such as the one applied here to
large scale structure. Although the CMB constraints on the kurtosis, and hence trispectrum, are
weaker than those of the bispectrum, the overall amplitude of the trispectrum can make it difficult
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to study in detail. It is hoped, however, that upcoming large scale structure surveys will give access
to a greater number of Fourier modes and perhaps a greater S/N ratio. Studies of the trispectrum
and the Suyama-Yamaguchi inequality have been the focus of recent studies in the literature [221]
and it would be interesting to see what the Minkowski functionals and the skew-spectra formalism
can say about these parameters.

It is also possible to apply the skew-spectra method to the study of Minkowski functionals
for other cosmological random fields, such as the 21cm background (e.g [203]), in order to probe
cosmologically and astrophysically interesting physics. This includes studies of the effects of reion-
isation on the 21cm background as well as more exotic possibilities such as cosmic strings [369].

More importantly, it will be necessary to extend the preliminary analysis of the skew-spectra
presented here to consider what information can be recovered and probed from upcoming large
scale structure surveys. Important questions that can be asked using the approach presented
here include the level to which we can realistically expect to discriminate between the various
contributions to the bispectrum and the concomitant amplitude. A standard technique used to
answer such questions is the Fisher information matrix formalism, which allows us to estimate
the projected errors of various parameters p; from measurement errors on the MFs. The Fisher
information matrix Fj; is written in terms of the inverse of the covariance matrix ¥ as follows

Vo ey OVs
Fij=>Y_ 3, (=Y., T (4.192)
o

where we note that the MFs will be correlated at different threshold values » and across various
smoothing scales R. The covariance matrix will therefore of the form

Yap W, v') = (Vo) Va(V')) # dap (v —1'). (4.193)

The connection to the projected errors is given by the Cramér-Rao bound, expressing the lower
bound that we could theoretically achieve, for the variance of the estimators Ap; > /[F~1],,. This
provides a limit to the accuracy with which we can estimate the parameter p,;. These equations, as
presented, are suitable for the full Minkowski functional and not our skew-spectra counterparts.
The extension to the skew-spectra formalism would re-introduce the momentum dependence into
the equations.

Lastly, it is possible to move beyond the scalar Minkowski functionals to the even more com-
plete set of tensorial Minkowski functionals [49; 50; 491]. These objects provide a geometric
characterisation of the spatial structure of a random field with information that goes beyond that
of the scalar Minkowski functionals. Minkowski tensors are tensorial shape indices that should
allow for the characterisation of the anisotropy of a random field being the simplest generalisation
of the concepts of volume, surface and integral curvatures to tensor valued objects [491]. These
could possibly have applications to both the CMB, upcoming all sky polarisation maps, weak lens-
ing as well as the corresponding large scale structure surveys.
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4.11 Conclusion

New surveys proposed over the next decade or two offer the possibility of probing large scale
structure in an unprecedented manner. It is hoped that larger, more comprehensive cosmological
data sets along with a more sophisticated understanding of the underlying systematics will allow
us to investigate the role of non-Gaussian initial conditions along with the physics underlying
gravitational instability in an FLRW Universe. This makes the statistics of galaxy clustering an
interesting playground for model testing and discrimination.

In this Chapter we have adopted the conventional approach to describing gravitational clus-
tering through a hierarchy of higher order correlation functions. There exist numerous statistical
methods to characterise the higher order correlators ranging from polyspectra defined in Fourier
space to the spatially defined Minkowski Functionals adopted in this Chapter. The Minkowski
functionals are a topological statistic that characterise the morphological properties of a random
field. In particular it has been shown that the morphological properties of a Gaussian random
field are analytically known with non-Gaussian corrections giving rise to changes in the mor-
phological properties of a random field. The Minkowski functionals are therefore sensitive to
non-Gaussianity allowing us to construct a statistical estimator based on analytically known res-
ults for a Gaussian random field. Using the formalism presented by [360] and [260] it has been
shown that the Minkowski functionals, to leading order, depend on a set of skewness paramet-
ers Sp, S1,52 that encapsulate the non-Gaussian corrections to the random field. In particular,
for a weakly non-Gaussian random field, the skewness parameters, a set of one-point estimators,
reduce to a weighted probe of the bispectrum. The currently adopted approach has been to col-
lapse all the information into the one-point estimators but at a loss of the ability to effectively
discriminate between different types of non-Gaussianity. The shape of the bispectrum has been
strongly emphasized as an extremely important tool in discriminating between various models for
an inflationary scenario as well as secondary non-Gaussianity such as gravitationally induced non-
linearity. Motivated by this we have presented a generalisation of these one-point estimators to a
set of skew-spectra S, S}, S? that avoid collapsing all the information into a single estimator. It
has been argued that by investigating the shape of the skew-spectra and it’s relation to the bispec-
trum By,;,;, we can discriminate more effectively between the various bispectral configurations
and ideally separate out the primordial and secondary contributions.

These generalised skew-spectra are two-point statistics spatially but the dependence on the
bispectrum is related to the fact that they are third (leading terms) order statistics in terms of
non-Gaussianity. A cumulant correlator of order p + ¢ is constructed from the cross-correlation of
the spatial fields (or the derivative fields) (¥?(x)¥?(x)). This cumulant correlator will probe the
polyspectra of order p + ¢ [388].

This Chapter has only considered the generalised skewness parameters up to O(op) with the
resulting spectra corresponding to a weighted probe of bispectrum. The formalism is developed
in terms of a perturbative expansion about a Gaussian random field and we necessarily truncate
the results to the desired order. We could consider higher order corrections with the results of
O(0}) for which the resulting spectra would provide a weighted probe of the trispectrum (see e.g.
[363; 398]). The next-to-leading order results are appropriately named kurt-spectra due to their
relation to the more conventionally used kurtosis parameters. Although we have not considered
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the next-to-leading order non-Gaussian corrections, the unprecedented level of detail in upcoming
surveys makes investigations of next-to-leading order statistics a promising future direction.

The skew-spectra have been constructed from various products of the spatial and derivative
fields (e.g. V¥, V2¥, VU - VU, etc). The skew-spectra can be related to the spatially defined
cumulant correlators and the skewness parameters can be constructed from the corresponding
skew-spectra. Given the momenta-dependence of the skew-spectra it was shown that they carry
greater discriminating power against the various bispectra configurations which can be compared
to observational or numerical results. Something that has not yet been considered is the role of
noisy data, systematics or survey masks. A discussion of error on the estimators and their scatter
will be presented elsewhere. The presence of such noise will lead to scatter in our estimators
necessitating a greater understanding of the systematics in upcoming LSS surveys (see e.g. [263]).

The systematic study of the skew-spectra presented in this Chapter focused on three different
cosmological data sets: 3D density, 3D velocity and 2D projected. For each of these models we
numerically investigated the shape of the bispectrum for three primordial models (local, equi-
lateral and folded) along with the analytical gravitationally induced bispectrum. The primordial
bispectra were shown to be dependent on the underlying matter power spectrum, transfer func-
tion with an overall amplitude set by the background cosmology and smoothing scale. The 2D
skew-spectra were calculated for the innermost kernel in the integral with the integral over the
background geometry neglected. The shape and amplitude of the underlying spectra is still of
interest however.

The approach to probing non-Gaussianity presented in this Chapter is just one of many areas
of similar work. It is accepted that the CMB should provide one of the cleanest probes of the early
Universe with the density perturbations being adequately modeled by linear perturbation theory.
The non-linear nature of gravitational instability means that the primary source of non-Gaussianity
in LSS or weak-lensing surveys is most likely non-primordial. Nevertheless, LSS surveys are cur-
rently thought to be able to place comparable constraints on primordial non-Gaussianity to that
of the CMB. Likewise, recent developments on the analytical modeling of weak lensing has lead
to the hope that upcoming weak lensing surveys could provide an unbiased probe of the under-
lying matter distribution yielding a cleaner probe of the statistics of gravitational clustering than
conventional LSS surveys (e.g. [398]). Another possibility that could offer the cleanest probe
of primordial non-Gaussianity is that of a non- Gaussian stochastic background of gravitational
waves. The prospects for direct detection are not currently optimistic due to the weakness of the
3-point term in the graviton interactions [6] though it is hoped that indirect detection through,
for example, CMB polarisation could be a possibility.

An assumption that was made throughout this Chapter was the use of a Gaussian window func-
tion. This is a popular, though arbitrary, choice and we could equally have performed the analysis
using alternative window functions. Another popular window function used in the literature is
the top-hat window function [54]. The formalism presented allows the results to be generalised
to arbitrary functions but this is not thought to change the overall conclusions of this Chapter.

In all models the gravitational instability bispectrum was an order of magnitude or two greater
than that of the primordial bispectra. At very small wavenumbers the local primordial bispectra
was starting to become comparable to the gravitational instability skewness. The results quoted
are for fnr, ~ 20 which may be somewhat optimistic with the true amplitude for non-Gaussianity
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lying closer to unity and as a result this would further reduce the skew-spectra amplitudes by an
order of magnitude. Interestingly it seems that the shapes of the primordial bispectra are distin-
guishable even if the gravitational instability non-Gaussianity is the dominant contribution for all
surveys discussed. The results do not take into account systematics or noise so no constraints on
the signal-to-noise ratio may be discussed but a more detailed account will be presented elsewhere.
The shape of the gravitational instability skew-spectra could be useful in quantifying predictions
from perturbative treatments of gravitational instability, N-body simulations or semi-analytic ap-
proximations and it is worthwhile considering the prospects for disentangling any primordial con-
tributions from gravitational instability.

We have studied the skew-spectra for the 3D galaxy distribution as well as 2D projected sur-
veys. For the 3D surveys we ignored the effects of redshift space distortion. Redshift space effects
are important as these correspond more directly to the observables in conventional large scale
structure surveys. Examples of the role of redshift space distortion can be found in [289; 238;
521; 417; 478]. A more general treatment taking into account redshift space effects will be
presented elsewhere.

4.12 Summary of Key Points and Key Results

e In this section we began by detailing various approaches to the Minkowski functionals and
presented a self-contained treatment as to how the underlying mathematical structures may
be related to weakly non-Gaussian random fields by perturbation theory. The underlying
perturbative approach is based on an Edgeworth expansion and the key results follow that
of [360].

e Having previously emphasies the importance of non-Gaussianity in both characterising a ran-
dom field and disentangling the underlying physics, we introduced the skew-spectra form-
alism [388] as a two-point statistic, defined in the spatial domain, that act as a weighted
probe of the bispectrum. The cumulant correlators of order p + ¢ are constructed by cross-
correlating a spatial field and its derivatives, (¥?(x)¥?(x)). This correlator probes polyspec-
tra of order p + q.

e We argued that this approach should be more sensitive to different contributions to the un-
derlying bispectrum as it avoids compressing all information into a one-point statistic prob-
ing non-Gaussianity. Rather, we retain both the momentum and amplitude dependence. This
is important as different underlying field theoretic models for inflation, for example, have
different momentum and amplitude dependence. The conventional one-point statistics only
probe the amplitude of non-Gaussian corrections, integrating out the momentum depend-
ence. The skew-spectra have greater distinguishing power, due to momentum dependence,
but at a lower signal-to-noise ratio. This will be less of an issue in upcoming large scale
structure surveys.

e We provided explicit expressions for the skewness parameters S;(ks, z) as weighted integrals
over the bispectrum B(k1, ks, k3, 2).
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We then proceeded to calculate the skewness parameters for a serious of popular template
configurations for the bispectrum.

For a template corresponding to the gravitationally induced bispectrum, we derived ana-
lytical results for the skewness parameters S;(kz, z) and numerical results for the skewness
parameters and the power spectrum associated to the Minkowski functionals V;(ks, v, 2).

For three primordial non-Gaussianity templates, corresponding to the local, equilateral and
folded templates, we numerically calculated the skewness parameters and a power spectrum
associated to the Minkowski functionals.

An important result is that the amplitude and momentum dependence of S;(k2,z) and
Vi(ka, v, z) differs from template to template. A good future exercise would be to construct a
pipeline for performing model selection based on the skew-spectra obtained from either nu-
merical simulations or observations. To what degree can we distinguish the various models
and to what level can we constrain primordial non-Gaussianity in realistic survey configura-
tions? The results in this Chapter act as a solid proof of concept for such a study.

This analysis was regurgitated for 3-dimensional velocity fields and for 2-dimensional pro-
jected surveys. The observed peculiar velocity field can be related to the underlying linear
density perturbations via the continuity equation. The equations for the 2-dimensional case
are suitable for cosmological data sets that have been projected over the entire sky. Again,
we derive analytical results for the gravitationally induced bispectra and numerical results
for both primordial and gravitationally induced bispectra.

Finally, we detailed some real world effects that are of interest in future studies as well as
outlining a parameter error study using the Fisher information matrix formalism.




Chapter

Baryon Acoustic Oscillations

5.1 Introduction

Observations of the cosmic microwave background (CMB) and large-scale structure (LSS) will
carry complementary cosmological information. While all-sky CMB observations, such as NASAa
WMAP' or ESAs Planck? experiments, primarily probe the distribution of matter and radiation at
redshift z = 1300, large scale surveys such as ESA's Euclid® or the Square Kilometer Array (SKA)*
will provide a window at lower redshifts on order z ~ 0 — 2. The study of large scale structure
appears to be a promising candidate in the study of the influence and role of the dark sectors in
the standard model of cosmology. One particular phenomena of interest are the Baryon Acoustic
Oscillations (BAOs) that manifest themselves in the matter power spectrum of galaxy clusters
on cosmological scales of order 100h~'Mpc. These oscillations in the matter power spectrum are
generated just before recombination through the interplay between a coupled photon-baryon fluid
and gravitationally interacting dark matter [543; 426; 174; 175; 176; 503; 504].

The scale of the peaks and oscillatory features of the BAOs promises to be an important cosmo-
logical tool that acts as a standard ruler from which we can investigate and constrain dark energy
parameters (see [176; 16; 149; 587] for a small selection or representative literature), neutrino
masses [219], modified theories of gravitation [9; 312] and deviations from the standard model
of cosmology [194; 195; 180]). Significant attention has been devoted to the BAOs and they were
first detected with SDSS ° data [176; 5] and in subsequent surveys [119; 430].

The BAOs have been studied using standard Fourier space decompositions [503; 504; 431],
real space analysis [176; 526; 598; 287], in 2D spherical harmonics defined on thin spherical
shells [149], but also in the sFB expansion [452]. It is important to note that different frame-
works will make use of different information and will therefore have different constraining power
for different cosmological parameters emphasising the complementarity of mixed studies [451].
Previous studies, having predominantly focused on projected 2D surveys, have discarded radial

Thttp://map.gsfc.nasa.gov/
2http://sci.esa.int/planck
Shttp://sci.esa.int/euclid
4http://www.skatelescope.org/
Shttp://www.sdss.org/
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information by projecting galaxy positions into tomographic redshift bins however, such a loss of
information could be avoided by adopting a full 3D description (e.g. [27]).

Upcoming large scale structure surveys will provide cover for both large and deep areas of the
sky and this will necessitate a formalism that can provide a simultaneous treatment of both the
spherical sky geometry as well as an extended radial coverage. A natural basis for such a survey is
provided by the sFB decomposition, (see [251; 184; 428; 90; 177; 2; 316; 519; 452; 309; 27] for
an incomplete selection of literature on the subject). In this prescription we expand a 3D tracer
field, such as the galaxy density contrast, using the radial (k) and tangential (i.e. along the surface
of a sphere) (¢) dependence.

The galaxy matter power spectrum is conventionally modelled using cosmological perturba-
tion theory (PT). The linear order results will be valid at large scales where non-linear growth
of structure under gravitational instability can be neglected. At smaller scales it is no longer
possible to neglect the non-linear growth of structure and we need to incorporate higher-order
corrections to the matter power spectrum. There are a number of different approaches currently
in the literature to tackle this problem and we will present a more detailed description later on.
Non-linear galaxy clustering bias arises from a non-linear mapping between the underlying mat-
ter density field and observed collapsed objects (e.g. galaxies or dark matter haloes) and galaxy
bias is, in essence, an isocurvature perturbation. Current literature has investigated more detailed
prescriptions for galaxy bias such as the effects of primordial non-Gaussianity, scale dependence
or non-local bias. Another form of non-linearity arises from RSD generated through the internal
motion of galaxies within haloes. This effect is known as the Finger-of-God effect [275] and is
distinct from the linear RSD considered in this paper [289]. It is also possible to investigate the
role of non-Gaussian initial conditions, such as those generated in various inflationary models,
and how this propagates non-linear corrections through to the growth of structure. The signatures
of non-Gaussianity in these models will be distinctly different (e.g. a modified bispectrum) to the
signatures of non-Gaussianity in models that have Gaussian initial conditions and are allowed to
undergo gravitational collapse.

Throughout this paper we will follow the construction outlined in [452] and generalise the
method to study the role of redshift space distortions (RSD) and the non-linear (NL) evolution
of density perturbations. Previous investigations have used standard perturbation theory (SPT),
galaxy bias models and Lagrangian perturbation theory (LPT) to characterise the role of various
non-linear corrections to the BAO signal using the 3D Fourier power spectrum P(k) [279; 407;
280; 412; 413]. These nonlinear corrections can be reassessed within the sFB framework to aid
our understanding of how real world effects can impact the radialisation of information.

Recent work [27] utilising the sFB formalism has focused on how to recover the full 3D clus-
tering information including RSD from 2D tomography using the angular auto and cross spectra of
different redshift bins. Traditionally, RSD measurements have been made through spectroscopic
redshift surveys such as the 2dF Galaxy Redshift Survey [119] and the Sloan Digital Sky Survey
[601] with photometric surveys often being neglected because of the loss of RSD through photo-
metric redshift errors. Upcoming surveys, spectroscopic and photometric, such as the Dark Energy
Survey (DES)°, Euclid, SKA, Physics of the Accelerating Universe Survey (PAU)” [51], Large Syn-
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optic Survey Telescope (LSST)® or the Panoramic Survey Telescope and Rapid Response System
(PanStarrs)? offer the possibility of investigating the BAO and RSD through angular or projected
clustering measurements [51; 409; 134; 198; 311; 463].

As RSD and distortions arising from an incorrect assumption for the underlying geometry are
similar [12] the analyses of RSD using 3D data has to be used in conjunction with geometrical
constraints [468]. As approaches based purely on angular correlation functions do not depend
on the background cosmological model, the angular clustering measures will be considerably sim-
pler. The sFB is something of a mid-point between these two approaches and will, in general, be
sensitive to the choice of fiducial concordance cosmology. This paper is organised as follows. In
Section 5.4 we discuss the sFB expansion. In Section 5.5 we outline the effect of linear RSD and
Section 5.6 is devoted to issues related to realistic surveys. In Section 5.7 we consider perturbative
corrections to linear real-space results and consider the structure of the sFB spectra. Results are
discussed at the end of the appropriate sections and the conclusions are given in Section 6.10. Dis-
cussions about finite size of the survey and discrete sFB transforms are detailed in the appendices.

Throughout we will adopt the WMAP 7 cosmological parameters [305]: h = 0.7,Q,h? =
0.0226, Q.h? = 0.112,Q4 = 0.725, 05 = 0.816.

5.2 Baryon Acoustic Oscillations

Before last scattering, the early Universe consisted of a hot, dense, tightly coupled photon-baryon
plasma. The temperature of the Universe at this point is sufficiently high that the photons ionise
any hydrogen atoms that form resulting in a plasma of free electrons, protons and photons. The
photons propagating in this medium are tightly coupled as they will not travel far before inter-
acting with the plasma via Thomson scattering off the free electrons. The presence of perturba-
tions implies that there are regions of the plasma that are overdense, leading to the gravitational
collapse of the plasma. This collapse is, in turn, resisted by radiation pressure. Contrastingly,
underdensities will correspond to potential hills where the opposite processes are taking place. It
is the competing forces of gravitational collapse and radiation pressure that induce an oscillatory
behaviour in the fluid. The acoustic waves generated by the compression and rarefaction of the
plasma propagate with a characteristic speed of ¢ = (1 + R)~! where R = 3p,/p-.

However, as the Universe expands the temperature of the plasma decreases. Eventually the
photon energy drops below the ionisation energy and the free electrons combine with the free
protons, this is known as recombination. As the free electron density rapidly drops, the photons
become decoupled and the mean free path length rapidly increases, tending towards the Hubble
scale. The photons free-stream then propagate through the Universe and are observed as the
cosmic microwave background (CMB). At decoupling, the radiation pressure on the baryons dis-
appears and the baryon acoustic wave is frozen. The photons have free streamed out of the
gravitational potentials but the baryonic matter undergoes gravitational collapse. This leads to an
enhanced baryon overdensity at a distance equal to that of the distance travelled by a sound wave
at decoupling. This forms the baryon acoustic oscillations (BAOs) that we see in the CMB and
galaxy correlation function. The gravitational effect of this baryon overdensity will be imprinted

8www.Isst.org
9pan-starrs.ifa.hawaii.edu
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on the cold dark matter (CDM) perturbations as these are coupled gravitationally (see Fig. 5.1
for an extended commentary). We see this imprint in the galaxy distribution Fourier space power
spectrum. Naturally, this contribution to the power spectrum evolves with redshift making it a
particularly effective probe of the background geometry and cosmological evolution [176; 197].

This plasma was oscillating due to the presence of primordial density perturbations, areas of
overdensity induce gravitational collapse of the plasma but, as the fluid collapses, the plasma
heats up and radiation pressure drives the fluid out. This results in a spherical sound wave that
travels through the plasma with a characteristic speed of ¢? = (1 + R)~!, where R = 3p,/p,. At
recombination, the photon-baryon fluid decouples as the photons can no longer ionise the atoms
that form and hence they are not tightly coupled.
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Baryon Acoustic Oscillations

Figure 5.1: This series of plots shows the formation of the BAO peak and attempts to build an under-
standing of the physical processes at work. The left panel shows the baryon density, the middle panel the
radiation density and the right panel shows the mass profile for baryons (blue) and radiation (red). In the
early Universe, the primordial plasma is a tightly coupled mix of energetic photons, ionised hydrogen and
a gravitationally interacting dark matter. Consider a single perturbation and a uniform plasma with a mass
overdensity at the origin (Panel 1). The pressure drives the coupled gas-photon fluid outward, the radius of
the shell increases at relativistic speeds (Panels 2 and 3). This expansion continues and the photons cool due
to the expansion. Eventually we hit a point where the photons are no longer energetic enough to ionise the
plasma and the protons combine with the electrons forming neutral hydrogen. This occurs at a time of ~ 10°
years. The photons free- stream away as the optical depth approached that of the Hubble radius but the
baryons, with no pressure to drive them outwards, remain in place (Panels 4 and 5). The radiation becomes
increasingly uniform but the baryons remain in an overdense shell with a characteristic size on order 100Mpc
(Panel 6). The gravitational potential, centred at the origin due to the gravitationally interacting dark matter,
begins to draw material back to the centre (Panel 7). The perturbations continue to grow as the baryons and
dark matter virialise. The result is that we end up with a density profile that is sharply peaked around the
origin but with an imprint of the shell of matter at a scale of 100Mpc on the profile (Panel 8). The radius of
this shell is approximately that of the sound horizon. Figures taken from Martin White’s website.
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5.3 Characterisation

The purpose of this Section is to compare and contrast different approaches to the characterisation
of BAOs, namely

1. Full Fourier space power spectrum P(k).

2. Smoothed Fourier space power spectrum P(k)/Ps(k), i.e. a wiggle free approach.
3. Spherical harmonic angular power spectrum Cj.

4. Spherical Fourier-Bessel power spectrum Cy (k).

Each of these approaches offers different advantages and disadvantages and in reality a joint
analysis using multiple methods and external cosmological observables will provide the strongest
constraints and characterisation of the BAOs [451]. The application of these methods to real
cosmological observables is also dependent on the particular survey in question.

5.3.1 Fourier Space Power Spectrum P(k)

The full Fourier space power spectrum is the standard starting point in many cosmological ana-
lyses. This approach takes information from a large range of Fourier modes meaning that, in
principle, it should be able to constrain cosmological parameters with high levels of precision and
accuracy [451]. This means that the method will be a strong probe of the geometry and growth
of large scale structure. However, because of the large number of Fourier modes available it is
also suspected that this method will be highly sensitive systematic errors and non-linearities. For
instance, the linear bias b(z) will affect both the amplitude of the power spectrum as well as the
amplitude of redshift space distortions via the distortion parameter $ which is defined with respect
to the linear growth factor. If this linear bias is also scale dependent then this could distort the
power spectrum over a range of scales such that there are high sensitivities to systematics [451].
There is also some concern that this method is not optimal or easy to implement for wide-field
survey geometries due to the spherical sky-geometry. On smaller scales, the power spectrum will
be more sensitive to non-linear redshift space distortions and the non-linear growth of structure
[501].

The observables in a typical spectroscopic survey are a galaxy redshift ~ and the angular posi-
tion on the sky (6, ¢). In order to calculate the Cartesian 3-dimensional power spectrum, we need
a way to relate the momenta k to the redshift. This transformation is typically done by assuming
some cosmological dependent radial distance to give a scale to the measurement. This means that
a Cartesian 3-dimensional analysis will be sensitive to the detailed modelling of the background
cosmological model. We will leave a more detailed discussion of redshift space distortions in the
Fourier power spectrum for later.

5.3.2 Smoothed Fourier Space Power Spectrum P(k)/Ps(k)

The BAO wiggles only method aims to avoid potential systematics in the full P(k) method by
smoothing out the global shape of the power spectrum. Doing so, we can focus our analysis on
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specific scales related to the BAOs. A potential pitfall in this approach is that the global shape
of the power spectrum can be defined in numerous ways. As an example, we could simply apply
an interpolation scheme to an observed power spectrum and remove the BAO bumps [62; 504].
Alternatively, we could construct a baryon-free power spectrum using the transfer functions from
[175] which contains information regarding the shape and normalisation of the power spectrum
but does not contain the wiggles generated by baryonic physics. An advantage to this approach is
that we have a weaker dependence on bias and non-linearities but we necessarily restrict ourselves
to a more limited range of scales. In terms of characterising the BAOs this may not be too detri-
mental as the BAOs are present on scales of order 100 — 150h~*Mpc.

5.3.3 Spherical Harmonic Angular Power Spectrum C,

For 3-dimensional data it is often more convenient to consider a spherical harmonic decomposi-
tion, separating the data into radial and transverse modes that are independent. The conventional
spherical harmonic approach projects the data onto 2-dimensional slices discarding information
by projecting out the redshift dependence. We can attempt to partly recover some of the inform-
ation by using tomographic reconstruction, a first step towards the full 3-dimensional analysis.
Tomographic methods amount to crudely binning the data into redshift slices and calculating the
angular power spectrum, and its cross correlations, for all redshift bins. In essence, we are just
discretising the redshift dependence. The angular power spectrum for two redshift bins 7 and j is
given by [421]

cyl = % / dk k2 Py (k) W (k) W} (k) (5.1)
Wi = [ dr D) és(r) jolh). (5.2

This spherical harmonic approach has a strong dependence on the bias and non-linearities that are
fed into our description for large scale structure. The primary advantages of this method are that
redshift space distortions will have an exact description, unlike the small angle approximation in
the Fourier analysis, and that the transformation from the survey observables for a galaxy (6, ¢, z)
to the spherical harmonic coordinates (¢, z) is independent of the model for the background cos-
mology. We will briefly discuss redshift space distortions later on.

5.3.4 Spherical Fourier-Bessel Power Spectrum C, (k)

It should be clear by now that different approaches to the characterisation of the BAOs uses differ-
ent information. The wiggles only method used information from both the radial and tangential
modes but discards information regarding the broad band shape of the power spectrum, the red-
shift space distortions and the amplitude of the BAOs. The spherical harmonic analysis, however,
does not use the radial scale of the BAOs. Something of a hybrid method can be introduced by
using the spherical Fourier-Bessel formalism. In this instance we retain much of the power of
the spherical harmonic decomposition but the formalism is genuinely 3-dimensional as the red-
shift information from objects in a survey is necessarily taken into account [452]. In addition,
this method should be rather practical for upcoming surveys that have both wide-field and ex-
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tended radial coverage. In this approach we can use an exact prescription for the redshift space
distortions and how these affect the characterisation of BAOs [435]. This method also becomes
increasingly difficult for surveys with many galaxies but by performing a two step transformation
using a spherical Fourier-Bessel transform followed by a fast spherical harmonic transform (e.g.
Healpix) then computational costs can be brought under control [316].

5.4 3D Spherical Analysis

5.4.1 Theory

As we discussed in Section 2.4, the spherical Fourier-Bessel expansion is something of a natural
hybrid between the more conventional Fourier and spherical harmonic decompositions. Spherical
coordinates are a natural choice for the analysis of cosmological data as they can, by an appropri-
ate choice of basis, be used to place an observer at the origin of the analysis. Upcoming wide-field
BAO surveys will provide both large and deep coverage of the sky and we therefore require a sim-
ultaneous treatment of the extended radial coverage and spherical sky geometry. For this problem,
the sFB expansion is a natural basis for the analysis of random fields in such a survey.

We introduce a homogeneous 3D random field ¥ ({2, r) with () defining a position on the sur-
face of a sphere and r denoting the comoving radial distance. The eigenfunctions of the Laplacian
operators are constructed from products of the spherical Bessel functions of the first kind j,(kr)
and spherical harmonics Y, (€2) with eigenvalues of —k? for a 2-sphere. Assuming a flat back-
ground Universe, the sFB decomposition of our random field [60; 183; 184; 251; 90; 435] is given
by:

\f / dk > W (k) K e (kr)Yom (), (5.3)

{em}

and the corresponding inverse relation given by:

Uy (k) = \/Z / Pr(r) kjokr)Y;, (Q). (5.4

In our notation, {¢m} are quantum numbers and k represents the wavenumber.'®

Note that the 3D harmonic coefficients, ¥y, (k) are a function of the radial wavenumber k.
This decomposition can be viewed as the spherical polar analogy to the conventional Cartesian
Fourier decomposition defined by:

U(r) = ey / 3k (k)e™T, (5.5)

1
(2m)
1 3 71k~r
= G / &z . (5.6)

The Fourier power spectrum, Pyy, is defined as the 2-point correlation function of the Fourier

10We follow the same conventions as [316; 452; 90] but have made the substitutions f(r) — W(r) and Wy (k1,k2) —
(0)

19 (ky, ko).

Z )
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coefficients ¥(k):
(U (k)T (K')) = (27) Pyy (k)5° (k — K'). (5.7)

Similarly we can define a 3D sFB power spectrum, Cy(k), of our random field by calculating the
2-point correlation function of the 3D harmonic coefficients:
(U (k)10 (K')) = Co(k)6™P (k — k') 34y Oy - (5.8)

It is possible to relate the Fourier coefficients ¥(k) with their sFB analogue ¥y, (k) through the

following expression
ik

Vo (k) = @

/ 00 (K) Vi () (5.9)

where the angular position of the wave vector k in Fourier space is denoted by the unit vector
Q(6y, o). The Rayleigh-expansion of a plane wave is particularly useful in connecting the spher-
ical harmonic description with the 3D Cartesian expression. The second expression we present
here is derived by differentiating the first and will be used in the derivation of RSD:

eik-r =4 ZZ’Z jé(k'r)}/ém(ﬁk)nm(fz); (5.10)
Im
i(Q - Q)™ = dm Y it iy (k1) Yo (Q) Yem (). (5.11)

m

In general the radial eigenfunctions are ultra-spherical Bessel functions but they can be approx-
imated by spherical Bessel functions when the curvature of the Universe is small (e.g. [604]).
Throughout this paper we will use j;(z) and j;/(z) to denote the first and second derivatives of
je(z) with respect to its argument x. The expressions for the first and second derivatives are given
in Eq. (2.82) and Eq. (2.83). Imposing a finite boundary condition on the radial direction will
result in a discrete sampling of the k-modes. This will be discussed in more detail later.

5.4.2 Finite Surveys

In order to consider realistic cosmological random fields, such as the galaxy density contrast,
we need to take into account the partial observation effects arising from finite survey volumes.
Concise discussions of this point are given in [452; 27] and as such we will not devote much time
to this point referring the reader to the given references.

The selection function simply denotes the probability of including a galaxy within a given
survey. An observed random field ¥°(r) can be related to an underlying 3D random field through
a survey-dependent radial selection function ¢(r) that modulates the underlying field:

WO (r) = ¢(r)U(r). (5.12)

It is possible to introduce an analogous tangential selection function but we will, as per [452],
neglect this possibility assuming that we have full sky coverage. The resulting sFB power spectrum
is given by
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2
CLO0ODS (1) ky) = (i) / k2dk 10 (ke kI (ko k') Pss (k) (5.13)

where the modified window function is given by:
10 (k, K) = / drr2(r) k jo(kr) jo(K'r). (5.14)

The sFB power spectrum tends to rapidly decay as we move away from the diagonal & = k£’ and it
will often be much more useful to focus purely on the diagonal contribution C’ISOO) (k, k).

5.5 Redshift Space Distortions

The measured distribution of galaxies is not without limits though as various systematic and survey
dependent errors become more important. In practice, the observed galaxy redshift distributions
are distorted due to the peculiar velocity of each galaxy. The anisotropies generated by the peculiar
velocities are known as redshift space distortions. Although this distortion of the measured redshifts
will necessarily complicate the cosmological interpretation of the spectroscopic galaxy surveys,
RSD are currently one of the most optimistic probes for the measurement of the growth rate of
structure formation and, as a result, an interesting probe of models for dark energy and modified
theories of gravity.

The effect of RSD on the matter power spectrum can be split into two effects, the Kaiser
effect and the FoG effect. The Kaiser effect corresponds to the coherent distortion of the peculiar
velocity along the line of sight with an amplitude controlled by the growth-rate parameter, leading
to an enhancement of the power spectrum amplitude at small k [289]. The FoG effect arises
due to the random distribution of peculiar velocities leading to an incoherent contribution in
which dephasing occurs and the clustering amplitude is suppressed [275]. It is thought that the
suppression of the amplitude is particularly important around the size of halo forming regions, i.e.
at large k [551].

For an isotropic structure in linear theory, the Kaiser effect means that an observer will measure
more power in the radial direction than in the transverse modes. The amplitude of this distortion
is modulated by the distortion parameter

f(Q) _ 1 dinD(a) 7 (a)

= b(2) :b(z) dlna b(z) (5.15)
where:
_Qm,O Hg
(@) = =37 112 q) (5.16)

such that a is the scale factor, H(a) is the Hubble parameter, Hy is the Hubble parameter at present
time and D(z) the linear growth factor for which f(z) = d1ln D/dIn a. In this parametrisation, - is
directly related to our theory of gravitation such that General Relativity predicts v ~ 0.55 and 2,
is the usual mass density parameter [586; 327]. This means that RSD can be used to probe the
growth of structure, the galaxy clustering bias function b(z) as well as probing dark energy and
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modified theories of gravity [232]. Measuring the growth rate from RSD is a non-trivial proced-
ure and a detailed understanding of systematic errors is crucial in order to disentangle different
theories of gravity or dark energy [142]. Euclid aims to constrain the growth rate parameter
to the percent level but incomplete modelling of RSD introduces systematics on order 10 — 15%
[551; 417; 59; 142]. This makes the study of RSD in the sFB formalism all the more timely. In
this next section we will outline some of the basic ingredients that are used in modelling RSD in
Fourier space before constructing the analogous results in the sFB formalism.

5.5.1 RSD in Fourier Space

Before presenting the RSD in the sFB formalism we briefly review some of the key results from
modelling RSD in Fourier space and the appropriate limitations that are adopted in the model.

The effect of a peculiar velocity v is to distort the apparent comoving position s of a galaxy
from its true comoving position r:

>

UH (I‘)
aH(a

=r+ fo(r)

s=r-+

~—

(5.17)

>

where f is the linear growth rate, 7 is a vector lying parallel to an observer’s line of sight and v is
the component of the velocity parallel to the line of sight. The resulting redshift space density field
ds(s) is obtained by imposing mass conservation, [1 + 4(s)] d®s = [1 + §,.)r)] d®r, which results in
the following:

—1
d®s

[1 + 53(5)] = [1 + 57"(1')} E

(5.18)

To simplify the analysis we can adopt the distant observer approximation in which we neglect the
curvature of the sky and the Jacobian reduces to a term relating only to the line of sight
0
95 _ 1+ f¢' (5.19)
or

where a prime denotes differentiation with respect to the line of sight, i.e. parallel to 7:

¢'(r) =9 { fag(a)] : (5.20)

The redshift space density contrast can be re-written as:

(0(r) — f'(r))
1+ fé'r)

Assuming an irrotational velocity field with a velocity divergence field (r) = V - v(r) we obtain

ds(s) = (5.21)

the following useful relationship, ¢(r) = —(V~16(r))’. In Fourier space these equations simplify
as ¢'(k) = —p20(k), where we have made use of the fact that (V') = (k/k)* = p?. In our
notation k| denotes the modes parallel to the line of sight and k£, denotes modes perpendicular
to the line of sight where k? = kﬁ + k2. The redshift space density field can be written as (e.g.
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[497D)

3g ,
(55(k,u)Z/(;ﬂ)ge—lks(ss(s)

d31‘ —ikr —ik 2
:/(271')36 ™M [o(x) + fu?0(r)] (5.22)

and the corresponding power spectrum as:

3
Pull ) = [ -TF gmker | =ik fu(ote)=o)
s\, W (27T)3e €

x [6(r) + fu20(x)] [6(r') + fu20(r)] > (5.23)

This prescription for the Fourier power spectrum has been constructed in the plane-parallel or
distant observer approximation. The terms in the square brackets is the conventional Kaiser effect
as described earlier. The exponential prefactor corresponds to the small-scale velocity dispersion
and relates to the Fingers-of-God effect described earlier. A simplified phenomenological power
spectrum was derived by [501] by assuming that the exponential prefactor may be separated from
the ensemble average

Py(k, 1) = e~ U*90) [ Pss (k) + 2fu® Pso (k) + f2u* Poo (k)] , (5.24)

where ¢, is a velocity dispersion defined in [501]. In the linear regime we have Pss = Psg = Py
and the velocity dispersion prefactor tends towards zero. In such a limit we simply recover the
linear result of [289]:

Py(k, p) = [142fp° + f2p] Pos(k). (5.25)

Such a limit corresponds to making a number of approximations. For example, we require that the
velocity gradient is sufficient small, the density and velocity perturbations must be accurately de-
scribed by the linear continuity equations, the real-space density perturbations are well described
by the linear results, i.e. §(r) < 1, such that higher-order contributions are suppressed and we
also require that the small-scale velocity dispersion tends towards zero and may be neglected.
Such approximations appear to hold on the largest scales and a lot of distortion features are well
modelled by this approximation. It is however known that this theory breaks down as we approach
the quasi-linear and non-linear regimes. The result of [501] makes certain approximations about
the separability of the exponential prefactor which neglects possible coupling terms between the
velocity and density fields. A lot of effort has been invested in constructing non-linear models for
RSD and upcoming surveys should prove to be a fruitful testing ground for many of these models
[266; 497; 501; 133; 361; 362; 550; 551; 364; 418; 478; 142]. We construct the RSD in the
sFB formalism by working to the linear Kaiser approximation and exploring the phenomenology
of this extension.
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5.5.2 RSD in Spherical Harmonic Space

In the spherical harmonic approach, RSDs have a relatively simple, exact prescription [184; 421;
28] but as we project onto a 2-dimensional surface, radial information is lost. As mentioned previ-
ously, we can attempt to tomographically reconstruct the radial information by binning data into
redshift slices and calculating the angular spectrum in each bin (auto-correlation) and between
bins (cross-correlation). The angular power spectrum including the linear Kaiser effect for two
redshift bins ¢ and j with radial survey selection functions ¢;(r) and ¢;(r) is given by

i = % / Ik P (k2 = 0) [W (k) + WP () | (W] + w0 (k)] (5.26)

where W/ (k) is the unredshifted real-space window function and WZ RSP () includes the linear
RSD correction. These window functions are defined by

Witk = [ dr D(r)bir) 0x(r) (k) (5.27)
WD) = [ dr D(r) 7(r) é5(r) (5:28)
[W”’“’") - @eaf)&?mj““”) - éﬁii?ﬁiff%m<’“’“> |

we have included the linear bias b(r), linear growth factor D(r) and the growth rate f(r) =
dIn D/d1Ina. We do not wish to discuss this approach further and instead refer the reader to the
literature [421; 28; 405]. The comparisons between the full 3-dimensional sFB approach and the
tomographic spherical harmonic approach should be relatively transparent.

5.5.3 RSD in sFB Space

In the Fourier approach, the distortion equation presented in Eq. (5.25) is only universally valid
when we assume that the survey subtends a sufficiently small angle such that radial distortions
may be approximated by a line of sight distortion. In larger wide field surveys it is possible we may
be able to split the survey into small, independent volumes but even then we implicitly assume
that the wavelengths probed subtend a sufficiently small angle. In the Fourier approach, we would
really like to analyse short wavelengths such that the small angle approximation would hold.
However, shorter wavelengths are necessarily more non-linear, making the analysis increasingly
difficult. Surveys need to be of a sufficient depth such that you probe wavenumbers that are both
linear and subtend a small angle [112; 251]. In addition, the choice of a Fourier decomposition
means that RSDs will be purely radial but this induces a mixing of the Fourier modes [605; 251].

As previously mentioned, the effect a peculiar velocity, or a departure from the Hubble flow,
v(r) at r is to introduce a distortion to the galaxy positions in the redshift space s:

s(r)=r+v(r)- Q. (5.29)

We denote the harmonics of a field ¥U(r) when convolved with a selection function, ¢(s), by
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Wy, (k). These harmonics take into account the RSD:

Uy (k \/7/ 2ds/df2q5 () k jo(ks)YE, (). (5.30)

The Fourier transform of the linearised Euler equation can be used to relate the Fourier transform
of the density contrast, J(k), to that of the peculiar velocity field v(r):

d(k)

v(k) = —ifk— 5" (5.31)

where b is the linear bias parameter. Following the procedure outlined in [251], we can establish
a series expansion in § such that the lowest order coefficients \I/é?i(k) are obtained by neglecting
the RSD:

W (k) = Wi (k) + Tf) (B) + .. (5.32)
IO (k \f / K dk' U g, (k )I(O)(k/ k); (5.33)
T (k) \f / KAk g (K IV (K F). (5.34)

The kernels 7, éo)(kz’ k) and I l(o)(k:’ ,k) define the convolution and are dependent on the choice of
selection function. Note that [, éo) (K', k) is simply the window function we encountered previously
in Eq. (5.14). The kernels can be shown to be:

19 (k, k') = / dr 2 (r) k jo(kr) jo(k'r) (5.35)

189 (k, k' /drr k:— b(r)je(kr)) jo(k'r). (5.36)

The lowest order corrections due to RSD are therefore encapsulated in \I/l(;) (k). We can define a
set of power spectra by using these harmonic coefficients:

(W (k)W (k")) = CP (ke kY610 (k — k') 80 G (5.37)
(W (k)B* (k")) = CP) (e, k)840 St (5.38)

We can construct a generalised power spectrum by using the common structure between Eq. (5.33)
and Eq. (5.34):

s 2\°
C) (hy ky) = (J / K2k 18 (kKT (s, k) s (K'). (5.39)

The total redshifted power spectrum will be given by a sum of the various contributions:
Colkr, ko) = % (K1, ka) + 2C°Y (K, ko) + CMV (R, ko). (5.40)

If we ignore the effects introduced by the selection function, i.e. set ¢(r) = 1, then we recover the
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result for the unredshifted contributions [251; 184; 90]:
C (k, k) = Pss(k). (5.41)

These expressions hold for surveys with all-sky coverage. In the presence of homogeneity and
isotropy the 3D power spectrum will be independent of radial wave number ¢. The introduction
of a sky mask breaks isotropy and introduces additional mode-mode couplings, the analysis will
be generalised to this case in the next section. In the above equations we neglect a number of
additional non-linear terms including General Relativistic corrections, velocity terms and lensing
terms. It is also possible to adopt a full non-linear approach to RSD where the non-linear spec-
trum has significantly more complicated angular structure than in linear theory [521]. The RSD
information will be dependent on the relative clustering amplitude of the transverse modes and
the radial modes, [27]. Our ability to recover information and the extent to which the information
radialises will naturally depend on the geometry of the survey and which modes we are able to
include.

5.5.4 RSD in sFB Space: Flat Sky Limit

For surveys that cover large opening angles on the sky, the full sFB expansion detailed above is the
most natural and convenient choice. This expansion does, however, break down for small-angle
surveys where the signal of interest occurs at high-¢ modes. In such a situation the accurate com-
putation of high-¢ spherical harmonics is cumbersome and computationally expensive. Instead it
is much more natural to approximate the spherical harmonics as sums of exponentials correspond-
ing to a 2D Fourier expansion. Essentially we are replacing the spherical harmonics solutions with
a plane-wave approximation valid at high multipoles.

In the flat sky limit we expand a 3D field ¥ at a 3D position r = (r,§ ) on the sky using a basis
consisting of 2D Fourier modes and radial Bessel functions:

. d2[ . oo
f(r,0) = \/j/kdk/wf(k,é)jg(kr) ett? (5.42)
Fk,0) = \/z/rgdr'/dzﬁf(r,g)kjg(kr) e=i0 (5.43)

where ¢ is a 2D angular wavenumber and k is a conventional radial wavenumber. We can simplify
the analysis by adopting coordinates such that the survey corresponds to small angles around the
pole of the spherical coordinates, defined by angles (6, ¢) for which, in the limit § — 0, we can
apply a 2D expansion of the plane waves:

o /12 .
ezé.Q ~ 77( Zi7”Y2m(97 ¢)e—zm<p[ (544)

where /' = (£ cos g, £sin ¢y) and g = (6 cos p,0sin ©). The correspondence between the 3D flat-sky
and 3D full-sky coefficients can be obtained by substituting Eq. (5.44) into Eq. (5.42) and noting
that | 420 = Jede [dpe — Y, ¢ [ do, in the high-¢ limit. The correspondence can be shown to
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be:

Fom (k) = \/Zim / é‘ff)e—imw Fk, D) (5.45)
flk,0) = ﬁ D AT fom(k)e e (5.46)

We now extend this analysis to RSD by constructing harmonics of a field ¥(r) in the flat-sky limit
when convolved with a selection function ¢(s). These new flat-sky harmonics take into account
the RSD much as before:

Gk, 0) = \/Z / s2ds / A0k U (r,0) [¢(s)je(ks)] e 7. (5.47)

Following the same perturbative procedure results in a series expansion in $ where:

Tk, 0) = VO ke, 1) + T (e, 0) + ... (5.48)

As before the \iféo) (k, ) term represents the unredshifted contribution:

B0 (k, 1) = ﬂ / ’”2‘””/ PO W(r,0) k [o(kr)g(r)] e~ 17 (5.49)

- . 2 .
Ik, 0) = \/;/Ter/dQG\II(r,G)k‘

x {[v(m 9*} dii [jg(k:r)w(r)]} eitd (5.50)

5.5.5 BAO Wiggles Only

The BAOs can be isolated by constructing a ratio between the observed matter power spectrum
PB (k) and a theoretical matter power spectrum PPP(k) constructed from a zero-baryon (or no-
wiggle) transfer function in which the oscillations do not show up [175]. Using these two power
spectra, the ratio R” (k) will reduce the dynamic range and isolates the oscillatory features of the
BAOs:

PB(k)

P —
RE() = op (5.51)

This ratio is clearly defined for the Fourier space power spectrum but an appropriate generalisation
to the sFB formalism may be constructed by calculating the ratio of the angular power spectra
defined in Eq. (5.13), with the matter power spectrum CZ (k) to the angular power spectrum with
the zero-Baryon power spectrum Cj'P (k) [452]:

(5.52)
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It is important to note that the characterisation method (i.e. how we choose to construct our ratio)
can affect the characteristic scale of the BAOs when we take into account non-linear effects. This
means that care has to be taken when comparing results that implement different methods [451].
As an example we could construct our ratio by using the no-wiggles transfer function of [175] or
adopt an interpolation scheme to construct a smooth parametric curve [62; 430; 504]. A different
choice of smoothed matter power spectra, cosmological parameters, growth history or similar can
impact the phenomenological behaviour of the underlying physics (e.g. location of BAO peaks).
Finally, we very briefly note that other methods for characterising the acoustic oscillation scales
are possible, for example[429; 407], but we do not provide significant details here.

5.5.6 Results: RSD

In Fig. 5.2 we compare C;(k) against a linear redshift space power spectrum, P,(k), spectra for
¢ = 5,50 at two given surveys corresponding to r = 100, 1400h~*Mpc. In this plot the ratios are
constructed by considering the differences between the appropriate spectra. The following ratios
have been used:

CRSD,LiD,B (k)
C,RSD _ 4
Ry (k) = CRSDLinB (1) (5.53)
(nRSD.Lin,B (k)
RSPy = —L 7 (5.54)
L ( ) C?RSD,Lm,nB (k)
PRSD,Lin,B (/{1)
P,RSD _ _ P,nRSD

In Fig. 5.2, the blue line corresponds to Eq. (5.53), the purple line to Eq. (5.54) and the red line
to Eq. (5.55). Fig. 5.7, Fig. 5.8 and Fig. 5.10] correspond to Eq. (5.53).

The redshift space Fourier power spectrum is simply the result derived in [289] and corres-
ponds to:

P(k,p) = [1+ 20 f + p* £2] P(k). (5.56)

In this linear limit, the redshift space ratio R;(k) tends to the real space ratio R(k) as the linear
prefactors corresponding to the redshift space corrections cancel. It is apparent that in Fig. 5.2
the sFB spectra are damped relative to the power spectra. This arises due to mode-mixing con-
tributions inherent when working with the sFB formalism. The unredshifted contributions are
constructed from products of Bessel functions that form an orthogonal basis and there is no ra-
dial mode-mixing. When introducing RSD the higher-order terms are decomposed with respect
to products involving derivatives of the spherical Bessel functions which does not form a perfectly
orthogonal set of basis functions. As a result of RSD, off-diagonal elements will be generated and
there is now coupling between modes. This radial mode-mixing is an intrinsic geometrical arte-
fact of RSD on large scales and carries a distinctive damping signature [251; 606; 519]. Such a
mode-mixing term is not present in the Kaiser analysis where the basis functions are plane waves
which have well behaved derivatives that maintain the orthogonality of the basis. In the deep
survey limit it is seen that the redshift space sFB spectra do tend towards their Fourier spectra
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counterparts in terms of the shape, amplitude and phase albeit with the presence of the distinctive
damping generated by mode-mixing which is predominantly seen at small scales and hence large
k.

The effects of RSD can be seen in Fig. 5.7-Fig. 5.8 in comparison to the equivalent configur-
ations without the presence of RSD in Fig. 5.5-Fig. 5.6. A lower dynamical range comparison is
presented in Fig. 5.9-Fig. 5.10 to enhance the impact that RSD have on the BAO. Note the en-
hanced power at low ¢ and & as well as some level of fuzziness introduced by the mode mixing.
The peak amplitudes are damped at low ¢ and all the features can be seen in the corresponding
slice plots of Fig. 5.2. In a future paper we will consider the hierarchy of multipole moments in
Fourier space RSD and how measures constructed from the multipole moments can be related to
RSD in the sFB formalism.

5.6 Realistic Surveys

The results that have been discussed above are somewhat idealised in the sense that we assume
all-sky coverage with no noise. In realistic surveys we will often need to take into account the
presence of a mask (relating to partial sky-coverage) and noise. If the noise is inhomogeneous
we will be presented with a further complication. For partial sky coverage we find mode-mode
couplings in the harmonic domain that result in the individual masked harmonics being described
by a linear combination of our idealised all-sky harmonics. We do not discuss the role of partial
sky-coverage in much detail but do present results generalising our formalism to include a survey
mask.

5.6.1 Photometric Error Estimates

The radial coordinates from a survey are typically provided as a photometric redshift with some
given error, we denote this estimated radial coordinate by 7 and let r represent the true coordinate.
Following [248], we relate the two coordinates by a conditional probability, which we assume to
be Gaussian

2
p (7|r) di = (27 — =) ] dzr, (5.57)

1
Voo, [‘ 202
where the z; , are the redshifts associated with the given coordinate and o, is the error. We assume
that the error has values, o, ~ 0.02 — 0.1 or more and it is important to note that o, may vary
with redshift. We can now construct harmonics that represent the average value of the expansion
coefficients by using the relation between the estimated distance from photometric redshifts, 7,
and the true distance r in terms of the conditional probability:

Uy (k) = \/z | / d°F / dBr p(Flr) U (r) k ji(k7) Y5 (). (5.58)

Such a Gaussian error leads to photometric redshift smoothing.




153 Chapter 5. Baryon Acoustic Oscillations

5.6.2 Error Estimate

The signal to noise for individual modes for a given power-spectrum can be expressed as:

5Cz(k7k)_\/T< 1)
Co(k,k)  V20+1 1+ﬁcz(]€,k) (5.59)

Where 7 is the average number density of galaxies and the second term represents the leading

order shot-noise contribution. For our results we take 7z = 10~ 3h*Mpc 3.

5.6.3 Finite Surveys: Discrete Spherical Fourier-Bessel Transform

Different types of boundary conditions have been employed in the literature for finite surveys
[60; 184; 251]. One of the most natural choices for the boundary condition is to assume that the
field vanishes at the boundary of the survey » = R. This leads to following condition on the radial
modes, determined by the zeros of the spherical Bessel functions j,(z):

Je(qen) = je(kenR) = 0; Qen = ken R. (5.60)

The closure relation for spherical harmonics will now take the following form:

1
. . 1.
/ dz 22 jo(ken2)je(kenz) = 3 [Ge+1(qne)]? 6e0r G- (5.61)
0

In terms of the radial wavenumber, the closure relation can be re-expressed as follows:

R 2 . . [kfn jl+1(q€n)}2
/ dr vkneken ji(kenr) jor (ko) = T(Sﬂ’énn’- (5.62)
0

The discrete spectrum will be determined by the zeros of the spherical Bessel function. The norm-
alisation coefficients are likewise determined by the closure relation and are given by

1 R3 . 9
- = 7['157% ]Z+1(k€nR)] . (563)
Tnt 2
The inverse and forward discrete sFB transforms can now be written in terms of the normalisation

coefficients and the discrete wavenumbers ky,,:

Uy (ken) = Ten / d®r U (r) ke jo(kr) Yom (Q); (5.64)
U(r) =Y 7inWom (k)jo(kr)Yom (Q). (5.65)
Imn

As we did in the continuous case, we can seek to relate the discrete sFB coefficients to their
Fourier counterparts:
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kon
\IjénL(an) = ! 2/2 /ko\IJ k&qu)nm(Qk) (566)

In the situation where we have a finite survey, the 3D power-spectrum will therefore only sample
discrete radial wave-numbers k;,, which is set by the radius of the survey R:

<\Il€m(kﬂn)\:[/z/m/ (ké’n’> = P\II\I/ (kln)5ll’5mm/5nn’ . (567)

5.6.4 Finite Surveys: Masked Surveys and Pseudo-C;s

In addition to just a finite survey, we can also consider surveys with some angular mask X(Q).
This corresponds to a situation where, perhaps due to systematics or known glitches, certain parts
of a survey are excluded from the analysis. The sFB transform of a masked field will introduce
convolved or pseudo harmonics lillm(k:ln):

Uy (ken) = Ten / r2dr / dQ [ ) [ken je(kemr)] U(r) Yo (€2).

These convolved, pseudo-harmonics can be expressed in terms of the all-sky harmonics Wy, (k;,,)
by expanding the mask and the field ¥() into harmonics:

R
\Ilém an ZZ Z TinTe' n' / T2d7" [kgnjz(kenr)] [kf’n’ jgl(kgln/T)]
0

n’ £'m’ £"m"

X [6(r) Xerme] /Q 49 Vi () Yo () Yirar () (5.68)

This can be simplified by evaluating the angular derivative and collapsing terms into a kernel
W (ken, ke ). The expression reduces to

\Ilfm an Z Z Z TlnTZ/n’ ana k@’n’) \Ilfm(kf/n’)

n' 0'm’ 0"’m’"

6 El é// é ZI g/l
X XZ”HL” Iee/e// m m/ m// 0 O O y (569)

where we have defined the selection function ¢(r) dependent kernel W (ky,,, k¢rr) by

R
W (ken, ko) = / 2 dr ¢(r) [ken Ge(kent)] [kernr Ge(kprim)] . (5.70)
0

The pseudo-C,s (PCLs) constructed from these convolved harmonics will be a function of the power
spectrum of the angular mask C};,, the normalisation coefficients 7, and 74/, and the selection
function ¢. The PCLs are explicitly given by:

éf(khl) = <@€m(k€n) \iJZm(kén»
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_ZZZ TenTe , N'i!/ /A 2
n’ InTen 2£+1 - ;

/ [//
X W2(k13n7 kf’n ) Cl’ (kl’ /) C[// (571)

As we can see, the PCLs Cy(ky,, ) will be constructed from a linear superposition of the power spec-
trum of our underlying field C;(ky,,). This can be re-written in terms of a mixing matrix Mg, ¢/
that encapsulates the mode mixing induced by the mask on the underlying power spectrum. In
this form the PCLs are written as

Co(ken) = ZMzn ot Cor(kgrn); (5.72)

'n’

where the mixing matrix is explicitly given by

2 Ly (€007 2
Mén,f'n/ = Z [Tgn Té’n’} ZE + 1 W (kfnu k@/ /) CK” (573)
e 00 0

The angular power spectrum of the mask is defined to be

Cr = (Xem Xim)- (5.74)

Following [585; 267], we construct an unbiased estimator for the 3D power spectra

kln Z Mf_n é’n’ k@/ /) (575)

'n’!

This is just an extension of the well known result for a projected survey [585; 267] to the sFB
formalism. For low sky-coverage and small survey volumes, the matrix My, ¢, is expected to be
singular and binning of modes may be required.

An alternative choice for the boundary condition may be employed [184]:
Je—1(kp, R) = 0; (5.76)

In this instance, the normalisation constants will be given by:

1 R3 )
— = —[kenje(kenR))?. (5.77)
Ten 2
The expressions derived for the mixing matrix can still be used by simply replacing the normalisa-

tion coefficients 7,,, with their new values.

Finally, for discrete fields such as the galaxy distribution we can use the PCL approach if we
replace the continuous function ¥(r) with a sum of delta functions that peak at galaxy positions

Ts:

N
r)= Z 8P (r —r,); (5.78)
s=1
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here N is the number of galaxies. The sFB transform for a discrete field is given by

N
\I]Zm(k) = Z Tem jE(Tsan) nm(Qs>7 (579)

s=1

Where the radial and angular position of galaxies are denoted by r; = (rs, QS) = (rs,0s, ¢s)

5.6.5 Partial-Sky Coverage and Mode Mixing

Large scale surveys do not, in general, have full-sky coverage. Instead, the information regarding
sky-coverage is encapsulated in an angular masking function (). In the simplest cases this
masking function is simply unity for areas covered in the survey and zero for regions outside the
survey. Extending the results presented above to the continuous case, the field harmonics in the

presence of a mask are modulated with the new pseudo harmonics being given by

By () = \/z / $2ds / a9 [o(s)(@)] W) [kje(ks)] Vs (). (5.80)
Expanding the mask and the field into harmonics we find that the pseudo harmonics can be written
as
Bunl) = 2] [t S0 Xt W) 69) B, (hos)] Wil (5.8D)
{lama}
[ [¥30) Vi (D) Vi () (5.82

We can analytically perform the integration over the spherical harmonics, via the Gaunt integral,
and we can introduce a window function Wy, (k, k,) to encapsulate the mode mixing terms. The
pseudo harmonics therefore reduce down to

~ 2 Lt
Yy (k) = [W} /dka Z Xeymy Veoma (Ka) Loe, o, ( m b ) (5.83)

eama ma mb
{ Ly 4
x Wi (k, k), 5.84
( 00 o > 20, ( ) ( )

where we have defined the window function to be
We, (k, ko) = / $2ds [k jo(ks)] [k je. (kas)] 6(5). (5.85)

The convolved power-spectra in the presence of the mask can now be calculated in the normal
manner

a 2\ 2
C (kr, k) = (W) ZZ/dka/dkb
Lo Ly

Lo,

X [Wéz)(klaka)wg(g)(k%kb)] @0 +1)

Ce, (kay ko) Cpt 5 (5.86)
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CX = (XemXim)- (5.87)

As written previously, Iy, ¢, is related to the Gaunt integral and we have made use of Eq. (2.79).
From Eq. (5.86), we see that the convolved power spectrum is a linear combination of the all-sky
spectra and is dependent upon the adopted mask and its power spectra.

As a final comment, the PCL estimators are known to be sub-optimal [585; 267; 158; 66; 317]
with the estimator induced variance increasing as the sky cut is increased. In the 2D case, such as
that applied to CMB studies, the variance of the PCLs scales as

~ 1

Var(Cy) ~ = Var(Cy). (5.88)
sky

An alternative approach is through the quadratic maximum likelihood (QML) formalism, which
has been shown to be the minimum variance estimator in a Gaussian framework [554]. If the
random field is Gaussian and isotropic, the QML estimator will be a lossless estimator that recovers
all information all the relevant information contained within the data. As such the QML estimators
are superior to their PCL counterparts. A drawback however, is that there exist technical subtleties
and possible constraints due to pixilisation schemes or limited computational resources that could
give rise to large biases if not treated with care [158; 449; 182]. Although both approaches
depend on the survey mask, the QML estimators also require an accurate model of the pixel-pixel
covariance matrix. It also requires priors on the fiducial model {C;} and any other correlations
that may be present in the data, such as those induced by noise or systematics. The PCL approach
does not use such prior information but turns out to be equivalent to the maximum likelihood
analysis when a flat spectrum is assumed for the pixel-pixel correlation [158; 449].

It would be interesting to generalise the sFB results to the QML estimator and compare the
results to those derived via the PCL approach, especially in terms of the complexity associated
to the different pipelines. Upcoming LSS surveys will provide an unprecedented view of the sky
and it suspected that, given the size of these data sets, the QML approach may be limited to low
resolution 3D maps. A detailed understanding as to how we can construct accurate and robust
estimators that are applied to large data sets is of great importance. The results presented in this
Chapter should be viewed as a step towards this goal.

5.7 Non-Linear Power Spectrum

The role of nonlinear gravitational clustering can investigated in the sFB formalism by incorpor-
ating higher-order corrections to the power spectrum as described in perturbation theory. The
approach we adopt here is standard perturbation theory (SPT), also known as Eulerian perturba-
tion theory, which provides a rigorous framework from which we can investigate the the structure
of the sFB spectra in a fully analytic manner [577; 189; 211; 546; 342; 276; 496]. Standard per-
turbation theory is one of the most straightforward approaches to studies beyond linear theory and
is based on a series solution to the hydrodynamical fluid equations in powers of an initial density
or velocity field. The nonlinear clustering of matter arises from mode-mode couplings of density
fluctuations and velocity divergence as seen from the Fourier space equations. The role of perturb-
ation theory in the nonlinear evolution of the BAO in the power spectrum has been previously in-
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vestigated (for an incomplete selection of references please see: [279; 407; 412; 413; 550; 551]).
In this paper we generalise these investigations to the sFB approach. The redshift of the Fourier
space power spectra was taken to be z ~ 0.2 and the effects of growth have not been analysed in
detail. For small surveys the growth does not seem to have significant effects.

5.7.1 Standard Perturbation Theory

Consider the hydrodynamic equations of motion for density perturbations ¢ such that our coming
coordinates are denoted by x and the conformal time by #:

8'(x,m) + V- [(1+d(x,m)v(x,n)] =0, (5.89)
v/(x,m) + [v(x,n) - V]v(x,n) + H(n)v(x,1) = =Vé(x,n), (5.90)
V26(x,1) = SHA0)30x, ), (5.9

where a prime denotes the derivative with respect to the conformal time and H = a'/a. The
rotational mode of the peculiar velocity v is a decaying solution in an expanding universe and can
be neglected in this approach. We introduce a scalar field describing the velocity divergence:

O(x,n) =V - -v(x,n). (5.92)

In our discussion we will focus on a description of the density perturbations and Fourier decom-
pose the above equations to set up and solve a system of integro-differential equations. The Fourier

decomposition of the perturbations are defined by:

3

S(ox,m) = / (;lﬁl;,é(k,n)eik"‘, (5.93)
&k .

O(x,7n) :/WG(I{’ n)e kx (5.94)

The equations of motion can be decomposed as follows:

8'(x,n) +O(k,n) = —/d3k1 /d3k25(3)(k1 +ky — k)
k- -k
ki
3
©'(k,n) +H(n)O(k,n) + §H2(n)5(k, n) =

2(k; - k
- /d3k1 /d3k25<3> (ki +ko — k)%
2k2k3

e(klan>5(k27n)? (595)

G(klan)g(kQan) (5'96)

In order to solve these coupled integro-differential equations we introduce a perturbative expan-
sion of our variables:

S(k,m) =D a™(n)dn(k), (5.97)
n=1
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O(k,n) =H(n) >_ a"(n)On (k). (5.98)

n=1

The general n-th order solutions are given by:

on(k) = /d3q1-../d3qn5(3) (Zqi —k>
i=1

X Fy(ar, .- qn)IT 1 61(q), (5.99)
O, (k) = f/dsql.../dSqn§(3) (Z ai — k)
=1
X Gr(di, - - Qo)1 01(qs), (5.100)

where the kernels F,,(qi,...,q,) and G,(qi,...,q,) are given by [276]:

n—1
Fa(as,....an) = 2 M
x [(1+ zn)k]'ﬁ%lenm(qu, -5 dn)
Gular, ... an) = S~ Gnlan-.- dn)

= (2n+3)(n—1)

k-k
X [31an(Qm+1, oo ,Qn)

ki
E2(k; - k
+ H$Gn—m<qm+la R qn)] ) (5102)
172
The kernel F,(qi,...,q,) is not symmetric under permutations of the argument q; ...q, and
must be symmetrised:

s 1

F() = ~ > Fulan,....an). (5.103)

Permutations

As an example, the second order symmetrised solution is given by:

. 5 2(k;-ko)? (ki -ko) /1 1
Fé)(kl,k2):;+7( }C%kg) 4 L 2) (1@*1@) (5.104)

The corresponding second order matter power spectrum represents the linear matter power spec-
trum plus the additional higher-order corrections. This calculation is made under the assumption
that the first order density perturbations ¢; (k) constitute a Gaussian random field. The power
spectrum up to second order is given by:

Pspr(k, z) = D*(2) Pin (k) + D*(2) Pa(k), (5.105)
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where Py, is the conventional linear matter power spectrum and the second order correction are
given by:

Py(k) = Pos(k) + 2Pr3(k). (5.106)

These terms correspond to the contributions to the 4-point correlation function from the (2,2) and
(1,3) cross-correlations. The explicit form of these terms are given by:

P (k) = 2/d3ann(|k —ql) [F5(a.k—q)]*, (5.107)

Py3(k) = 3Pin(q) / d*qPin(q)F5 (a0, —q, k). (5.108)

Although any statistical observable can be computed to arbitrary order, typically we are only
interested in the second order corrections to the matter power spectrum. Expressions for higher-
order corrections have been derived but one of the key issues regarding the inclusion of these
terms is the computational costs required for the higher-order corrections. This is, in part, due
to the high dimensionality of the integrals even after symmetry arguments have been taken into
account. The analytic expressions for the lowest order corrections can be analytically derived and
are given by the following [342]:

1 K[ 12 ,
Puo(k) = 35003 | 4o Bin()Pinke) l“”Q — 158 + 100z
1
— 420t 1 2 (02— 1) (722 4 2) log |~ (5.109)
X — X
1 k3 [ !
Palh) = giiz [ doFiake) | duPla(iy/ T+ =207
32+ T — 10zp2)°
o B+ Tp = 1002%) (5.110)

(14 22 — 2ap)?

It should be noted that the analytical predictions arising from standard perturbation theory
will eventually break down as the non-linear terms become dominant over the linear theory pre-
dictions. [279] demonstrated that one-loop standard perturbation theory was able to fit N-body
simulations to greater than 1% accuracy when the maximum wave number k¢ satisfies [550]:

kYo, [*7
gﬁ/ dq Pin(q;2) = C (5.111)
0

where C' = 0.18 in standard perturbation theory. SPT theory relies on a straightforward expansion
of the set of cosmological hydrodynamical equations and the approach has been repeatedly noted
as being insufficiently accurate to model and describe the BAOs [279; 550; 408; 88; 551]. In par-
ticular the amplitude of SPT predicts a monotonical increase with wavenumber that overestimates
the amplitude (Fig. 5.3) with respect to N-body simulations [550]. This is also seen in the full
(k, ¢) space spectra in Fig. 5.11-Fig. 5.12.
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5.7.2 Results: SPT

In Fig. 5.11-Fig. 5.12 we have divided the nonlinear power spectrum by a linear no-baryon power
spectrum when constructing the ratio RY (k) highlighting the scale dependence introduced by
mode coupling. An alternative possibility would be to divide the nonlinear power spectrum PN
by a power spectrum constructed from smoothing the non-linear spectrum PX: . that removes the
scale dependence and allows for a more detailed comparison of PT predictions against numerical
simulations. We construct the ratios as follows:

NL/SPT,B
“(k
R?,NL/SPT(k> _ CZLTB() (5.112)
C/ (k)
) CLinB(k)
C,L
R m(k) _ CLmnB(k) (5.113)
PNL/SPTB(k)
P,NL/SPT —
R (k) = ST ) (5.114)

In Fig. 5.3 the blue spectra corresponds to Eq. (5.112), the purple spectra to Eq. (5.113) and the
red spectra to Eq. (5.114). These spectra do not incorporate RSD. In Fig. 5.11-Fig. 5.12 the ratio
Eq. (5.112) is used.

5.7.3 Lagrangian Perturbation Theory

LPT [361] provides a description of the formation of structure by relating the Eulerian coordinates,
x, to comoving coordinates, q, through the displacement field ¥(q, ¢):

x(q,t) = q+ ¥(q,1). (5.115)

With the assumption that the initial density field is sufficiently uniform, the Eulerian density field
p(x) will satisfy the continuity relation p(x) d*z = p d®q where we have denoted the mean density
in comoving coordinates by p. The fraction densities will then be given by:

5(x) = /d3q53 [x—q—¥(q)] -1, (5.116)
d(k) :/dSqe’“"q [e*“"‘l’(‘” —1]. (5.117)

Assuming a pressureless self-gravitating Newtonian fluid in an expanding FLRW universe, the
equations of motion for the displacement field are given by [361]:

d? d
5V 2H 2V =~V [q+ U(q)], (5.118)

where ¢ is the gravitation potential as determined by Poisson’s equation: V2¢(x) = 4rGpa’s(x).
LPT proceeds by performing a perturbative series expansion of the displacement field:




5.7. Non-Linear Power Spectrum 162

v=oW fg@ ... (5.119)

G ) ([qf(l)}N) (5.120)

The perturbative terms in the series expansion can be written schematically as:

- j d3 By, o [ —
T (p) = - D"(t)/(27f)13~ (27]:)36“ > pi—p (5.121)
j=1

x L™ (p1, -, pn)00(1) - - - 00 (D).

We can perform a similar expansion for both the fractional density and the power spectrum, further
details can be found in [361] and we will just introduce the results for the power spectrum and
how it relates to the predictions of SPT. The power spectrum can be written as:

P(k) = /d3qe—ik-q (<e—k-[‘1’(m)—‘1’(qz)]> _ 1) ) (5.122)

The two main types of terms that we find in these equations are those terms that depend only
on a single position, which are factored out into the first exponential term, and those terms that
depend on some separation between positions, as seen in the second exponential term. Using the
cumulant expansion theorem the power spectrum can be written as:

> ki] ° kig n
P(k) = exp [_2 ) (2n)! ’ Afzi]
n=1 ’

, o~ Ky - ki
X /queﬂk'q {ezp lz &) Bglj\_li)N (q)] — 1} (5.123)

N=2

where AE?ZW and Bi(lN,i)N are given in [361]. AV relates to the cumulant of a displacement vector
at a single position and B(™) relates to the cumulant of two displacement vectors separated by
|q|. Expanding both the A(Y) and the B(Y) terms yields SPT. [361], however, proposes expanding
only the B®) terms and leaving the A(N) terms as an exponential prefactor. The justification for
this is that this exponential prefactor will contain infinitely higher-order perturbations in terms
of SPT and has effectively given a way to resum the infinite series of perturbations found in SPT.

Expanding and solving for the B(Y) terms yields the standard LPT results [361]:

P(k) = e="%/2 [Py (k) + Pas(k) + PET(K)] . (5.124)

The term Py, is identical to it’s SPT counterpart but the term PHT is now slightly modified but
retains much of the structure found in SPT. The expressions are given by
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LPT 1 k3 *° 12 5
Pys (k) = 525 5 Fin() ; dax Pin (k) | 5 + 10 + 100z
3 1
— 420 4 (22 — 1)3(72% + 2) log | — (5.125)
X —
LPT 1 k3
Py (k) = g5 12 da:Phn kx) du Pin(k/1+ 22 — 2zp)
/I8
3247 — 10
Bt Th — Lo ) : (5.126)
(1+ 22 — 2ap)°

5.7.4 Results: LPT

In Fig. 5.13-Fig. 5.14 we again divide the nonlinear power spectrum by a linear no-baryon power
spectrum when constructing the ratio RS (k). The explicit ratios used are:

CNL/LPT,B k
RZC,NL/LPT(k) _ M (5.127)
¢
) CLin B (kﬁ)
C\,Lin
Ré (k) CLm nB(k) (5128)
PNL/LPTB ( k)
P,NL/LPT
R (k) = T pLnnB(k) (>.129)

In Fig. 5.4 the blue spectra corresponds to Eq. (5.127), the purple spectra to Eq. (5.128) and the
red spectra to Eq. (5.129). These spectra do not incorporate RSD. In Fig. 5.13-Fig. 5.14 the ratio
Eq. (5.127) is used.

The sFB can be seen to mimic the predictions of LPT in consistently underestimating the power
at large k but we also see that the sFB power spectra radialise towards the non-linear LPT spectra
in the limit » — oo. This can be seen in Fig. 5.4 where the non-linear sFB tends towards the
Fourier space power spectrum in amplitude and phase. We have included a comparison to the
linear sFB spectra, which we know to radialise to the linear Fourier space spectra. This behaviour
is completely expected due to the nature of the sFB formalism and the fact that the resulting
angular spectra are still constructed via products of Bessel functions which form an orthogonal set
of basis functions. As such we do not observe the types of mode-mixing that are inherent when
considering RSD in the sFB formalism. The damping and smearing of the BAOs in this instance
is purely from gravitational instability and is encapsulated in the power spectrum. We also note
that the full (¢, k) plane is an interesting arena for visualising some of the differences in behaviour
between various models for structure formation. This can be seen in the changes to the widths
and amplitudes of the BAO wiggles as seen in the plane in Fig. 5.11-Fig. 5.14.

As future wide field surveys will cover both wide and deep regions of the sky we can use the sFB
formalism as a tool to distinguish between different models for non-linear evolution of the matter
density field. Interesting questions include, how do different theories affect the distribution of
power in the radial and tangential modes? How can the sFB formalism be expanded to compare
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the RSD results to those as derived from higher-order perturbation theory? How can we best
characterise the sFB spectra and how can we characterise the radialisation of information in these
higher-order models?

5.8 Conclusion

The baryon acoustic oscillations give rise to a characteristic signature in the observed matter power
spectrum that acts as a standard ruler. Unfortunately, the observed matter power spectrum is con-
taminated and complicated by the non-linear evolution of density perturbations, galaxy clustering
bias, RSD and survey specific systematic errors. Additionally, upcoming future surveys will cover
both large and deep areas of the sky demanding a formalism that simultaneously treats the both
the spherical sky geometry and the extended radial coverage. The sFB basis was proposed as a
natural basis for random fields in this geometry. The recent study by [452] was an initial step
into investigating the role of the sFB formalism in the study and analysis of the BAO. This study,
however, did not go as far as including higher-order contributions to the power spectrum that
may impact the radialisation of information by introducing, for example, mode-mode couplings.
The stability of this radialisation of information and the information content of tangential (¢) and
radial (k) modes for higher-order physics is the key topic of interest.

In this Chapter we have presented a short treatment of the effects of linear RSD and non-
linear corrections to measurements of baryon acoustic oscillations in the sFB expansion. In order
to guide this investigation we have extended the formalism and techniques outlined in [452] and
the appropriate machinery for partial-sky coverage was introduced. In particular we have been
able to use the procedure outlined in [251] to construct a series expansion solution to model RSD.
This solution was used to numerically and analytically investigate the modulation to the angular
sFB power spectrum. The qualitative behaviour of these corrections was outlined for surveys
with varying levels of radial (k-modes) and tangential ({-modes) information. It was seen that
the RSD impact the radialisation of information through mode-mixing that generates a distinct
signature in the spectra. These RSD were investigated over a range of survey configurations. The
mode-mode coupling was related to the presence of derivatives of spherical Bessel functions and
was contrasted to the linear Kaiser result in which the basis functions are constructed from plane
waves or derivatives of plane waves which simply return a plane wave of the same frequency and
preserve orthogonality. This mode-mode coupling can therefore be thought of as a geometrical
artefact in the sFB formalism arising from RSD on large scales [251; 606; 519].

Next, we took the analysis a step further by introducing a discussion of realistic survey effects.
Idealised surveys constitute a scenario in which we have all-sky coverage and no noise present.
This is clearly an unrealistic scenario and we can start to layer in physical effects to describe de-
viations from this idealised situation. We focus on a few key aspects: photometric redshift errors,
errors estimates, finite survey effects and partial sky coverage. In the case of photometric redshift
errors, we assumed a Gaussian conditional probability relating the estimated radial coordinate 7
to the true radial coordinate r. This lead to an expression for the sFB harmonics as a weighted
integral over this Gaussian probability. The impact of such an error is to radially smear the har-
monics. Secondly, we introduced an expression for the signal-to-noise ratio for individual £ modes
for a given power spectrum. The expression derived containts a cosmic variance term and a term
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relating to the leading order shot noise contribution given in terms of the average number density
of galaxies 7. This expression gives us an intuitive feel for an optimal SNR that may be achieved, a
simple question of feasibility of a study in the best possible scenario. Thirdly, we were able to write
down the sFB harmonics in the case where we have a finite survey, which induces a quantisation
of the wavenumber and leads to a modified normalisation coefficient. Finally, we introduced an
expression for partial sky coverage in terms of some angular mask X(Q) This expression will be
of particular importance in working with real data, and therefore upcoming large scale structure
surveys, where systematics or glitches force us to exclude certain regions of the sky from our ana-
lyis. In brief, the presence of an angular mask induces mode mixing of all sky harmonics leading
to a set of convolved or pseudo harmonics. We can use the PCL formalism to perform an inversion
of the pseudo power spectrum C, yielding an unbiased estimator for the 3D power spectra.

Additionally we considered the structure and form of the sFB spectra when non-linearity arising
from gravitational clustering was considered. We primarily investigated one-loop corrections to
the matter power spectrum arising from two mainstream models for leading order corrections as
given by SPT and LPT. A brief outline of perturbation theory methods was given and the basic
equations for SPT and LPT introduced. The non-linear corrections, and how we expect them
to be independent of the notion of radialisation of information in the BAOs, was numerically
investigated. The redshift of the Fourier space power spectrum was taken to be z ~ 0.2 and the
detailed study of the non-linear corrections with redshift will be presented elsewhere. These are
not thought to be important at low redshifts or shallow surveys where the impact of growth seems
negligible.

In this Chapter we have neglected other contributions to the power spectrum such as General
Relativistic corrections and lensing terms. The role of additional non-linearities, more complex
treatments of galaxy biasing and more detailed modelling of the hydrodynamical and radiative
processes involved in these processes [228; 287] can be investigated in further, more detailed
studies. We also note that we have not performed a serious study of systematic errors associated
to realistic galaxy surveys (see, for example, the methods in [296] as applied to dark energy
studies with 3D weak lensing). It would be interesting to compare the analytical results to those
from SKA-like configurations and N-body simulations but this is left for future work.

5.9 Summary of Key Points and Key Results

e Upcoming large scale structure surveys will be both wide and deep. Necessitates a simul-
taneous treatment of the spherical sky geometry and the extended radial coverage. The
spherical Fourier-Bessel (sFB) formalism is the natural basis for such a survey.

e Previous studies of baryon acoustic oscillations (BAOs) in the sFB formalism have only con-
sidered the linear, unredshifted spectra. We have extended these studies to incorporate the
linear Kaiser effect, governing redshift space distortions (RSDs), and the effect of a non-
linear matter power spectra on the full (¢, k) plane.

e The presence of RSDs introduces derivatives of the spherical Bessel functions into the equa-
tions. These derivatives do not form a complete orthonormal basis inducing mode-mode
coupling that smears out the peaks of the BAOs radially.
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The redshifted BAOs have been seen to approximately radialise, given that we have deep
radial coverage.

We have used results from standard perturbation theory (SPT) and Lagrangian perturbation
theory (LPT) to demonstrate how detailed modelling of the matter power spectrum impacts
the the ratio spectra RS (k) over the full (¢, k) space. Upcoming surveys can use such studies
to perform model selection and model discrimination.

We derived a set of equations for the sFB harmonics using a discrete sFB transformation.
This allows us to detail the effects of finite surveys on our study.

A system of equations governing the behaviour of sky masks on the sFB analysis was presen-
ted, which will be of most interest to connecting the underlying theory to real-world surveys.
In this scenario, an angular mask y(€2) is used to exclude regions of a survey from the ana-
lysis. The introduction of the mask leads to convolved pseudo harmonics that mix together
the effects of the sky mask and the true underlying harmonics. An inversion scheme based
on the pseudo C, (PCL) formalism was introduced in order to construct an unbiased estim-
ator for the underlying 3D power spectra. This formalism will be vital for realistic surveys
and, due to the low computational costs, will be useful in exploiting upcoming survey meas-
urements.

Future prospects include: a comparison of quadratic maximum likelihood (QML) methods
against the PCL approach derived here; Fisher information matrix studies detailing the level
to which we can recover key parameters, such as the growth index for large scale structure
or the galaxy bias parameters, from RSD measurements and how RSDs impact these ob-
servations; a Bayesian analysis to perform model selection for non-linear corrections to the
matter power spectrum.
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5.10 Figures
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Wide and Deep Survey: r,=1400 h™*Mpc, ¢ = 5
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Figure 5.2: Slice in /-space showing R{ (k) for a wide and shallow survey of o = 100h™*Mpc at £ = 5 (1st
panel) and £ = 50 (2nd panel) and for a wide and deep survey of o = 1400h~'Mpc at £ = 5 (3rd panel) and
¢ = 50 (4th panel). The blue line denotes the C(°®) term, the purple line the sFB spectra incorporating RSD
and the red line shows the Fourier space power spectra. In the linear regime the linear prefactors for RSD in
the Fourier power spectra cancel and the results correspond to the unredshifted Fourier space power spectra.
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Wide and Shallow Survey: r,=100 h™*Mpc, £ =5
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Figure 5.3: Slice in ¢-space showing RS (k) for £ = 5 (top-panels) and £ = 50 (bottom-panels) in a wide
and shallow survey of ro = 100h~"Mpc (left-panels) as well as for a deep survey of 7o = 1400h~'Mpc
(right-panels). The solid blue line represents the linear angular spectra, the solid purple line the non-linear
1-loop SPT angular spectra and the dashed line the non-linear 1-loop SPT power spectrum. SPT consistently
overestimates the linear power spectrum in the large-k limit and it is well known that SPT works well at
high-~ and large scales.
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Wide and Shallow Survey: r,=100 h™*Mpc, £ =5
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Figure 5.4: Slice in ¢-space showing RY (k) for £ = 5 (top-panels) and £ = 50 (bottom-panels) in a wide and
shallow survey of ro = 100k~ 'Mpc (left-panels) and a wide and deep survey of ro = 1400h~'Mpc (right-
panels). The solid blue line denotes the linear results, the solid purple line the non-linear 1-loop LPT spectra
and the dashed line the non-linear 1-loop LPT spectra. LPT consistently underestimates the power spectrum
in the large-k limit contrasting to the divergence at large-k in 1-loop SPT results. This difference occurs due
to the effective ressumation of an infinite series of perturbations from SPT that occurs in LPT.
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Figure 5.5: Ratio RS (k) of sFB spectrum with and without the physical effects of baryons in (¢, k) phase
space for a wide and shallow survey of ro = 100h~*Mpc using a Gaussian selection function. The baryonic
wiggles are seen in both the radial (k) and tangential (¢) directions.
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Figure 5.6: Ratio RY (k) of sFB spectrum with and without the physical effects of baryons in (¢, k) phase
space for a wide and deep survey of 7o = 1400h~'Mpc using a Gaussian selection function. The baryonic
wiggles are seen in both the radial (k) and tangential (¢) directions.
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Wide and Shallow Survey with RSD
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Figure 5.7: Ratio RS (k) of sFB spectrum with and without the physical effects of baryons in (¢, k) phase
space for a wide and shallow survey of ro = 100k~ *Mpc using a Gaussian selection function but with the
inclusion of redshift space distortions.

Wiide and Deep Survey with RSD

e 1.05

A

10
|
< | 1
0.95
107 : 0.9

10 10"

Figure 5.8: Ratio RS (k) of sFB spectrum with and without the physical effects of baryons in (¢, k) phase
space for a wide and deep survey of o = 1400h~'Mpc using a Gaussian selection function but with the
inclusion of redshift space distortions.
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Figure 5.9: Ratio RY (k) for a wide and shallow survey of ro = 100h~*Mpc using a Gaussian selection
function without RSD. Here we have reduced the dynamic range to highlight the impact that RSD have on the
BAOs. This plot is equivalent to Figure [Fig. 5.5]. Compare to Figure [Fig. 5.10] to see the phenomenological
effects of RSD.

Wide and Shallow Survey with RSD
1.05

1.04

1.03

1.02

1.01

.99

1 098
10

2
OEI

1

Figure 5.10: Ratio R{ (k) for a wide and shallow survey of ro = 100k~ 'Mpc using a Gaussian selection
function with the inclusion of RSDs. We have reduced the dynamic range to highlight the impact that RSD
have on the BAOs. This plot is equivalent to Fig. 5.7. Compare to the unredshifted results of Fig. 5.9. RSD
suppress the power at lower ¢ and k¥ modes and smear the wiggles in the k direction. Power in the first peak
is reduced at low £.
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Figure 5.11: Ratio RS (k) of sFB spectrum with and without the physical effects of baryons in (¢, k) phase
space for a wide and shallow survey of o = 100k~ 'Mpc using a Gaussian selection function but with the
inclusion of non-linear features as calculated in Standard Perturbation Theory.
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Figure 5.12: Ratio RS (k) of sFB spectrum with and without the physical effects of baryons in (¢, k) phase
space for a wide and deep survey of o = 1400h~'Mpc using a Gaussian selection function but with the
inclusion of non-linear features as calculated in Standard Perturbation Theory.
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Figure 5.13: Ratio RY (k) of sFB spectrum with and without the physical effects of baryons in (¢, k) phase
space for a wide and shallow survey of o = 100k~ 'Mpc using a Gaussian selection function but with the
inclusion of non-linear features as calculated in LPT.
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Figure 5.14: Ratio RY (k) of sFB spectrum with and without the physical effects of baryons in (¢, k) phase
space for a wide and deep survey of ro = 1400h~'Mpc using a Gaussian selection function but with the
inclusion of non-linear features as calculated in LPT.




Chapter

The Thermal Sunyaev Zel'dovich Effect and
Gravitational Weak Lensing

6.1 Introduction

Only 50% of baryons consistent with cosmic microwave background radiation (CMBR) and big
bang nucleosynthesis (BBN) observations have been detected observationally [192; 193]. The
validation of standard cosmological models relies on our ability to detect the missing baryons
observationally [65]. Cosmological simulations suggest that majority of the IGM are in the form of
a warm-hot intergalactic medium (WHIM) with temperature 10°K < T < 107K [91; 139; 92]. Itis
also believed that WHIMs reside in moderately overdense structures such as the filaments. WHIMs
have a characteristic dark matter mass scale of M, ~ 10®M. Being collisionally ionized, the
baryons residing in these WHIMs do not leave any footprints in the Lyman-« absorption systems.
The emission from WHIMs in either UV or X-ray are too weak to be detected given the sensitivity of
current instruments and detection in X-ray is also unfeasible given the low level of emission from
WHIM. However, the baryons in the cosmic web do have sufficient velocity and column density to
produce a detectable CMB secondary effect, known as the kinetic Sunyaev Zeldovich (kSZ) effect
[545].

Secondary anisotropies arise at all angular scales; the largest secondary anisotropy at the ar-
cminute scale is the thermal Sunyaev-Zeldovich (tSZ) effect. The tSZ effect is caused by the
thermal motion of electrons mainly from hot ionized gas in galaxy clusters where as the kinetic
Sunyaev Zeldovich (kSZ) effect is attributed to the bulk motion of electrons in an ionized medium
[544; 545]. The tSZ can be separated from CMB maps using spectral information. Along with
weak lensing of CMB, the kSZ is the most dominant secondary contribution at arcminute scales
after the removal of tSZ effect. This is because the primary CMB is sub-dominant on these scales
as a result of Silk-damping. Although the tSZ is capable of overwhelming the CMB primaries on
cluster scales, the blind detection of the tSZ effect on a random direction in the sky is difficult
as the CMB primaries dominate on angular scales larger than that of the clusters. The tSZ and
kSZ are both promising probes of the ionized fractions of the baryons with the majority of the tSZ
effect being caused by electrons in virialized collapsed objects [596; 254] with overdensities that

175
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can be considerably high § > 100.

A detailed mapping and understanding of the SZ effect is of particular interest to cosmology
and astrophysics [125; 126; 127; 301] as it is thought that the SZ effect will be a powerful method
to detect galaxy clusters at high redshifts. One of the key and central features to the tSZ effect
is that the efficiency of the free electron distribution in generating the tSZ effect seems to be
independent of redshift. Cosmological expansion introduces an energy loss of 1 + z to a photon
emitted from a source at redshift » but the scattering of these CMB photons off electrons increases
the energy of the photons by a factor of 1 + z. These two effects cancel allowing us to use the tSZ
effect as a probe for galaxy clusters at high redshifts. In addition, the tSZ effect will be a powerful
probe of the thermal history of our Universe as it is a direct probe of the thermal energy of the
intergalactic medium and intracluster medium. Two of the main drawbacks of tSZ studies are that
the tSZ has been shown to be sensitive to a wide number of astrophysical processes introducing
degeneracies and that the tSZ is a measure of the projected electron thermal energy along the line
of sight. This smears all redshift information and the contributions of the various astrophysical
processes become badly entangled with the projection effects.

Recent studies have proposed the reconstruction and recovery of redshift information by cross-
correlating the tSZ effect with galaxies and their photometric redshift estimates [609; 520]. One of
the leading methods proposed in the literature is tomographic reconstruction in which we crudely
bin the data into redshift slices and construct the 2D projection for each bin. The auto (single bin)
and cross (between bins) correlations can then be used to constrain model parameters and extract
information.

This paper is concerned with extending these studies to a full 3D analysis in which we neces-
sarily avoid binning data and therefore avoid the consequential loss of information. In principle,
3D studies would allow a full sky reconstruction that includes the effects of sky curvature and ex-
tended radial coverage. As SZ studies are often followed by photometric or spectroscopic galaxy
surveys, we expect that photometric redshifts up to z ~ 1.3 — 2 will be readily available in due
course. We investigate the cross-correlation of the tSZ with an external tracer given by cosmolo-
gical weak lensing and photometric redshift surveys.

Current ongoing and proposed future ground based surveys, such as SZA', ACT?, APEX®, SPT*
and the recently completed all sky Planck survey [4], have published a map of the entire y-sky
with a great precision (also see [255]). The high multipole ¢ ~ 3000 tSZ power spectrum has been
observed by the SPT [331; 476; 268; 270; 539; 256] collaboration with the ACT [191; 151; 502;
239; 590] collaboration reporting an analysis on similar scales. It is expected that ongoing surveys
will improve these measurements due to the improved sky coverage as well as wider frequency
range.

It is important to appreciate why the study of secondaries such as tSZ should be an important
aspect of any CMB mission. In addition to the important physics the secondaries probe, accurate
modeling of the secondary non-Gaussianities is required to avoid 20% — 30% constraint degrada-
tions in future CMB data-sets such as Planck® and COrE° [529].

Thttp://astro.uchicago.edu/sza
2http://www.physics.princeton.edu/act
3http://bolo.berkeley.edu/apexsz
“http://pole.uchicago.edu
Shttp://www.rssd.esa.int/index.php?project=planck
6http://www.core-mission.org/
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While the tSZ surveys described above provide a direct probe of the baryonic Universe, weak
lensing observations [387] on the other hand can map the dark matter distribution in an unbiased
way. In recent years there has been tremendous progress on the technical front in terms of spe-
cification and control of systematics in weak lensing observables. There are many current ongoing
weak lensing surveys such as CFHT’ legacy survey, Pan-STARRS® and the Dark Energy survey
(DES)”. In the future, the Large Synoptic Survey Telescope (LSST)'’, Joint Dark Energy Mission
(JDEM)'! and Euclid '? will map the dark matter and dark energy distribution of the entire sky in
unprecedented detail. Among other things, these surveys hold great promise in shedding light on
the nature of dark energy and the origin of neutrino masses [284], where the weak lensing signals
dominate the others considered by e.g. the Dark Energy Task Force [11]. However, the optimism
that has been associated with weak lensing is predicated on first overcoming the vast systematic
uncertainties in both the measurements and the theory [265; 333; 129; 264; 595; 273; 367]. The
statistics of the weak lensing convergence have been studied in great detail using an extension
of perturbation theory [384; 385; 386] and methods based on the halo model [124; 547; 548].
These studies developed techniques that can be used to predict the lower-order moments (equi-
valent to the power spectrum and multi-spectra in the harmonic domain) and the entire PDF for
a given weak lensing survey. The photometric redshifts of source galaxies are useful for tomo-
graphic studies of the dark matter distribution and in establishing a three-dimensional picture of
their distribution [393]. Finally, cross correlations with other tracers of large scale structure, such
as intensity mapping from future 21cm surveys, could also be considered [98].

This paper is primarily motivated by the recent paper [573] where the CFHTLenS data with
Planck tSZ maps was correlated. They measure a non-zero correlation between the two maps out
to one degree angular separation on the sky, with an overall significance of six sigma and use the
results to conclude a substantial fraction of the missing baryons in the universe may reside in a
low density warm plasma that traces dark matter. An internal detection of the tSZ effect and CMB
lensing cross-correlation in the Planck nominal mission data has also recently been reported at a
significance of 6.2 sigma [255]. While these correlations were computed using 2D projections, we
develop techniques for cross-correlation studies in 3D that go beyond the tomographic treatment
[247; 248; 34; 90; 435].

This Chapter is organised as follows: In Section 6.2 we outline some key notation and cosmo-
logical parameters that will be adopted throughout this paper. Section 6.3 introduces the thermal
Sunyaev-Zel'dovich effect and defines the key observables. Next, in Section 6.4, we introduce
cosmological weak lensing and describe the basic formalism necessary to work with weak lensing
on the full sky. There is a brief interlude in Section 6.5 to discuss previous attempts at reconstruct-
ing the tSZ-WL cross correlation in 3D via tomography. We then hit the core of the Chapter in
Section 6.6 where we define the cross-correlations of the tSZ effect with cosmological WL as an
external tracer field. This is described in some detail and a discussion of realistic survey effects
is introduced. In order to study the detailed modelling of clustering and pressure fluctuations
on large scales we introduce the halo model in Appendix G.1. This allows us to study the cross-

7http://www.ctht.hawai.edu/Sciences/CFHLS/

8http://pan-starrs.ifa.hawai.edu/

https://www.darkenergysurvey.org/
Ohttp://www.Isst.org/llst_home.shtml
Uhttp://jdem.gsfc.nasa.gov/
12http://sci.esa.int/euclid/
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correlations and dependency on mass bins and the halo mass function in a unified manner. In
Section 6.9 we study the impact of redshift space distortions on the tSZ-density contrast cross-
correlation. Finally, in Section 6.10 we introduce the conclusions to this Chapter.

The work in this Chapter is based on [436].

6.2 Notation

The particular cosmology that we will adopt for numerical studies in this Chapter is specified by
the following parameters: Q5 = 0.741, h = 0.72, Q, = 0.044, Qcpm = 0.215, QO = Qp +
Qcpum, ns = 0.964, wg = —1, w, = 0, og = 0.803, ©, = 0. In such a cosmology, Qx = 0 and we
can simply assume that d 4 (r) = » when performing the numerics. We do, however, keep functions
of the curvature in our equations in order to sustain generality. Throughout this Chapter ¢ will
denote speed of light and will be set to unity.

6.3 The Thermal Sunyaev Zel’dovitch Effect

The Sunyaev-Zel'dovich effect is generated by inverse Compton scattering of CMB photons by
intervening electrons in hot, ionised gas. In short, a low energy CMB photon encounters a high
energy electron, the resultant scattering imparts energy onto the photon increasing its frequency.
This upsurge in frequency results in a spectral distortion of the CMB in a well understood manner.
As energies are relatively low, no more than a few keV in most galaxy clusters, it is often sufficient
to restrict ourselves to a non-relativistic treatment. One of the most powerful characteristics of the
thermal Sunyaev-Zel'dovich (tSZ) effect is that the main observable, the Compton y-parameter,
does not seem to have any significant dependence on the redshift. For this reason it is hoped
that large-scale SZ maps can probe the redshift evolution of structures, the intra-cluster medium
(ICM) and trace out the thermal history of the Universe. As a side note, it is also important to
mention that, in addition to the above, the motion of the hot, ionised gas with respect to the CMB
photons produces a spectral distortion arising from Doppler effects, allowing for the estimation of
the peculiar velocities of the clusters. As a disclaimer we note that in our analysis we necessarily
neglect non-thermal contributions to the tSZ effect.

The tSZ effect generates a contribution to the CMB temperature fluctuation which is typically
expressed as

or(v ) = ST = 0@, 6.1

In this expression g(z,) corresponds to the spectral dependence and y({2) encodes the angular
dependence; z, represents the dimensionless frequency and = (6, ¢) corresponds to a unit
vector that signifies pixel positions on the sky. A subscript s will be used to denote the smoothed

maps e.g. ys(€2). In the non-relativistic limit g(x) takes the following form:
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Here kg and h are the Boltzmann and Planck constant respectively; v denotes the frequency of
the photon and Ty = 2.726 K is the mean temperature of the CMB sky. The tSZ effect presents
itself as a CMB temperature decrement at v <« 218GHz and as an temperature increment at
v > 218GHz with a null point at » = 218GHz. In the Rayleigh Jeans limit, characterized by
x < 1, g(z) = —2 is roughly independent of frequency. The other limiting situation is for z > 1,
for which ¢g(z) = (z — 4). Key information on the thermal history of the Universe is encoded in
the y({2) maps that are extracted from the frequency maps obtained through multi frequency CMB
observations.

NILC tS7 map

Figure 6.1: Reconstructed Planck all-sky Compton parameter maps for NILC (top) and MILCA (bottom) in
orthographic projections. The difference of contrast observed between the NILC and MILCA maps comes
both from differences in the noise and instrumental systematic contribution and from the differences in the
filtering applied for display purpose to the original Compton parameter maps.

The y maps are opacity weighted integrated pressure fluctuations along the line of sight [125]
13

Mmz/%mw@% (6.3)
MmeC
o T R
- /O dr a(r) neksTo(Q, 1) 6.4)
B ot NH .
- /O dn a(n) T (n, ) 6.5)
:/TH dr wgz (r)me(r). (6.6)
0

13please note that [125] does not separate out the spectral distortions g(z) from y whereas we do, i.e. yCooray =
g(z)y(£2). This also leads to different definitions for the window function wgyz (7).
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We have introduced various notations that appear in the literature in the context of study of the
tSZ effect here I, = n.kgT,. In our notation m, corresponds to the electron mass, kg denotes the
Boltzmann’s constant, o+ = 6.65102%cm? represents the Thompson cross-section, n. denotes the
number density of electrons and 7. to the electron temperature. The conformal time is denoted
by dn = dt/a(t). The line of sight integral depends on the comoving radial co-ordinate distance r
and the corresponding scale factor of the Universe a(r). The weight is defined as'*

wsz(r) = 7(r) = orne(r)a(r), (6.7)

where the dot defines the derivative with respect to comoving radial distance r and the 3D pressure
fluctuation is defined as 7. = kgT./m.c?. To our detriment, however, the redshift information
is typically lost due to the projection along the line of sight. These projection effects severely
compromise the power of the tSZ effect in probing the thermal history of the Universe. Tomo-
graphic and 3D methods aim to recover this otherwise discarded information. As such, we aim
to cross-correlate the comptonization map y({2) with tomographic and projected maps from weak
lensing surveys to constrain the thermal history of the Universe and its evolution with redshift.
Throughout we will consider the Rayleigh-Jeans part of the spectrum d7 = —2y; for ACT and SPT
operating at v = 150GHz from Eq. (6.2)) we get g(z) = —0.95.

Detailed modeling of the bias is required only for the computation of variance. The variance
(6y2()) samples the pressure fluctuation power spectrum P, and is expressed as:

R " w,(r) [ dA 4
(62())e = /0 dr d%Z(T) / )2 Pm[dA(T),r}bf(Gs). (6.8)

The pressure power spectrum P, (k, z) at a redshift z is expressed in terms of the underlying
power spectrum Pgs(k, 2) using a bias b, (k, z) i.e. Py (k, 2) = b2(k, 2)Pss(k, z). The bias b (k, 2)
is assumed to be independent of length scale or equivalently wave number k; i.e. b, (k, z) = b (2).
The redshift dependent bias can be expressed as: b, (z) = b,(0)/(1+ z). Here b, (0) can be written
as b, (0) = kpT.(0)bs/mec?. Different values of were reported by various authors; e.g. [454] found
bs =8 —9 and 7.(0) ~ 0.3 — 0.4. On the other hand [515] found bs ~ 3 — 4 and 7. (0) ~ 0.3 — 0.4.
Typical value of b (0) found by [91] is b, (0) = 0.0039. This is a factor of two lower than the value
used by [207; 208] and [128]. A Gaussian beam b,(6) with FWHM at 6 is assumed.

6.4 Weak Gravitational Lensing

6.4.1 Introduction

As a direct probe of the mass distribution of the Universe, cosmological weak lensing is thought to
be one of the best tools at our disposal [248; 249]. As the gravitating mass is dominated by dark
energy, weak lensing should provide a relatively unbiased observable of the dark Universe. The
detection of dark matter on these large, cosmological scales through cosmic shear measurements
has been shown to be possible and constraints on cosmological parameters have already been

14Note that there exist different conventions for defining the tSZ weight function, e.g. [127]
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Dark Matter Distribution from Weak Lensing

Figure 6.2: This figure is a schematic overview of the reconstruction of the dark matter distribution in
the Universe from cosmological weak lensing measurements. This image was created by Lars Lindberg
Christensen'® and the map itself was derived from the COSMOS survey using the Hubble telescope®.

made, e.g. [31]. The original studies of cosmic shear only used 2-dimensional information from
photometric surveys, meaning that the redshifts of the sources are known. This was later extended
into tomographic studies by calculating the 2-dimensional power spectrum for various redshift
bins, as we have previously discussed. A full 3-dimensional formalism for cosmological weak
lensing has recently been proposed as a means to take into account the full redshift information of
sources [248; 90]. This is the most exciting possibility as it allows us the opportunity to genuinely
reconstruct the full 3-dimensional gravitational potential by an inversion of the weak lensing
equations [552; 32; 248].

In addition, large scale galaxy surveys are hindered by the baryonic matter on small scales
and necessitates detailed modelling of the bias between dark matter and baryonic matter as well
as any baryonic feedback effects. Such effects are avoided in weak lensing studies but, for the
full 3-dimensional case, we do require a robust understanding of the systematics that are present
in weak lensing surveys. After all, these systematics may eventually dominate the error budget
in upcoming large scale structure surveys. One of the most important systematic errors is the
redshift distribution of the sources and ignorance of the distribution is a significant source of
error. Similarly, the assumption of uncorrelated galaxy ellipticities may need to be refined as tidal
effects are suspected to induce correlations throughout the galaxy formation process. Likewise,
the effect of source clustering are going to become more important in the near future.

In this section we will predominantly neglect these statistical errors and outline the basiscs
of weak lensing theory before introducing the full-sky weak lensing expressions in the tensorial
notation of [90]. This is extended to the spin-weighted derivation, as per [90], and an expression
for the 3-dimensional power spectra for various weak lensing observables are derived.

6.4.2 Weak Lensing Theory

In General Relativity the presence of mass along the line of sight of a photon travelling from a
source to us induces a change in the observed position on the sky of the photon. Gravitational
weak lensing distorts the angles, such as the intrinsic source direction s, into a new image that
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can be characterised by a new set of angles §; describing the image direction on the sky. This
introduces a mapping between the two angles that is described by what is known as the reduced
lensing angle 66 = 6; — 5. Here, & and 06 are 2D vectors in the plane perpendicular to the
unperturbed light ray. The deflection angle & can be related to the reduced lensing angle the
following way

D(xwLs)

50 =
D(xs)

a (6.9)

where D; is the comoving angular distance D to the given object. Here, we have assumed that the
deflection angles are sufficiently small such that we may only consider first-order terms. For the
most part this wil be a highly accurate approximation to the lensing of null geodesics by the large-
scale structure of the Universe. In this framework the source appears to move over the source plan
by a comoving distance of

D(xs)30 = —D(xs — x1.)d- (6.10)

This can now be integrated over all deflections arising from all potential gradients along the line
of sight from the observer to the source

L. 2 % D()Dlxs —
(50:91—9s=é/0 deVlé(x). (6.11)

However, in general we will not know the actual position of a source on the sky but only the
observed position on the sky. This means that the underlying observable quantities are not the
displacements on the sky 66 but are rather the distortions that are induced by weak gravitational
lensing. The important quantity in this case is the symmetric shear matrix ¥;; defined by the
following (for example, [290])

. Xs _-
900; _2 dxwvivj(p(x)' (6.12)

Uy =
b0y Uy D(xs)

Note that the derivative above implicitly assumes the weak lensing approximation, namely that the
derivatives V,;V;®(x) of the gravitational potential are computed along the unperturbed trajectory
of the photon. This approximation assumes that the components of the shear matrix are small even
though the density fluctuations may be large.

6.4.3 Weak Lensing on the Full Sky
6.4.3.1 Introduction

We now wish to extend the earlier discussions to a more complete theory of gravitational weak
lensing on the 3D spherical sky. This discussion is based on the formalism as presented in [40;
271; 248; 90]. We now introduce the appropriate tensorial formulation of weak-lensing on the
full sky that will form the basis for the 3D spherical Fourier-Bessel expansions later. Let the lens
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plane coordinates be denoted by 2 and the source plane coordinates by #'. The displacement
vector on the sKy is related to the gradient of the lensing potential ¢:

P =a2' - V. (6.13)

The covariant derivative is defined with respect to the lens plane coordinates. There are additional
relativistic corrections to this that are non-negligible on large scales but for our work it is sufficient
to neglect these [72; 55; 569; 20; 570]. However, in upcoming large scale surveys, such as the
SKA, it is thought that such relativistic effects will not only be more pronounced but will also
provide a wonderful testing ground for General Relativity and weak lensing theory. Going beyond
the deflection, the distortions to the image induced by weak lensing of a source by the intervening
matter are described by the changes to the deflection across the lens plane. We therefore introduce
the displacement vector to map the changes across from one point on the image to another

§i' = (g'; — V'V;0) 02’ (6.14)

Often, it will be most convenient to introduce a locally orthonormal frame such that g;; = d;;
in order to simplify the resulting expressions. In this locally orthonormal frame, the shear and
convergence are defined through particular weightings of this displacement vector (for example,
[143])

sr= | LR 2 5% (6.15)
-2 1—-rk+m

where the convergence is defined by

K= %v% (6.16)

and the two orthogonal components of the shear by

1
n=; (ViVig — VaVi0) (6.17)
Y2 = V1Vao. (6.18)

Now that we have given a schematic overview of weak lensing in the tensorial approach we will
take a step back and introduce an orthogonal but not orthonormal coordinate system and proceed
to understand how weak lensing is described by a spin-2 field and how we can relate this to scalar
fields via the spin raising and spin lowering operators.

Consider the 2D polar coordinates on the unit sphere (6, ¢) with the metric on the unit sphere
given by
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g;; = diag (1,sin®9) . (6.19)

This coordinate system is orthogonal but not orthonormal with three non-zero Christoffel symbols,
I'Y; = —sinfcosf and I'}; = '}, = cot . First, the shear may be re-expressed in terms of a
complex valued variable constructed from the two orthogonal modes of the distortion v(r) =
~v1(r) + iy2(r). This shear tensor can be related to the lensing potential via the relation noted
above, namely that

{V,;Vj - ;gijvﬂ o(r) = [n(r)os + 72(r)0'1}ij . (6.20)

Remember, the displacement of a source as a result of lensing is a priori not known due to the
lack of knowledge of the actual source position. Instead it is the above distortions that constitute
our observable quantities. As the shear tensor is a genuine spin-2 field, it is not possible to make
comparisons over the entire sky but only locally. This is simply due to the parallel transportation
of tensor fields in a curved spacetime and this is necessarily path dependent. It is for this reason
that scalar descriptions of the shear field are preferable. The Pauli spin matrices are given by

1 1

We now explicitly evaluate Eq. (6.20) for the given coordinate system [90]

()], = ~1(r) sin 6 5 (r) B % [Vng — csc? GVWVY,} V,Vg
P sin0a() —sin? 0y (r)) VeV 2 [VeVe —sin 0V Vo] o(r)
(6.22)
From this representation we can immediately read off the two orthogonal modes
1
7(r) = 3 [VoVg —csc? 0V, V] (r)  72(r) = esc 0V, Vood(r). (6.23)
Likewise we can perform an analagous analysis for the scalar convergence x [90]
1
[k(r)];; = K(r)L;; = §9ijv2¢(r)~ (6.24)

This scalar field simply corresponds to the magnification of the image and constitutes another
means by which we can observe the gravitational lensing potential ¢. Explicitly evaluating Eq. (6.24)
in the given coordinate system, we find that

)
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1 0 LIV,Vy + csc? 0V, V 0
ol = (2 %)) w = (21 ovel oo ) o)
sin” ¢ 0 1 [VoVy, + esc? VoV
(6.25)
Reading off the scalar convergence we find that
1
K(r) = 3 [VoVg + csc® 0V, V] o(r). (6.26)

6.4.3.2 Weak Lensing and Spin-2 Fields

Having introduced the complex valued shear ~y(r) and the scalar convergence (r), we now wish
to discuss the spin-2 nature of the weak lensing shear in further detail. This section follows the dis-
cussion found in [90] with an extended discussion of the spin raising and spin lowering matrices.
We poin the readers to [535], Appendix A of [90] and Section C.0.1 for further discussions of
the spin raising and spin lowering operators. Parts of this section are based on these references
but we also present a full introduction to the topic of spin raising and spin lowering operators in
Appendix C.

The shear field transforms under rotations as v — e~ **¥ where s = 2 is the spin weight and
1) is a rotation angle in the anticlockwise direction. The complex shear field is therefore invariant
under rotations of = radians, the characteristic property of a spin-2 field. As we discussed in
Section 2.4.5, the appropriate basis functions for a spectral decomposition of a spin-s field will
be the spin weighted spherical harmonics as the spin-s spherical harmonics constitute a complete
orthonormal basis for each s. Using the spin raising and spin lowering operators, we could re-
express the spin-2 object as the second edth derivatives of a complex potential

V() =71(r) +iva(r) = 500 [¢p(r) +ipp(r) (6.27)

V(1) = 1 (r) - iva(r) = 533 [pp(r) - idp(r)], (6.28)

N~ N~

where ¢ is a scalar function corresponding to the the even or electric part and ¢p is a scalar
function corresponding to the odd or magnetic part. As shown in [90], the spin-2 object v(r) may

be expressed in tensorial form as

[v(r)hf( () sinf7,(r) )n(r) (6.29)

sin@yy(r) —sin? 6~y (r)é

_ <; [VoVg — csc 0V, V] A ) b5(5)
VeV 1 [V,V, —sin? VoV
( —cscV, Vo L[sinfVyVy — csc0V¢V¢]> on(e)
1 [sinf VgV — csc OV, V)] sinf V, Vg '

Importantly, if we compare these expressions to those in Eq. (6.22) we see that the only con-
tribution to the shear field induced by gravitational tidal fields is that of the E-modes. This is
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related to the fact that density perturbations only produce E-modes, as we would anticipate. The
decomposition of weak lensing data into E and B modes holds advantages over the decomposition
into v; and v as on the full sky it allows us to isolate the effect induced by weak lensing and
disentangle this from non-linear contributions that generate both E and B modes [90]. Examples
of such non-linearities include noise, foregrounds, systematics and, perhaps most imporantly from
a fundamental point of view, gravitational waves [487].

6.4.4 Power Spectra

Gravitational lensing is the concomitant deflection of light that arises from fluctuations in the
gravitational potential. Lensing of a background source refers to the distortions of the source im-
ages generated by the deflection of light, along the line of sight between a source and an observer,
caused by the fluctuations in the gravitational potential of the intervening mass distribution. The
two most notable effects of gravitational lensing are the shearing and magnification of the images
of the sources.

The weak lensing potential ¢(r) can be related to the gravitational potential ® by the line of
sight integral

2 [ k=) o
o(r) = = O/d fK(T)fK(T/)CD<T ,0, ) (6.30)

making using the Born approximation in assuming that the path of the photons is unperturbed
by the lens. Here the function fx(r) is a distance function depending on the curvature of the
Universe:

sin(r) fK <1
fe(r)=1q r ifK =1 (6.31)
sinh(r) if K >1

Being able to link the 3D lensing potential ¢ to the 3D gravitational potential ® is one of the most
important steps in linking the observables of cosmological weak lensing to theoretical predictions.
In a perturbed cosmology, the gravitational potential can be linked to the overdensity field J(r) =
dp(r)/p by Poisson’s equation in comoving coordinates using the comoving gauge

30, H?
2 2a(t)0 (x)-

V2 d(r) (6.32)
The aim of 3D weak lensing is to use information of the distance to individual source galaxies to
avoid averaging over the redshift distribution of source galaxies. This raises the interesting possib-
ility of being able to determine the full 3D mass density in a non-parametric way by estimating the
unprojected tidal shear perpendicular to the line of sight direction from the distortion of a source
galaxies’ ellipticity. This is fundamentally different to estimations arising from tomographic weak-
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lensing or angular line-of-sight approaches which both necessitate the averaging of weak-lensing
observables with the line-of-sight galaxy distribution. Distance information is inferred from the
corresponding photometric redshift data. The idea of 3D weak lensing was first introduced by
[248] and it has been developed further by numerous authors [90; 294; 354; 295; 392; 29]. As
we can see, the lensing potential defined in Eq. (6.30) is dependent on the Hubble parameter
which is sensitive to the contents of the Universe. This is one of the reasons as to why weak-
lensing is a powerful probe of dark energy. In addition, the lensing potential is explicitly related to
the gravitational potential which is also dependent on the matter content and non-linear growth
of structure through its coupling to (r). Any model that we introduce to describe the non-linear
growth of structure will have a direct impact on the behaviour of weak lensing observables.

Performing a spectral decomposition of the lensing potential in the sFB formalism, we find that
the lensing harmonics ¢,,, can be expressed as

dom (k) = 4—}7@2/ dk’ k’/ drrjg(kr)/ Frc(r,r")jo(k'r") @ o (K, 7). (6.33)
e Jo 0 0

We have introduced a few features in the above. First of all we have the weight F (r, ') intro-
duced for convenience,

fx(r—1")

Fie ') = G

(6.34)
Next, the dependence on r appearing after a semi-colon, such as ®,,, (k; ) is just an expression of
the time-dependence of the potential. This naturally translates into a dependence on the comoving
distance as this intrinsically depends on the look-back time, in a rather circular manner, see [90]
for further details. Lastly, we have introduced the harmonic decomposition of the gravitational
potential ®y,, (k;r) which an be related to the overdensity via Poisson’s equation

3 Q,,H?2

Dy (k;r) = 75%27@(7“)

Oom (k7). (6.35)

The weak lensing power spectrum will be given by

<¢Em(k)¢zm/(k/)> = ny(z (ka k/)(sﬂ’émm/ (636)

where we must remember that, due to the nature of look-back time, the 3D lensing potential is not
homogeneous and isotropic in 3D space but homogeneous and isotropic on the 2D sky. Expanding
the harmonics in the sFB formalism as per Eq. (6.33) we see that the power spectrum can be
written as

16

Col (ky, ko) = W/dk’k’QIf(kl,k’)If(kg,k'), (6.37)




6.4. Weak Gravitational Lensing 188
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Figure 6.3: Weak lensing potential power spectrum for a survey of depth » = 3600k~ *Mpc and multipoles
¢ = {20,50}. The other lensing variables, such as convergence and shear, can be reconstructed from this
potential. The lensing spectra are a function of ¢ and two wavenumbers k; and k2. In this plot we only
consider the diagonal contribution k1 = k2 = k. We are interested in the low-k behaviour at scales where
linear regime predictions are robust. Scales above k = 1.5hMpc~" are entering the highly non-linear regime.

I¢ (ki k") kl/drr Je(kr /dr' Fr(r,r") jo(K'r") A/ P22 (K5 7). (6.38)
0 0

Typically, however, we will only look at diagonal cuts in the (k;, k2) plane at a given ¢, though we
could certainly consider the full (kq, k2, ¢) space should we need to. In Fig. 6.3 we show typical
power spectra for weak-lensing at configurations ¢ = {20, 50} for » = 3600k~ Mpc. These spectra
are in agreement with the results presented in [90] and provide both a useful consistency check
as well as a useful guide to the phenomenology of weak lensing cross-correlations.

6.4.5 Shear and Convergence

Weak lensing on the full sky can be aptly described by using spin-weighted spherical harmonics,
the weak lensing shear is a spin-2 object after all. The 2D distortion of a source located a given
3D comoving position by intervening matter is given by

yi(r)  sinfa(r) %gi jvz} 6(r) (6.39)

[’y(r)}ij = sin 6o () —sin? 6 7 (r)

= {vivj -

where ~; and 7, are components of the weak lensing shear induced by the gravitational tidal field.
These can be encapsulated in a complex shear v(r) = 71(r) + iv2(r) and represent orthogonal
modes of the distortion. Additionally we can construct the convergence field tensor that probes
the magnification via the isotropic convergence scalar field s




189 Chapter 6. The Thermal Sunyaev Zel'dovich Effect and Gravitational Weak Lensing

[Kz(r)]ij = [ (1) Sir?QG 1 k(r) = %gijVQ(b(r). (6.40)
As given in [90], the complex shear may be written in terms of the edth-derivative d and its
complex conjugate 0. These two derivative operators were first introduced by [404] as a gener-
alisation of the covariant derivative to an operator acting on the surface of a sphere. The operator
0 acts as a spin raising operator and 0 acts a spin lowering operator on the quantum numbers s
of the spin weighted spherical harmonics ,Yy,,,. The power of this approach is that we can relate
spin-s objects that are not invariant under rotations of the coordinate frame to scalar quantities
that are invariant under rotations of the coordinate frame. The complex shear itself is a spin-2
object but we can now relate it to an 0 derivative of scalar functions. The lensing potential is split
into even and odd parts

7(r) = n(r) +ina(r) = 50 0 [pp(r) +i¢p(r)] (6.41)

7 (r) =n(r) —ira(r) = 500 [¢p(r) —idp(r)], (6.42)

N — N —

as we saw previously. In cosmological weak lensing, these equations are simplified as the shear
field induced by gravitational tidal fields only has an even parity contribution, i.e. ¢5(r) = 0. This
allows us to recover the orthogonal components of the shear tensor

)= (30 +39)6(r) (6.43)
72(1‘)2—%(36 —00)¢(r). (6.44)

and convergence scalar
(r) = i (03 +50] o(x). (6.45)

Performing a 3D expansion allows us to relate the above equations for the shear and convergence
to the lensing potential. This is made possible by knowing the effects of the & and 0 derivatives
on spin weighted spherical harmonics. In particular it can be shown that

QWm(k) = —QWm(k) = % Eﬁt;;:(bém(k) (6.46)
o) = =g, 1), (6.47)

Hence we can construct the power spectra of the convergence and shear as follows [90]:

(i ) = | L5

2
] Co? (1, ka), (6.48)
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P (kr, k) = [1 (¢+2)!

1 2)!} Co? k1, k). (6.49)

6.5 Tomography

Before we begin our main analysis, we outline the use of tomography, the currently used method
in the literature, in the reconstruction and recovery of redshift information in cross-correlation
studies. In short, tomography aims to crudely bin data into redshift slices and construct a 2D
projection for each bin. From this information one can construct an auto (single bin) or cross
(between bins) correlation that is used to constrain model parameters and extract other cosmolo-
gical information [520; 397]. The key idea at play here is that the dark matter distribution at a
given redshift correlates with the tSZ effect generated by the IGM at the same redshift.

In this brief section we will adopt the presentation of [520] in which the tSZ effect is cross-
correlated with the matter distribution reconstructed from weak lensing surveys. This closely
reflects the situation that we investigate in the remainder of this chapter. A caveat to this ap-
proach is that the tomographic reconstruction of [520] uses the Limber approximation to relate
the projected power spectrum to an underlying 3D spectrum whereas we will perform our analysis
on the full sky.

The angular power spectrum of the tSZ effect in the Rayleigh-Jeans limit can be related to the
3D thermal pressure power spectrum A% (k, 2) as follows

EQ XCMB ¢

= / A2 (Xz> W2, (2) x dx, (6.50)
0

where y denotes the comoving diameter distance and we implicitly assume a flat cosmology. The

tSZ weighting function is given by the following functional form

<ne kBTe>

W, = -2
157(2) ora R

(6.51)
The aim of the SZ tomography technique is to reconstruct the time resolved kernel K(k,z) =
A% (k, 2)W,(2), which tells us about the amplitude of thermal energy and clustering strength at
a given redshift [520].

As such we take a matter distribution at redshifts z = 0 to z = z,. This range of redshifts is
divided into a series of bins given by z; — Az;/2 < z < z; + Az;/2. From this we can associate
a comoving distance evaluated at a given redshift x; = x(z;) to derive a series of distance bins
with width Ay; = x (2 + Az /2) — x(z; — Az;/2). In practice, weak lensing tomography promises
to provide maps capable of reconstructing bins of with Az; ~ 0.1 over which Wy, the weak
lensing weighting function, should be approximately constant. This allows us to construct the

cross-correlation of tSZ maps with an overlapping WL region as follows

62 Xi+A;” p
%CESZ_WL = / Afs <X’X> Wisz(x) Wwr(x) x dx. (6.52)

Xi— %
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In a suficiently redshift narrow bin it is possible to assume that, as the quantities vary slowly across
the redshift bin, the quantity can be reasonably approximated by evaluating the Kernel at the fixed
median distance y;

2 isz—wL 2 ¢
—=C ~ Afis | —sXi | Wisz(xi) Wwe (xa) xi Ax (6.53)

2 [
Using similar arguments the WL power spectrum is approximately given by

22 1

gczWL ~ A} (_7Xi> Wi (xi) Xi Axi. (6.54)
Finally, we introduce the cross-correlation coefficient between the gas pressure and dark matter
distribution

A%Ié(k’ Z)
An(k,2z) As(k, z)

r(k,z) = (6.55)

We use this quantity to construct a relation for the time resolved kernel (%, z) in the given redshift
bin

2
1 2 } (S N
Kk, zi) % ————— | — - . (6.56)
(k. 2:) r2(k, z;) [27r VL XiAX;
This can be related to the tSZ power spectrum in a rather trivial way as
2 sz 2 (¢ 2
Ey A Z A o Wisz(2i) | xi Axi. (6.57)

9

Hence the time resolved kernel in Eq. (6.56) is the contribution to the tSZ power spectrum from
the i-th bin. Hence this tomographic approach allows us to reconstruct the the tSZ contribution
by the following prescription:

1. Reconstructing the 3D matter distribution from weak lensing surveys.

2. Measuring the cross power spectrum between the tSZ and matter distribution for data that
has been binned into redshift slices.

3. Measuing the angular power spectrum of the matter distribution at the given redshift slice.
4. Reconstructing the contributiont to the tSZ power spectrum from the redshif bin.

The key ingredient in this tomographic reconstruction is detailed knowledge of the cross-
correlation coefficient r at a range of redshifts which would allow a more robust interpretation of
the measured cross-correlation. In the next section we introduce an alternative way to investig-
ate the tSZ-WL cross-correlation. Rather than crudely binning the data, we will instead advocate
the use of the sFB formalism to perform a genuine 3D analysis. This approach avoids the loss of
information associated to binning data and avoids making assumptions about how weight func-
tions behave across given bins, instead making use of the full radial and tangential information
available.
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6.6 tSZ-Weak Lensing Cross-Correlation

6.6.1 tSZ-Weak Lensing

We are now in a position where we can start to put together the various ingredients and construct a
cross-correlation between the tSZ effect and cosmological weak lensing. Remember, the tSZ effect
directly probes the integrated thermal pressure of free electrons along the line of sight giving us
valuable information on the thermal history of our Universe whereas cosmological weak lensing
provides an unbiased probe of the dark matter distribution in the Universe. The integrated nature
of the tSZ effect means that redshift information is lost, diminishing the ability of tSZ observations
to distinguish between different thermal histories. By performing a cross-correlation between the
tSZ effect and an external tracer, such as WL, we hope to recover some of this information that
has been lost. The unprojected nature of 3D WL makes this a very interesting candidate for an
external tracer, especially as many of the current and planned tSZ surveys will have sky coverage
that overlaps with upcoming weak lensing surveys. A key idea here, much as in tomography;, is
that the dark matter distribution up to a given redshift will be correlated with the tSZ effect.

The first ingredient we need is an expression for the harmonically decomposed projection of
the 2D tSZ field y(€2) that samples the underlying 3D pressure fluctuation field 7. (r)

y(Q) = | drwsz(r)m(r), (6.58)
/
Yom — \E / dr we(r) / dk ke jo(kr) [mel,, (ks ). (6.59)
0

We construct the cross-correlation by correlating these harmonics yy,,, with the lensing potential
harmonics ¢y, giving the following cross-correlation spectra

(bem (k) Yorme) = CLY(K) 800 Srmmr (6.60)

where the power spectrum Cfr%(k) is explicitly given by

Com (k) = % / dk’ K I} (k') 7 (k. K'); (6.61)
0
i (k) =k2\/2/drwsz(7")je(k7”) br (ks m) \/ P2 (ks r); (6.62)
0
T8k, k) = & / dr 2 jo(kr) / dr' Fie(r,1') je(K'r') \/ P22 (k). (6.63)
0 0

The bias coefficient b, (k;r) encodes the scale dependent biasing scheme that we introduced




193 Chapter 6. The Thermal Sunyaev Zel'dovich Effect and Gravitational Weak Lensing

earlier. We assume that the power spectrum is well approximated by

P2 (ks 7o) \/P‘M’ ki) \/P‘M’ ki) (6.64)

This is tantamount to stating that we are only interested in correlations in the potential field
over small distances for which the lookback time is negligible and hence r ~ ' [90]. We have also
used the result Cy(k, k') = P(k), where the 3D power-spectrum is defined in terms of the Cartesian
Fourier transform

U(k) = (27:)3 7 / kU (k) ekT, (6.65)
TU(r) = (27:)3/2 /d3k\I/(k) e kT (6.66)
(U(k)T*(K')) = (27)% Pyy (k) 3p(k — k). (6.67)

In Fig. 6.4 we restrict ourselves to a limited set of cases for numerical calculations. We choose
four configurations corresponding to 7max € {3600,4600} h~! Mpc and ¢ € {20,50}. The results are
well-sampled at low k but the resolution of the numerical integrals drops above k ~ 10~! as the
approximate Bessel function inequality kr > ¢ dominates resulting in a highly oscillatory tail that
we do not consider of prime importance for this work. As noted in [90], the differences between
individual spectra are only slight but there are a wider range of useful ¢ modes that a full 3D
study has access to. This increases the sensitivity of the tSZ-WL cross-correlation to cosmological
models. In addition to the 3D cross-correlation presented here, recent work has focused on higher
order correlations of tSZ and WL using tomographic bins [398], analytical schemes to describe
the statistical aspects of the projected y-sky using moment-based methods [394] and topological
estimators [395].

6.6.2 tSZ-Weak Lensing: Extended Limber Approximation

The computations of higher-order multispectra are often difficult due to the presence of complex
multidimensional integrals that make numerical computations expensive if not prohibitive. The
Limber approximation [323], and its Fourier space generalisation, are often used to simplify the
numerical calculations by reducing the dimensionality of the integrals. The use of the Limber ap-
proximation is valid on small angular separations and hence for large multipole moments ¢ in the
harmonic domain. It requires smooth variations of the integrand compared to the Bessel functions
or relevant /. A framework for calculating higher order corrections to the Limber approximation
was presented in [329]. Starting with the expression for the angular spectra in Eq. (6.61) and the
corresponding kernels in Eq. (6.62) and Eq. (6.63) we re-write the spectra as follows

C¢y( = 7T02\/>/d7“awsz (ra /drbrbje (krp) /derK ThyTp);

x / Ak K jo(k'r0) oot om (K5 70)\ [ Poa (K5 70) Poa (K 7p). (6.68)
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tSZ-WL Cross-Correlation
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Figure 6.4: The left panel shows the tSZ-WL cross-correlation for a survey of depth r = 3600~ *Mpc and
the right panel for a survey of depth » = 4600h~'Mpc. These plots show the diagonal contribution in the
(k1, k2) plane for ¢ € 20,50{}. Note that the approximate Bessel function inequality comes into play around
kr > ( after which we have the decaying oscillatory behaviour. For increasing ¢ the terms become more
sharply peaked.

Applying the extended Limber approximation to the k, integral, we find the expression collapses
to the following:

(k) = wsz (k) by (k’; %) poe (k’, %) (6.69)

- im0 P ()

(k) = 221?1/2 KAk wsy (%) by (k’; %) pre (k/; %) S 6.71)
0

6.6.3 tSZ-Weak Lensing: Shear and Flexions

Alternatively, it is possible to express the power-spectrum of weak lensing observables, such as the
convergence, shear, flexions and the Compton y-parameter maps, in terms of CJ¥. As we saw, the
components of the 3D shear 71 (r) and ~»(r) and the convergence «(r) can be expressed in terms
of the complex 3D lensing potential ¢(r) using the spin-raising d and spin-lowering operators
0 [90]. We will introduce +5T'(r) = 71(r) £ iv2(r) to denote the complex shear ~(r) and its
conjugate y*(r). The harmonics of " can be decomposed in terms of Electric “E” and Magnetic “B”
mode polarizations. The I"’s are spin-2 objects and can be decomposed using the spin-2 spherical
harmonics [391]
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+ol'em = —[Epm £ 1B (6.72)

Ignoring the B-mode contribution, as gravitational tidal fields only generate an electric contribu-

tion, we have 450"y, = —FEy,,, which is related to the lensing harmonics via
1 [ (+2)!
Egm(k) = —5 @~ 2 Gom (k). (6.73)

In addition we have the ky,, harmonics defined in Eq. (6.47).

Higher order spin objects that can be generated from the lensing potential, known as flexions,
have often been used to study weak lensing [209; 210; 31]. They are related to the derivatives of
the shear or convergence and are sensitive to information about substructures beyond that which
can be studied using just the shear or convergence alone. The most commonly used flexions are
the spin-1 or first flexion F and the spin-3 or second flexion G. Their relationship with the shapelet
formalism have been discussed at length in the literature [455; 57; 457]. Both of these flexions
have been used extensively in the literature for individual halo profiles and as well as the study
of substructures [33]. These flexions can be used to study weak ’arciness’ in images of lensed
galaxies. The flexions are defined as follows

(000 +000+000)¢(r); (6.74)
00 0¢(r). (6.75)
The harmonic decomposition of these objects is obtained by expanding in a spin weighted spherical

harmonic basis sYzm(Q) (see [391] for a detailed derivation and discussion) and evaluating the &
and O derivatives on the spin weighted spherical harmonics.

Fom = % [€(+1)]"2 [362 + 30 — 2] bum; (6.76)
1 ey

Using Eq. (6.73), Eq. (6.77), Eq. (6.47) and Eq. (6.61) we arrive at the following expressions for
the cross-spectra

Ty (£+ 2)! Y.
cyY = = cov; (6.78)
1
cr — W; ) ¢o, (6.79)
1
clv = glece 1)]"/? [3¢2 + 3¢ — 2] C%; (6.80)
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. 1 [+ 3)!
Gy _ — [\ 9) ngy 1
C, 5 (£_3)!C . (6.81)

T P
Note that for both shear components 4>I" we recover the same power spectrum C;* ¥ = C; v,

6.6.4 tSZ-Weak Lensing: Numerical Results

We adopt the fiducial ACDM model described in Section 6.2 and restrict our analysis to a survey
configuration of rm.x = 1800, 3600 A~ Mpc for the multipoles ¢ = {5, 20, 50,200}. Note that we
can see the effect of the approximate Bessel function inequality kr > ¢ with increasing ¢ as a sharp
peak at low k before the oscillatory tail. At high multipoles, the diagonal terms of the cross-spectra
do not become important until ¢ ~ krpa. Similar results are seen in the weak lensing 3D spectra
[90].

All of the results obtained so far are simplified in the sense that we have ignored the fact that
distance estimates from photometry contain errors and we have ignored the fact that the number
density of sources will decrease with redshift. In the sFB formalism, errors in distances are simply
radial errors. In the next section we therefore introduce some of the complications that a more
realistic survey configuration gives rise to and how this impacts a 3D analysis.

6.7 Survey Effects

6.7.1 Realistic Selection Functions

For the redshift distribution of source galaxies for the surveys we will adopt following analytical
fit [272; 520]

n(z) =n i exp (_Z) : /OO dzn(z) = n. (6.82)
0

We will consider two different surveys: (1) Dark Energy Survey (DES)!” and (2) Large Synoptic
Survey Telescope (LSST)'®. We will adopt 2z, = 0.3 for the DES and 2z, = 0.4 for LSST. The galaxy
number density per steradian is denoted above as N, = 1.2 x 1077, with 7 being the galaxy
number density per square arcmin. We will adopt 2 = 15 for DES and 7 = 40 for LSST.

6.7.2 Photometric Redshift Error

For the depths of surveys proposed in upcoming WL studies, it is often impractical to obtain the
spectroscopic redshifts and instead photometric redshifts z, are obtained form broad band pho-
tometry. In order to incorporate photometric redshift errors into our calculations we will need to
integrate over the posterior redshift distribution p(z|Z). In this section we wish to relate the ob-
served convergence Ry, (k;7) that incorporates photometric redshift errors to the true underlying
convergence g, (k;r). One of the key advantages to the sFB formalism is that errors in distance,

17http://www.darkenergysurvey.org/
18http://www.lsst.org/lsst/
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such as photometric redshift errors, will simply be radial errors. As such, the angular direction {2
is not affected. The observed convergence harmonics will be given by:

Foom (k) \/> / & n ) k Go(kF) Yim (€2) w(F) (6.83)

where 7 is the observed radial distance that is inferred from a photometric redshift of Z. The true
convergence naturally depends on the correct distance in the true cosmology r. In the following we
neglect uncertainties in the photometric redshift distribution of sources and we ignore the effects
of source clustering which will have a sub dominant contribution to the overall error budget. We
can therefore relate the observed radial coordinate to a given photometric redshift as follows:
n(7)d*7 = i, (Z)dz dS)/4x. Using the above expression, we can re-write the observed convergence
as

Foom (ks1) = ,/# / dz, dQ 7, (2) k(1) k jo(k7) Yo () w(Z). (6.84)

The dominant effect of photometric redshift errors are to smooth the source distribution 72(2) along
the line-of-sight. If we introduce p(z|Z) to denote the conditional probability of the true redshift
being z given the photometric redshift z, then the above can be re-written as

R (i 7) \/;/dz /dz /dQn k(r) G (kF) Yo () w(2); (6.85)

Now we just need to expand out «(r) with respect to the true radial distance r and use the spherical
harmonic relations to perform the angular integration. This eventually reduces to the following
expression for the observed convergence harmonics

Fom(k;7) \/ /dz /dzn p(z|2) k j1(kF) /dk‘ K jo(K'F)w(2)kem (K5 7). (6.86)

It is now a laborious procedure to construct the cross correlation of %y, (k;r) with the tSZ har-
monics yg,,, such that C;"Y (k;r) = (Rem (k;7)y;,). The power spectrum is given by the following
expression (Fig. 6.5)

CrY(k; r) \/; U dz/dzn ~)} kjo(k f)/dk'k’jg(k’f)c;y(k';f). (6.87)

Typically, the conditional probability associated with photometric redshift errors, p(z|Z), is mod-
elled as a Gaussian for simplicity. This assumption may have catastrophic failures but provides
a simple and intuitive starting point for error analysis. The functional form of the conditional
probability that we adopt is given by (Fig. 6.6)

(6.88)

—(Z2—= 2
p(el2) = Sl

! [
Varo. () LT 202(z)

In this expression S is the possible bias in the photometric redshift calibration and o,(z) is the
redshift dependent dispersion in error. For our fiducial model we adopt ¢.(z) = 0.05(1 4 z) and
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assume that we can neglect the redshift calibration term, § = 0. See Fig. 6.6 for the probability
kernel defined in Eq. (6.88) for our fiducial model. As we can see, redshift errors simply translate
into radial errors and this induces mode-mode couplings, as can be seen by the integral over the
true spectra. The result of photometric redshift errors is that the observations are smoothed along
our line of sight, this can be seen in Fig. 6.5 where the structure in the oscillatory tail has been
smoothed out. See [297] for a more detailed study of photometric redshift errors in 3DWL. In
this approach the authors integrate over the posterior redshift distribution for each galaxy p,(z|Z)
creating a more accurate covariant matrix than the approach taken here of reducing the redshift
distributions to a simpler form in which the distributions are assumed to be the same for each

galaxy at a given redshift.
r-y Cross-Correlation: Photometric Redshift Uncertainty

r =3600h"! Mpc

2= 0
10 — £=50

10°

107
k [h Mpc™']

Figure 6.5: In this figure we plot the observable convergence power spectra that have been smoothed due
to the effects of photometric redshift uncertainty. Remember, photometric redshift errors are radial errors
in the spherical Fourier-Bessel formalism and this means that the observations are smoothed along the line
of sight. The adopted fiducial model for redshift error dispersion was o.(z) = 0.05(1 + z). The left panel
corresponds to £ = 20 and the right hand panel to £ = 50. Both have been calculated for a survey size of
r = 3600k~ ' Mpc.

Conditional Probability Function

(2]2)

p(2|2) o _ p(#z) i

°80 02 oa 06 08 10 12 14 °80" 02 oa o6 o8 10 12 1 °80 o2 o4 o6 o8 1o 12 1
z z z

Figure 6.6: The conditional probability function up to a redshift of z = 1.5 with a redshift dispersion error
given by o.(z). The fiducial model that we adopt in this Chapter is o.(z) = 0.05(1 + z) on the left most
plot. The middle plot is an approximate fitting formula for a 5-band survey and on the far right for a 17-band
survey [553]. Note that we have adopted a modified color scale in the final plot for convenience.




199 Chapter 6. The Thermal Sunyaev Zel'dovich Effect and Gravitational Weak Lensing

6.7.3 Signal To Noise

For two arbitrary data sets X and Y the signal to noise ratio (SNR) of the cross-spectra C;XY (k)
depends on the individual spectra C;*X (k) and C;XX (k) as well as the cross-spectra C;*Y (k) itself.
The signal to noise for the XY cross-spectra is given as follows

CY (k)

[S/N]e(k) =
e e k) + (6 (b

(6.89)

5

As an example, we consider the SNR for weak lensing convergence-tSZ cross correlations. From
the equation above this simply reduces to (see Fig. 6.7)

G (k)

(S/N]a(k) = .
VCER(R)CY + [V ()

(6.90)

We plot a representative signal to noise for our power spectra in Fig. 6.7 for » = 3600h~*Mpc and
¢ = {20,50}. At low k the SNR is dominated by the contributions from the tSZ power spectrum via
an offset. Remember, both the WL and tSZ-WL power spectra have negligible contributions at very
low k as the spectra fall off relatively sharply. As & approaches the peak of the Bessel function at
kr ~ (¢ the noise induced by the weak lensing power spectra becomes more prominent as does the
signal from the tSZ-WL cross-correlation. With regards to worry over low (S/N)y, it is important
to note that what we have computed is for individual (k, ¢). We could always include additional ¢
modes in order to increase the overall S/N

[S/NT (k) =Y [S/N], (k). (6.91)

14

This will preserve all the radial information. In addition, the S/N presented here is purely for
cosmic variance limited surveys. More realistically we could include instrumental noise sources
and other survey specific errors.

k-y Cross-Correlation: Signal-To-Noise

N £=20 r=3600 h~"Mpc N £=50 r=3600 h~' Mpc 10t £=50 r=3600 h' Mpc
09 09 — Signal
’ 10 T Noise
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= = - 10!
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0.4 0.4 A 100
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10"
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Figure 6.7: We plot the signal-to-noise as defined in Eq. (6.90) for a tSZ-Convergence cross correlation
at £ = 20,50 and r = 3600h~'Mpc. The right most panel is a plot of the signal and noise contributions
individually for comparison.
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tSZ-WL Cross-Correlation in the Halo Model: Differential Contributions from Halo Terms

£=20 7=3600 h_ Mpc £=20 7 =4600 h~' Mpc £=20 7 =4600 h~' Mpc

— Total — Total — Total
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— 2-Halo — 1-Halo

107 107 107
k [h Mpc™!] k [h Mpc™!] k [h Mpc™!]

Figure 6.8: The halo model can be used to predict WL-tSZ cross correlation. The figures show the total
spectra and the spectra that arises from the 1-halo terms. As expected at these scales, the 2-halo term
is dominant and recovers the total spectra to a good degree. The 1-halo terms contribute small but non-
negligible corrections to the spectra. This can be seen by inspection of the various power spectra in Fig. G.4,
the 1-halo terms fall off too quickly at such low k leaving the 2-halo term dominate.

6.8 The Halo Model: tSZ-Weak Lensing Cross-Correlation

6.8.1 The Halo Model: tSZ-Weak Lensing

Following from the previous results, we can perform an analagous analysis for the tSZ-WL cross-
correlation within the halo model framework. The halo model is a tool used in cosmology that
provides us with a statistical characterisation of large scale structure and the detailed modelling
of its distribution in the Universe. The halo model is based on the proposition that galaxies are
clustered in halos distributed throughout space along with a set of basic properties such as the
mass or density profile. The halo model is detailed in Appendix G.1 where the framework for
calculating various quantities is outlined in detail. In this Chapter we simply use the results to
construct the tSZ-WL cross-correlation.

When building the cross correlation in the halo framework, we introduce a number of relatively
simple modifications to to Eq. (6.61)-Eq. (6.63) with the changes arising from the halo terms

IS (K k) =k /OO dr r® jo(k'r) /T dr' ¢ (ryr") jo(kr')A/ P22 (k;r') ; (6.92)
0 0
T/ (k)= Te\/z/ dr wsz(r) je(kr) rn(k; Yo (k; 1) 4/ P22 (k;7) (6.93)
0
CPY(k) = % / K20 (kK TE (K )k (6.94)
0

The bias bry(k,r) in this formalism is not completely ad hoc but is instead an outcome of vari-
ous inputs and assumptions that go into the halo model. Similar results can be obtained for
the 3D cross-correlation of galaxy-surveys against the weak lensing surveys. We adopt the same
configurations as for the tSZ-WL cross-correlation defined previously, namely ¢ = {20,50} and
r = {3600,4600} h~'Mpc. The results are shown in Fig. 6.8.
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6.8.2 The Halo Model: Limber Approximation

As we did previously, we can evaluate the cross-correlation spectra on small angular scales by
invoking the Limber approximation. This results in a rather simplified expression for the various

terms
T H) =T e (4, 0) P (W5 (6.95)
T} (k) = kv/v T, wsg (%) I (k; %) b (k; %) ; (6.96)
oo =B, o (55 (5)m (. ) ) P (4. 5): 69
v=0+ % (6.98)

6.8.3 Halo Model: Power Spectra, Cross Spectra and Mass Bins

In addition to the above, we can construct the cross-spectra as a function of mass bins. The halo
model, as we saw, is fundamentally dependent on the underlying mass function, see Fig. 6.11 for
an example of three different mass bins. This means that at different masses we expect different
physics to become more or less dominant. We expect the tSZ to be sensitive to the maximum
mass scale and distribution of halos at high masses. This also means that we expect the tSZ
to depend on the underlying mass function adopted in the study. Although we have used the
Press-Schechter (PS) formalism, there are more modern alternatives that may be used. Examples
include the extended Press-Schechter formalism [70], the Sheth-Torman (ST) mass function [523],
the Jenkins et al fit [278] and the Tinker et al fit [560]. Each of these has their own pros and cons
as well as the underlying assumptions that are fed into the models. For instance the Sheth-Torman
mass function is thought to be more accurate at low masses and is a refinement of the Press-
Schechter formalism which itself over-estimates the abundance of high mass halos and under-
estimates the abundance of low mass halos. In Fig. 6.10 we plot the results obtained from using
the ST mass function. These results are preliminary and a more in-depth study of the dependency
of the tSZ-WL cross-correlation on the underlying mass function will be presented in a later body
of work.
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Halo Model Power Spectra: Contributions from Mass Bins
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Figure 6.9: The halo model allows us to consider the power spectrum as a function of mass. In this instance
we take three different mass scales and look at the contributions to the power spectra in each case. It can
clearly be seen that halos at low masses do not contribute significantly to the overall power. Additionally,
the low masses are much more sub-dominant in the pressure-pressure spectra and pressure-density spectra
than the density-density power alone. The tSZ effect is strongly dependent on the maximum mass. The three
mass bins are: Mj, = 108 — 10'2My, M}, = 10'? — 10'* Mg and M), = 10** — 10" M.

Halo Model Power Spectra: Comparison of Mass Functions
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Figure 6.10: The results acquired by using the PS mass function are compared with that from ST mass
function. The left panel shows the density-density power spectrum in both PS and ST along with the spectral
and bias coefficients. Note that the ST power spectrum is suppressed at very small & but has more power in
the pressure-pressure and density-pressure spectra as seen in the cross-spectral coefficient rrr;. This results
in the suppression of the tSZ-WL cross-correlation at the low £ modes considered in this Chapter seen in the
right panel. Note that for £ ~ 20 the peak of the spectra is on order 107®—1072 hMpc ™" and this corresponds
to the suppressed regime for the ST mass function in the left panel.




203 Chapter 6. The Thermal Sunyaev Zel’dovich Effect and Gravitational Weak Lensing

tSZ-WL Cross-Correlation in the Halo Model: Differential Contributions from Mass Bins
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Figure 6.11: In this figure we plot the tSZ-WL cross correlation as a function of mass bin. The upper left
panel is the total mass range. The upper right panel is the lowest mass bin M;, = 105My — 10'2M,. The
lower left panel is an intermediate mass range M, = 102 My — 104 M. The lower right panel is the largest
mass bin at M;, = 10*My — 108 M. Note that at high masses the abundance of halos starts to drop off
sharply and although the tSZ has strong contributions at high masses, the low abundance suppresses the
overall contribution.
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6.9 Spectroscopic Redshift Surveys

6.9.1 Introduction

In order to consider the cross-correlation of the tSZ effect with spectroscopic redshift surveys, we
need to take into account the partial observation effects that arise from finite survey volumes. In
the case of Galaxy surveys, the observed field U°"*(r) is convolved with a radial selection function
¢(r) that simply denotes the probability of including a galaxy within a given survey. The observed
(pseudo) random field can be related to a 3D underlying random field via the survey dependent
selection function ¢(r) [452; 435]

WO (1) = ()T (x). (6.99)

The observed power-spectrum and the underlying power-spectrum are linked through the follow-
ing relation [435]:

Colkr, ko) = / Ak K2 T (ky, k) T (o, k') Pos (') (6.100)
0

9 = /Oo drr2 ¢(r) k jo(kr)jo(k'r). (6.101)
Jo
This power spectra will tend to decay rapidly as we move away from the diagonal k¥ = k' and
it is often most useful to focus on the diagonal contribution C,(k1, k1). Following the procedure
detailed in [435] we can expand these results to include the effect of redshift-space distortions
(RSDs). We briefly summarise the key steps but refer the reader to [435] for further details and
references. These distortions arise from the effects of a peculiar velocity, or departure from the
Hubble flow, v(r) at r on the observed galaxy positions in redshift space s

s(r) =r+v(r) - Q. (6.102)

We then construct the harmonics of the field ¥(r) convolved with the selection function ¢(s):

Uy (k) = \/Z /O T 2 ds a0 B(s) U (r)jo(ks)Yy, (). (6.103)

The Fourier transform of the velocity field is related to the Fourier transform of the density contrast
via the linearised Euler equation:
. 0k
v(k) = —zﬁk%. (6.104)
where 5 = Q7 /b and b is a linear bias parameter. We take b = 1 and v ~ 0.55 in our numerical
calculations. This allows us to establish a series expansion in 3 where the lowest order coefficient
is obtained by neglecting RSD. The series expansion is schematically given by:

B (k) = T (k) + T (k) 4 ... (6.105)

m m




205 Chapter 6. The Thermal Sunyaev Zel’dovich Effect and Gravitational Weak Lensing

T (k) \f / Ak K W () T (K k)T (k) \f / Ak K W () TV (K k).

(6.106)

The kernels Z(O (K, k) and Z() (K, k) define the convolution and do depend on the choice of
selection function. These kernels are given by:

ZO0K) = [ drr? ol ki) TR = 2 [ dr e oGl
’ (6.107)
The power spectra can be calculated from these harmonic coefficients as follows:
(U5 ()T (K ) = CE°P (1) St G- (6.108)
The total redshifted power spectrum is given as a sum over various contributions:
Colky, a) = Zc B (ky, ko) = CO0 (ky, k) + 2600 (R, ka) + C D (e ko) + -+ 3 (6.109)
O (o ky) = (S, W) — (W) /0 K2k T Oy, k) T (ka, ) P (). (6.110)

Now that we have the machinery in place to construct the spectroscopic redshift survey spectra,
we can now construct the cross-correlation between the tSZ pressure fluctuations y(2) and the 3D
density contrast § (Fig. 6.12)

cY(k

= = Z/ dk' KT (k, K'Y (k') Pss (K'); (6.111)
In Fig. 6.12 we show features of the 3D tSZ-density power spectrum by taking slices through
the full 3D space (kq, k2,¢). We consider diagonal contributions, k; = ks, with a survey up to
rmax = 3600h~Mpc, a selection function with radial parameter ro € {1400,3600} A~ Mpc and
multipoles ¢ = 5, 50.

6.9.2 Spectroscopic Redshift Surveys: Limber Approximation

Using Limbers’ approximation, Eq. (6.101) can be simplified to:

Colk, k') = o (k — k)(Qk)2¢2(%)P55(k); V:H%. (6.112)

and Eq. (6.111) simplifies considerably as the RSD correction terms become negligible in the high
¢ limit. This can be seen from Eq. (2.82) and Eq. (2.82) when substituted into Eq. (6.107). Due
to the choice of boundary conditions in the selection function ¢(r) vanishes at » = 0 and r = oo,
this allows us to reverse the order of integration leading the the above simplifications. This leads
to following expressions for the kernels 7, ,fo) (k, k") and I él)(l@ k")

189 (k, k')

™l (v .
2T/E¢ (%) dip(k—k'); (6.113)
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ko[>, d
LUK =B | rdr g [60)5e(kn)] k)
— 5% /qb(r)jg(k:r) [2rjp(K'r) + r? kji (K'r)] (6.114)
- g %f k(ﬁ(%)(slp(k—k/). (6.115)

Where we have used the following approximate forms for j;(z) and j;(z) defined in Eq. (2.82)
and Eq. (2.83)

xl/2 3r1/2

tSZ-Spectroscopic Redshift Survey Cross-Correlation: Total Spectra
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Figure 6.12: Here we plot the effect of redshift space distortions (RSDs) on the galaxy-tSZ cross-correlation.
As seen in previous studies [435] the RSDs induce mode-mixing in the power spectra. This occurs due to
the redshifted terms being related to derivatives of the spherical Bessel functions which do not form an
orthogonal basis. This means that we have off-diagonal elements related to radial mode-mode coupling.
As a result the power spectrum is damped. For the spectra shown here, the RSD contributions are rather
negligible. For high ¢ we see more prominent contributions, as demonstrated in the right most panel. See
Fig. 6.13 for the redshifted spectra divided by the unredshifted spectra isolating the modulations induced by
the RSDs.
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tSZ-Spectroscopic Redshift Survey Cross-Correlation: Effect of RSD
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Figure 6.13: Here we plot the effect of redshift space distortions (RSDs) smoothed by the unredshifted power
spectra. Each of the panels corresponds to the panels shown in Fig. 6.12. The RSD induce radial mode-mixing
meaning that power is smoothed across the modes. This is seen at low k where the spectra including RSD
have less power than their unredshifted counterparts. At higher k& we hit oscillatory features that differ from
those in the pure unredshifted contributions and beyond k ~ 10~* we are in a noise dominated regime where
the oscillations of the Bessel functions are prominent and numerics becomes tedious.
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6.10 Conclusion

In this Chapter we have extended in detail a study of 3D thermal Sunyaev-Zel'dovich cross correla-
tions with cosmological weak lensing and spectroscopic redshift surveys. Most previous studies to
date have focused on either projected studies or tomographic reconstruction. In projection stud-
ies, information is lost in the sense that by projecting onto the 2D sky we necessarily disregard
information concerning distances to individual sources. An alternative approach is tomography,
this is something of a hybrid method between 3D studies and 2D projection. In tomography the
sources are divided into redshift slices on which a 2D projection is performed. This means that
we foliate our sky with projections in a given redshift bin. This is a rather crude division and
does not capture the full 3D information that will be possible in upcoming large scale structure
surveys. The method proposed in this Chapter is based on a 3D spherical Fourier-Bessel expansion
in which we aim to use distance information from the start. Note that certain parameters will less
sensitive to this inclusion of distance information, such as the amplitude of the power spectra, but
for others, notably those that depend on the line-of-sight of history of the Universe, 3D methods
could be a very promising avenue of research. This Chapter encapsulates a few interesting results
as well as summarising some of the key features present in the sFB formalism.

In order to study the tSZ-WL cross correlation, we adopted two different approaches. The first
approach used the standard linear power spectrum in the analysis. The second approach used the
halo model of large scale clustering to construct a non-linear power spectrum for the analysis. The
halo model takes into account a number of interesting physical inputs. These include (amongst
other inputs): the dark matter density profile, the gas density profile, the electron temperature as
a function of halo mass, the mass function of halos and the overdensity of collapse. This allows
us to connect the underlying physics to the predicted spectra in a more explicit manner than
before. We know that the tSZ effect is sensitive to the higher mass halos and by combining the
WL observations with the tSZ observations we can probe both the underlying baryonic and dark
matter distributions as a function of halo mass. We expect the tSZ-WL cross-correlation to be
sensitive to the halo mass function and density profiles.

We introduce the conditional probability function of photometric redshifts to bridge survey-
dependent observations to the cleaner theoretical predictions. True observations of galaxies have
an intrinsic dispersion error on the measured redshifts. In the sFB formalism, redshift errors and
errors in distance simply translate into radial errors. This results in a coupling of the modes
and the observations become smoothed along our line of sight. We considered survey dependent
parameters suitable for the DES and the LSST.

Finally, we constructed the cross-correlation of the tSZ effect with spectroscopic redshift sur-
veys in order to study the effects that redshift space distortions would have on a cross correlation
of the tSZ effect with galaxy surveys. The procedure followed the procedure outlined in [435].

In our modelling, we have used different redshift dependent linear biasing schemes at large
angular scales for modelling of the diffused tSZ effect in association with the halo-model for
collapsed objects as a tool to investigate the tSZ-WL cross-correlations in 3D. We use both the
Press-Schechter (PS) as well as the Sheth-Tormen (ST) mass-functions in our calculations, finding
that the results are quite sensitive to detailed modelling as most of the contribution to the tSZ
effect comes from the extended tail of the mass function (one-halo term). We provide a detailed
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analysis of surveys with photometric redshifts. In the case of cross-correlation with spectroscopic
redshift surveys we provide detailed estimates of the contributions from redshift-space distortions.
The signal-to-noise (S/N) of the resulting cross-spectra Cy(k) for individual 3D modes, defined by
the radial and tangential wave numbers (k, ¢), remains comparable to, but below, unity though
optimal binning is expected to improve the situation.

In summary, the thermal Sunyaev-Zel’dovich effect acts as a probe of the thermal history of the
Universe and the primary observable, the Compton y-parameter, appears to have no significant
dependence on the redshift. The integrated nature of the tSZ effect means that redshift informa-
tion can be lost diminishing our ability to probe the redshift evolution of the baryonic Universe.
That is why we also study cosmological weak lensing as a complimentary tracer. Weak lensing
is predominantly effected by the gravitational potential along the line of sight and is therefore
an external tracer for the underlying dark matter field. By reconstructing the mass distribution
of the Universe, we can hopefully recover redshift information and probe the baryonic and dark
Universes in a complimentary way. Constraints on the dark sector, such as studies of decaying
dark matter or dark matter-dark energy interactions, have recently attracted a lot of attention.
Such effects could be probed by the tSZ or kSZ effects (e.g. [599]). Similarly, the halo model for
large scale clustering offers strong potential for testing different approaches to the various input
ingredients: mass function, dark matter profile, gas density profile, etc. To this extent, we have
seen that the tSZ is sensitive to high mass halos and a cross-correlation may be an interesting
tool constraining and testing models for large scale clustering physical assumptions that enter the
halo model, such as halo density profiles or the halo mass function. In our analysis we neglected
General Relativistic corrections which may be both important and interesting in their own right,
especially in forthcoming surveys [569; 181; 602; 20; 570]. It would also be interesting to un-
derstand how non-Gaussianity and halo bias enters into WL, tSZ and their cross-correlations in a
more precise manner [87; 79].

Finally, we would like to point out that it is known that the IGM is most likely have been
preheated by non-gravitational sources. The feedback from SN or AGN can play an important
role. The analytical modelling of such non-gravitational processes is rather difficult. Numerical
simulations [531; 515; 517; 518; 594; 324] have shown that the amplitude of the tSZ signal
is sensitive to the non-gravitational processes, e.g. the amount of radiative cooling and energy
feedback. It is also not straightforward to disentangle contributions from competing processes.
The inputs from simulations are vital for any progress. Our analytical results should be treated as
a first step in this direction. We have focused mainly on large angular scales where we expect the
gravitational process to dominate and such effects to be minimal. Thus the affect of additional
baryonic physics can be separated using the formalism developed here. To understand the effect
of baryonic physics we can use the techniques developed in [398] for different components and
study them individually.

6.11 Summary of Key Points and Key Results

e Motivated by the missing Baryon problem, we highlighted how the tSZ effect can act as a
tracer for the baryonic Universe. Likewise, we highlighted how gravitational weak lensing
may be used as a tracer for the dark Universe, which is anticipated to dominate the gravita-
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tional potential.

e The tSZ corresponds to a projected, line of sight effect and as such it means that redshift
information is smeared out with information becoming entangled with projection effects.

e The redshift information may be recovered by the cross-correlation of the tSZ effect with
weak lensing. Previous studies have only used 2D spherical harmonic methods or pseudo-
3D tomographic methods.

e We emphasised that upcoming large scale structure surveys, coupled with the Planck all sky
y-maps, will provide us with both wide and deep surveys that may be used in the cross
correlation. Rather than using pseudo 3D methods, in which information is binned into
redshift slices, we advocate the use of the sFB formalism. This approach is both natural,
given the survey configurations, and genuinely 3D as it retains the redshift information from
the outset.

e We provided explicit formula for the cross-correlation power spectra ny, with ¢ the weak
lensing potential and y the Compton parameter. In addition we provided explicit expressions
for writing down the Shear and Flexion cross-correlation spectra. These are related to the
potential via spin-raising and spin-lower operations.

e Emphasising the connection to realistic surveys, we introduced a number of survey effects
into our approach. We provided explicit expressions for photometric redshift errors, noting
that these errors are simply radial errors in the sFB formalism. These expressions were
written in terms of the observed convergence harmonics #g,,, which are constructed from
a weighted integral over the true underlying convergence harmonics «¢,,. The observed
harmonics are weighted by the conditional probability relating an observed redshift to the
true redshift and an expression for the redshift distribution of source galaxies. We used LSST
and DES survey configurations.

¢ Using these observed convergence harmonics, we constructed the observed sFB power spec-
tra C;(k; 7). This is a more realistic theoretical output that can be compared to observations.

e In addition, we also provided an expression for the signal-to-noise ratio [S/N],(k) for indi-
vidual ¢ modes. Here we only take into account cosmic variance contributions and do not
extend the expressions as far as instrumental noise contributions.

e Next, we introduced the halo model for large scale galaxy clustering and used this formalism
to construct the halo matter power spectrum, written in terms of a bias parameter by; (k) and
a cross-spectral coefficient rrj(k). This lead to a slightly modified expression for the tSZ-WL
cross correlation in the halo model. We found that the sFB power spectra was sensitive
to the detailed modelling of the astrophysics implicit in the halo model. In addition, we
highlighted the dependence of the tSZ-WL cross correlation on the mass range of the mass
function that feeds into the halo model. We also used different underlying mass functions,
the Press-Schechter and Sheth-Torman functions, in order to highlight how the tSZ-WL effect
can be used to probe model dependent effects. An interesting question that can also be asked
is with regards to the detailed modelling of the density profile and gas profile.




211 Chapter 6. The Thermal Sunyaev Zel’dovich Effect and Gravitational Weak Lensing

e In order to compare the sFB results to small angle observations, we used the Limber approx-
imation to derive results for the various sFB power spectra.

e Finally, we derived a set of results for the cross-correlation of the tSZ effect with spectro-
scopic redshift surveys. Here, the tSZ harmonics are correlated with pseudo harmonics for
the observed galaxy clustering field in spectroscopic redshift surveys. We derived the unred-
shifted results and the results taking into account the linear Kaiser effect. Again, the sFB
spectra in the small angle limit were derived using the Limber approximation. We find that
RSD do not have a major impact on the tSZ-WL cross correlation.
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Chapter

Relativistic Cosmology

7.1 Introduction

General Relativity is a theory about differential manifolds with no preferred coordinate charts.
It is a theory that is designed to be covariant under general changes of coordinates, there is no
reason why coordinates should exist a priori in nature. This is often encapsulated in the statement
that General Relativity is a diffeomorphism invariant theory. In essence, this is just a statement to
the effect that if we have a spacetime (M, gq;) and a diffeomorphism ¢ : M — M, then the sets
(M, gap) and (M, ¢..gap) Will represent the same physics, see [89]. This is just a rather complicated
way of stating that General Relativity is coordinate invariant' and that diffeomorphisms are the
gauge symmetry in general relativity.

This, however, can be a double edged sword as we now have to deal with the gauge freedom
inherent to General Relativity. This gauge freedom arises in two principal forms: the choice of the
coordinates and the freedom to choose a frame basis in the tangent space at each point, we will
discuss these points in more detail in due course. First, we outline the problem gauge freedom
introduces. Consider the metric tensor which, by definition, is symmetric and hence only has 10
independent components. The vacuum EFEs G,;, = 0 provides us with 10 independent equations.
At first glance this looks nice, but the Bianchi identity V’G,, = 0 reduces the number of inde-
pendent components by a factor of 4. So in reality we only have 6 independent components, i.e.
the metric can be determined up to four arbitrary functions, reflecting the freedom in the choice
of coordinate system. In general there will be no natural way to separate the six independent
components of g, in a clear way. In reality, we often impose additional symmetries or restrictions
that allows us to achieve such a separation. The 6 degrees of freedom lead to four distinct gravit-
ational phenomena that may be classified as follows: two scalars ¥ and ® (2 d.o.f), a vector &% (2
d.o.f.) and a tensor £ (2 d.o.f). These are the true spacetime perturbations as they may not be
removed by any change of coordinates.

In many astrophysical and cosmological situations of interest we are not interested in de-
scribing an exact spacetime but rather the local features of the model that may be described by
introducing small, linear perturbations around the background spacetime. As an example, this

1A diffeomorphism can just be viewed as an active coordinate transformation.
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is the approach taken when describing the anisotropies of the cosmic microwave background
[93; 199; 340; 200; 320; 153] where we introduce linear perturbations around an FLRW space-
time and solve the linearised system of equations. In the next few sections we introduce a number
of different ways of tackling perturbation theory in General Relativity, each of which has distinct
advantages and disadvantages. The point of view taken in this thesis is that by studying the per-
turbations to a given spacetime in a number of different approaches, we can start to build up a
geometrically and physically meaningful picture that may be related to astrophysical and cosmo-
logical observations. Different approaches to a problem often allow us to tackle different aspects
of the problem that we are considering.

In Section 7.2 we discuss the notion of gauge invariance and two primary approaches to tack-
ling gauge invariant perturbation theory: the metric approach and the covariant approach. In
Section 7.4 we present a detailed and self-contained discussion of the 143 [166; 566] covariant
and gauge-invariant approach to cosmological perturbation theory. In Section 7.5 we discuss the
1+1+2 formalism [104; 105], a natural extension to the 1+3 formalism adapted to spacetimes
with some preferred direction of symmetry. This section also introduces some corrections to the
system of equations presented in [105] that become important for a subset of the locally rota-
tionally symmetric (LRS) spacetimes that are vorticity free, the LRS-II spacetimes. In Section 7.6
we introduce an alternative approach based on a covariant 2+2 decomposition of spacetime into
spherically symmetric shells and a Lorentzian manifold M encapsulating the two dynamical co-
ordinates of interest (¢,r). The 14+1+2 formalism and the 2+2 formalism will be used in the next
two Chapters and lay the foundations for the results presented in this thesis.

7.2 Gauge-Invariant Perturbation Theory

In the following discussion of gauge-invariant perturbation theory, we adopt the framework of
[534; 165; 535; 536; 77]. A fundamental problem in General Relativistic perturbation theory is
in how we treat perturbations to spacetime itself. Such perturbations give rise to the so-called
gauge problem, reflecting the fact that in perturbation theory we are dealing with two spacetime
manifolds. The first manifold is the fictional background spacetime (M, g,;). The second set of
manifolds corresponds to a one-parameter family of physical manifolds M. that define smooth
deformations from the unperturbed background M. Now we must specify a point identification
map ® : M — M, that identifies points in the background spacetime M to points in the perturbed
spacetime M., such that G,;, — gab = Gab + dgap. SO a gauge is simply the one-to-one correspond-
ence M — M,.. When we introduce a coordinate system in M the gauge carries it to M.. A
change in the way we map M — M. but keeping the background coordinates fixed is known
as a gauge transformation. This induces a coordinate transformation in the physical perturbed
spacetime but also changes the event in M, that is associated to a particular event in M.

This is important as, in our framework, gauge transformations are different from a coordinate
transformation, which simply relabels all the events in our spacetime. Consequentially, although
we are free to smoothly perturb away from the background spacetime it is by no means a unique
process. It will always be possible to choose some alternative background spacetime yielding
different values for the perturbed quantity. Intuitively, this tells us that a physical perturbation has
been entangled with a spurious artefact generated by the gauge-transformation. This is bad as we
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only wish to deal with physically meaningful quantities.

The perturbation of some tensor quantity is the difference between its value at some event
in the physical spacetime and its value at the corresponding event in the background spacetime.
Following [534; 535; 536] we embed M, as a hypersurface in a 5D manifold A by introducing the
vector field X4 that will be everywhere transverse to M.. The points that lie on the integral curve
~ of X are then regarded as the same point and are parametrised by ¢ dz# /de = X 4. Introducing
a geometrical field Q. defined on M., the perturbation can be defined via a Taylor series along
the curve ~

6Q =Q— Q= eLxQ. + O(). (7.1)

Here, Q. is the image in M of the perturbed quantity. Frustratingly, quantities that may behave
like scalars under general coordinate transformations will not remain invariant under gauge trans-
formations. The perturbation §@ will be completely dependent upon our choice of X and hence
our choice of gauge. For example, we may opt to fix the gauge by setting surfaces of constant Q
equal to surfaces of constant ), i.e. §Q = 0 [165]. The linear perturbation of () is therefore
defined by

5@ = 6EXQ& (7.2)

Computing the difference between two choices of gauge X and Y we find that linear perturbation
transforms as

A5Q = EZX_yQG. (73)
Hence, setting £ = ¢(X — Y') we see that
ASQ = L:Q. (7.4)

and that 6Q will be gauge-invariant AéQ = 0 iff £;Q. = 0. This holds iff
e Q. =0.
e (). is a constant scalar.
e (). is a linear combination of products of delta functions.

This result is also known as the Stewart-Walker lemma [534] and introduces a well defined set
of criteria for gauge-invariant variables. The most useful for us is the first: quantities that vanish
in the background spacetime will have well defined perturbations and are natural candidates for
gauge-invariant perturbation theory.

7.2.1 Metric Perturbation Theory

One of the most common approaches to describing spacetime is via the metric g,;(z*), as described
in a particular set of local coordinates with the differential properties given by the Christoffel sym-
bols [166]. This is simply called the metric approach to General Relativity. Metric based perturb-
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ation theory is one of the oldest and most widely used formalisms in the study of perturbations
in General Relativity. The approach starts with a metric given in some suitable, often adapted,
coordinates and defines perturbations away from this metric. In cosmology, the most widely used
application is to study perturbations to the FLRW spacetime. The approach was first introduced
to General Relativity in [321] with gauge-invariant completions arising later on [201; 202; 35].
The modern approach is of a more geometric nature and many good reviews exist in the literat-
ure [346; 347; 400; 101]. We do not discuss metric based perturbation theory in any significant
detail here but simply outline some key details about the approach and how it contrasts with the
covariant and gauge invariant approaches. Some of the concepts discussed here will be seen in
more detail in our treatment of perturbations in the 242 formalism.

The schematic approach to perturbations in this formalism is to introduce linear perturbations
to the metric by performing an expansion around the background spacetime

Gab = gab + 6(1)gab + 5(2)90,17 + ... ) (75)

where §(") g,;, represents the n-th order perturbations. At linear order we construct the linearised
curvature tensors and Christoffel symbols and proceed to solve the linearised EFEs. The philosoph-
ical point of view in the metric approach is that g,, defines the real, physical spacetime S and gy,
corresponds to some fictitious background S, with the linear order perturbations being denoted
by 6 g,,. This approach is known as a bottom-top formalism as we tackle the real spacetime by
starting from the fictitious background metric.

The metric approach, being built on a specific choice of coordinates, is plagued by gauge issues.
The simplest approach, at linear order, is to systematically find cunning combinations of variables
that happen to be gauge invariant under the transformation induced by an infinitesimal change of
coordinates [201; 202; 35]. This is due to the fact that the perturbations are dependent on how
the map ® : M — M from S to S is chosen. For instance, if we consider a background Universe S
and we introduce linear perturbations to generate a lumpy Universe S, then the perturbations to
each quantity at a given spacetime point can be calculated as the difference between the quantities
evaluated in S and S. As an example, the energy density becomes

dp = p— fi. (7.6)

However, this approach obscures the reality of the situation as it implies that there exists some-
thing special about the way in which the background is related to the bumpy Universe [165]. This
is not the case and the inverse procedure is not unique. Given S can we uniquely reconstruct S?
Without imposing additional restrictions, no. After all, there are infinitely many ways in which
we can perturb a family of background spacetimes S to recover S. This gives us freedom in the
choice of both S and ® called the gauge freedom. Similarly, changes to this mapping are known as
gauge transformations. The result is that the metric approach is non-local, coordinate-dependent
but gauge-invariant.
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7.2.2 Covariant Perturbation Theory

The gauge-invariant and covariant (GIC) approach of [165; 76; 166; 566] and others holds three
distinct advantages over the more standard metric based approaches

1. It allows us to provide a unified treatment of both the exact and linearised theory.
2. The same GI variables are used in perturbing different cosmological models.

3. Gauge invariance of variables is naturally defined due to the Stewart-Walker lemma [534].
If a variable vanishes in the background spacetime it will be gauge-invariant, even under
large gauge-transformations.

The first point is principally due to the nature of the GIC approach as a top-bottom approach.
This means that we start with the full system of equations that govern the real spacetime and
linearise about a suitable background spacetime. In this approach we avoid explicit reference to
the background and only use it to determine which of our covariant variables are non-zero in
the background and hence zeroth order. The linearisation procedure therefore splits the variables
into background (zeroth order) plus perturbations (first order). Extending this principle, it is
possible to go beyond first order in perturbation theory in a relatively transparent way, though
the definition of gauge-invariant variables necessarily becomes more involved. The second point
is just another statement with regards to this linearisation procedure. Given the full system of
equations, in terms of geometrically well defined variables, then the linearisation procedure is
defined with respect to a chosen background spacetime. This means that the geometrical objects
will be defined in exactly the same way for perturbations around and FLRW spacetime as they
would for a Bianchi spacetime, for example. The final point is a statement regarding the fact that
all first order objects are naturally gauge-invariant due to [534]. All variables in the 143 and
14142 formalism are geometrically meaningful, by construction, and physically meaningful, due
to the natural definition of gauge-invariance in this formalism.

7.3 Locally Rotationally Symmetric Spacetimes

7.3.1 Killing Vector Fields and Isometry Groups

In this section we aim to briefly summarise some of the main key results regarding the symmetry
classification of spacetimes and the connection to killing vectors and isometry groups. These ideas
will be central to our definition of locally rotationally symmetric (LRS) spacetimes. The concepts
in this section closely reflect the discussions in [244; 581; 572; 166; 566; 172].

An isometry of a spacetime (M, g) is simply a mapping of the manifold M into itself that
leaves the metric tensor g invariant. This operation is encapsulated by the Lie derivative with
respect to a vector field &, see Appendix E.1.2. The vector field is said to be a generator of a
one parameter group of transformations and, likewise, a one parameter group of transformations
generates a vector field. The integral curves of the vector field £ are known as the orbits of the
group. Invariance of the metric under this operation simply amounts to the requirement that the
Lie derivative of the metric with respect to the vector field vanishes, the transformation is then
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said to be an isometry
LeGap = 0. (7.7)
This definition is equivalent to the Killing equation
Vi€a + Va&p =0, (7.8)

hence a vector field generating some isometry is also a Killing vector field (KVF), i.e. an isometry
of a spacetime is intrinsically linked to the underlying symmetries of the spacetime. We can extend
this notion further by nothing that KVFs obey a number of useful relationships, namely

e A linear combination of KVFs will also be a KVF.
e The commutation [£1, 2] of any two KVFs, &; and &, will also be a KVF.
e A manifold will admit, at most, a finite number of linearly independent KVFs.

These relations individually are rather unremarkable. However, these relations taken together
form what is known as an r-dimensional Lie algebra such that the basis of the algebra is given by
&o for = 1,2,... 7. This is a standard result in group theory, e.g. [493; 315]. The commutation
relations, or Lie bracket, of the elements of the Lie algebra [{,,{s] are defined by the structure
constants C*_ ; associated to the Lie algebra,

[€as €8] = C* g€ (7.9)

The structure constants are therefore central in determining the group structure of the Lie group.
Another standard results that the set of all isometries of a spacetime (M, g) form a Lie group G,
of dimension r, known as the isometry group of the spacetime. The one-dimensional subgroups of
G, define families of curves whose tangent field is associated to a KVF. The Lie group G, therefore
generates the Lie algebra of KVFs or, alternatively, the KVF each define a one-parameter group
of isometries and therefore the Lie algebra generate the Lie group. Either way, the concepts of
a Lie group, isometries and a KVF are all deeply interconnected. The action of the group on the
manifold M is specified by the orbits of the points in the manifold.

The orbit O, of the group G, through a fixed point p € M is the set of all points to which
elements of G map p. This forms a submanifold of M. The KVFs at the point p are defined to
be tangential to the orbit of p. If the dimension of an orbit is equivalent to the dimension of
the group, then the group is said to act simply transitively on the orbit, otherwise the group acts
multiply transitively. In the multiply transitive case, the dimension of the orbit s is less than the
group dimension r. In the multiply transitive case, the KVFs at a point p are linearly dependent
allowing us to form a subspace of the Lie algebra of dimension d = r — s consisting of KVFs that
vanish at p. The KVFs on this subspace generate a subgroup of isometries that leave p invariant,
called the isotropy subgroup H(p) of p. This subgroup generates a group of linear transformations
in the tangent space at the point p. As an example, a one-dimensional isotropy group that leaves
the timelike vector fixed corresponds to a rotational symmetry at the point p. For an n-dimensional
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space both the isometry group G, and the isotropy subgroup are bounded as follows

r<-n(n+1) (7.10)

d<-n(n-1). (7.11)

N = N

7.3.2 C(lassification of Spacetimes

Now that we have introduced KVFs, isometry groups, orbits and the Lie group G,., we can proceed
to classify a cosmological spacetime (M, g, u), where u denotes a preferred timelike vector field,
s the dimension of the orbits and d the dimension of the isotropy subgroup 2. As such, d will
determine the isotropy of the spacetime and s the homogeneity. The dimension s is sometimes
referred to as the dimension of the orbits of the maximal group of motions, e.g. [172].

A spacetime is spatially homogeneous is there are spatial hypersurfaces {¢ = const} for which
any point can be moved to any other point by an isometry. This is possible if and only if there are
at least three independent KVFs at all points on these hypersurfaces. Similarly, a spacetime is said
to be spherically symmetric if we can foliate the spacetime by spacelike 2-spheres S? everywhere
in which the rotation group O(3) acts as an isometry group.

7.3.2.1 Isotropy

In a cosmological spacetime, the isotropy group acts on a three-dimensional tangent space ortho-
gonal to u that leaves u invariant. This means that the isotropy group can have dimension d of at
most 3. It is not possible for the isotropy subgroup to have a dimension of d = 2 as there do not
exist any subgroups of dimension 2 of the full 3-dimensional rotation group.

For the isotropy subgroup we have four principle possibilities:

e Isotropic and Constant Curvature K (d = 6). These spacetimes have isotropic spatial
sections with constant Gaussian curvature K. A good example of such a spacetime is the de
Sitter spacetime, though it can be argued that this is not a cosmologically relevant spacetime
as other matter fields will always be present.

e Isotropic (d = 3). The isometry group will have a dimension of at least » = 6, corresponding
the spacetime homogeneous (s = 4) and spatially homogeneous (s = 3) models. This group
is the case for the FLRW models for which all spatial directions are equivalent, the Weyl
tensor vanishes and all kinematical quantities, except for ©, vanish.

e Local Rotational Symmetry (LRS) (d = 1). In these models, there exists one preferred
spatial direction n for which all kinematical and observable quantities are rotationally sym-
metric about. The Weyl tensor is of Type-D . These LRS models can be split into three
classes, I-III [161]. In an LRS-I spacetime, u is rotating and the metric admits a G4 group
on the timelike hyperplanes. In an LRS-II spacetime, the planes defined by u and n are in-
tegrable, vorticity free, and there is a G3 group acting on the 2-surfaces orthogonal to these

2Note that we have adopted the notation of [581]. Other conventions, e.g. [172], adopt d as the dimension of the
orbits and s as the dimension of the isotropy subgroup.

3In the Petrov classification, a Type-D spacetime possesses two double principal null directions, defining radially ingoing
and outgoing null congruences. In the Newman-Penrose formalism we demand that g = &1 = U3 = ¥y = 0.
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planes. Finally, in an LRS-III spacetime, the planes are non-integrable and the spacetimes
are spatially homogeneous. A spacetime is therefore said to be locally rotationally symmetric
if there exists a continuous isotropy group at each point and is hence characterised by the
existence of a multi-transitive isometry group acting on the spacetime manifold.

e No Isotropy (d = 0). In these models, all spacetime directions are inequivalent, though
discrete isotropies may be permitted.

7.3.2.2 Homogeneity

e Spacetime Homogeneous (s = 4). These models are unchanging in both time and space.
These models do not constitute useful, realistic cosmological models. In the isotropic case,
d =3 = r = 7, we have the Einstein static Universe. This is corresponds to a non-expanding
FLRW spacetime and was the first relativistic cosmological model. For the LRS case, d =1 =
r = 5, we have the Godel spacetime [205], a stationary rotating model. Finally, we can have
anisotropic models, d = 0 = r = 4, which have been completely characterised [419; 420].

e Spatially Homogeneous (s = 3). These models are homogeneous on 3-dimensional orbits.
The case of prime interest in cosmology is for spacelike orbits, hence spatially homogeneous.
The field equations reduce to a system of ordinary differential equations. As before, we can
subdivide this group based on various isotropy subcases. For d = 3, we have the family of
FLRW spacetimes. For d = 1 we have spatially homogeneous LRS spacetimes and Kantowski-
Sachs models. For d = 0 we obtain the anisotropic Bianchi models, which posses a transitive
group (3 of isometries acting on the spacelike hypersurfaces. These are subdivided into nine
types (Bianchi I to IX) and two classes: tilted or orthogonal.

e Spatially Inhomogeneous s < 2. For s = 2 we have a spacetime that is homogeneous on
2-dimensional orbits. As before, the case of interest is for 2-dimensional spacelike orbits.
These models will be time-dependent and can be characterised as spatially inhomogeneous
with one spatial degree of freedom, e.g. a radial profile. The field equations reduce to a
system of partial differential equations in terms of two dynamical coordinates: time and
the one spatial degree of freedom. The isotropy subcases are d = 1, the inhomogeneous
LRS models, and d = 0, such as the Abelian G spacetime. The inhomogeneous LRS cases
(d=1— s =2,r = 3) have a metric of the form

ds® = —C2(t,r)dt* + A%(t,r)dr? + B2(t,r)dQ>. (7.12)

The LTB spacetime is an important subgroup of this class of spacetimes and will be extens-
ively discussed in Chapter 9. Few models with s < 1 are known and even fewer have been
seriously used as cosmological models. Finally, we note the existence of solutions with no
symmetries (r = 0 = s = 0,d = 0). The real Universe is an example of this class of model.
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7.4 1+3 Formalism

7.4.0.3 Introduction

The covariant approaches to General Relativity and cosmology were originally introduced in pi-
oneering work by Heckmann, Schiicking and Raychaudhuri in the 1950s [246; 453] and has
undergone many developments by many authors [159; 160; 307; 565; 161; 242; 533; 162; 243;
163; 120; 121; 244]. More recent reviews may be found in [166; 566; 172]. In this section we
outline the basic features of the 1+3 covariant formalism and discuss key results. These equations
will form the basis for all of the work we do in the 1+1+2 formalism and many of the concepts
will carry through. This section is designed to be relatively self contained and should serve as a
useful reference for the work throughout the next two Chapters.

7.4.0.4 Locally Splitting Spacetime

Consider a spacetime (M, g) and introduce a preferred timelike congruence* generated by a set
of observers with 4-velocity
dx®

u® = , uu® = —1, (7.13)
dr

such that 7 is the proper time measured by the observers. Given u* at each point p, the tangent
spaces to spacetime are split in the form R ® H in which we identify a subspace H,, of the tangent
space T, at p which is orthogonal to u®. The collection of these subspaces is called a smooth
specification. In more physical terms, the velocity field introduces a local threading of spacetime
into time and space. The existence of a preferred timelike congruence implies the existence of a
preferred rest frame that defines the surfaces of simultaneity for the observers. Given u®, we can
define two unique projection tensors that decompose tensors into parts orthogonal to the timelike
congruence and parts parallel to the timelike congruence. The orthogonal projection tensor is
defined by

hap = Gab + UaUp (7.14)

and corresponds to the induced effective metric tensor of the 3-surfaces orthogonal to u® in the
vorticity-free case. This will project tensor objects into the instantaneous rest space of the congru-
ence. The projection tensor h,; has the following properties:

he, A, = h® (7.15)
he, =3 (7.16)
heu = 0. (7.17)

4A congruence is just a set of curves in some open region of spacetime such that every point in the region lies precisely
on one curve. If the geodesics cross, the congruence comes to an end at that point.
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1+3 Spitting of Spacetime

u(L

hay = Gab + UaUp

Figure 7.1: Here we show the schematic decomposition of spacetime into a preferred timelike congruence
and the concomitant orthogonal surfaces. In the vorticity free case these are just spatial 3-surfaces and u® is
genuinely hypersurface orthogonal.

Secondly, we define the parallel projection tensor that projects tensors parallel to the timelike
congruence:

U% = —uup. (7.18)

This parallel projection tensor obeys the following relationships:

Uac Ucb - Uab (719)
Ue, =1 (7.20)
Uab ’U,b = Ug- (721)

The tensors Uy, and h,; allow us to project any tensor object into parts parallel and orthogonal to
u®. A fundamental example is of the metric tensor itself

Gab = hap + Uap, (7.22)

where g o = hapy and g 45 = Uap. The interval in an arbitrary spacetime can therefore be decom-

posed as follows

ds® = g, dat da¥ = — (u,, det)? + hy, (dat dz”). (7.23)

7.4.0.5 Volume Element
In the instantaneous rest spaces, there exists a naturally defined volume element:
€abc = ud Ndabe, (724)

where 7,4 is the standard 4-dimensional volume element:

No123 = /|detgqs| (7.25)

Nabed = M[abed] - (7.26)
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The volume element of the spacetime may be re-written in terms of the volume element of the

3-surfaces
Tabed = 26ab[cud] - 2u[a6b]cd (727)

and the volume element of the 3-surfaces obeys the following identities:

€ egop = 3LH"  hP  hY (7.28)
€ coop = 2001 1", (7.29)
€ ey = 210 (7.30)
€ eqpe = 3. (7.31)

7.4.0.6 Derivatives

Having defined the fundamental observer and the corresponding instantaneous rest space, we are
now in a position to define two preferred derivatives. The first derivative is a time derivative
constructed by taking a convective derivative of a tensor along the worldline of the observer:

U v U (7.32)

The second derivative corresponds to a a totally projected derivative in the rest space of the ob-
server:

a...b a b r
DT, g =hoy b P R BT VT (7.33)

q

Using these definitions, we can calculate the derivatives of the orthogonal projection tensor and

volume element of 3-surfaces:

Dohpe =0 (7.34)
Dyépea =0 (7.35)
hab = 2u(qtin) (7.36)
€abe = 3 €qfaplic) U (7.37)

7.4.0.7 Decomposition of Tensors

We denote the orthogonal projections of vectors and the orthogonally projected symmetric trace-
free (PSTF) part of tensors with angle brackets:

v{® = o0t (7.38)

. 1 ‘
T(ab) _ h( hb)d _ *habhcd T‘fd. (739)
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Angle brackets also denote the orthogonal projections of the convective time-derivatives along u®

(Fermi Derivatives):

ol = pe, b (7.40)

. " 1 .
7let) — |l B h™hea| T, (7.41)
Any rank-2 tensor has an irreducible covariant decomposition
1
Sab = 3 S hap + Sjap) + Sab) - (7.42)

where S = S.4h°?. The antisymmetric part may be written in terms of a spatial dual vector,

5% = Leaes,,.

7.4.1 Kinematical Variables

The motion of our set of observers can be covariantly characterised by the irreducible kinematical
quantities of the timelike congruence. These variables can be defined by splitting the covariant
derivative of u® into its irreducible parts:

Vaup = —ugtp + Doug (7.43)
= —ug Uy + %hub@ + Oap + Wab- (7.44)
The fundamental kinematical quantities are:
e Expansion
O = V.u® = D,u’, (7.45)

which is defined to be the 3-divergence of the timelike congruence. Physically, the expansion
is the volume rate of expansion of the fluid elements. A characteristic length scale can be
defined by the volume change of the fluid.

e Acceleration
W% = ulVyul, (7.46)

which describes the motion of the congruence under forces other than gravity. This means
that for a freely falling, geodesic observer the acceleration of the congruence will vanish.

e Shear
Oab = D<aub>, (7.47)

defines a form of anisotropic expansion of the congruence. For pure shear of the spacetime,
we have a distortion without rotation or change of volume. For instance, if there is expansion




225 Chapter 7. Relativistic Cosmology

in a given direction then there must be a contraction in at least one other orthonormal
direction.

e Vorticity
Wab = D[aub], (7.48)

is the rate of rotation of the timelike congruence. In the case of pure vorticity, the timelike
congruence will only have rotation and no distortion or change of volume.

7.4.2 Matter Fields

In this thesis we are primarily concerned with an energy-momentum tensor that is sourced by an
imperfect fluid. Other typical energy-momentum sources include multi-component fluids, gas of
particles, electromagnetic fields, gauge-fields (e.g. scalar fields, Yang-Mills fields, (non-)abelian
vector fields, spinning particles and so on. The energy-momentum tensor of a general imperfect
fluid can be decomposed into its irreducible parts with respect to the fundamental observers as
follows:

Tap = pugup + phap + 2Q(aub) + Tab. (7.49)

Each of these components has a well defined physical interpretation:

Relativistic energy density

=Ty utul. (7.50)

e Isotropic pressure
1 ab

P = g abh . (751)
e Relativistic momentum density

Ga = T(a)bub~ (7.52)
e Anisotropic pressure

Tab = Tap)- (7.53)

The relativistic momentum density can be interpreted as the heat flow (or energy flux) relative
to the timelike congruence, g,u® = 0. The anisotropic pressure is both trace-free, 7%, = 0, and
orthogonal to the timelike congruence, m,,u’ = 0. The trace of the energy-momentum tensor is
given by

T=T=3p—p. (7.54)




7.4. 1+3 Formalism 226

In order to model a physical imperfect fluid, we have to define an equation of state that determ-
ines the type of matter that we are considering. The equation of state is p = p(u,s), where s
is the entropy density. One of the most common choices of matter is that of pressureless dust
(Cold Dark Matter, CDM) for which p = 0, this will be important for the Lemaéitre-Tolman-Bondi
spacetimes. Alternatively, we may choose to study the EFEs without reference to a specific energy-
momentum source. In this situation it is often very useful to impose an energy condition to limit
the arbitrariness of the energy-momentum tensor for a wide range of sources. The energy condi-
tions represent covariant restrictions on the energy-momentum tensor [89] that can typically be
expressed in terms of scalars constructed from the projection of T,, with respect to timelike ¢,
spacelike s or null [* vectors. Some of the most common energy conditions are as follows:

e Weak Energy Condition (Type I)

Taptt® =0  Vt° = p>0 p+p>0. (7.55)

e Null Energy Condition
Tl =0  WI° = pu+p>0. (7.56)

The energy density can now be negative so long as there is a compensatory positive pressure.

e Dominant Energy Condition
T > T > p. (7.57)

The dominant energy condition is simply the weak energy condition plus the statement
that the pressure should not exceed the energy density. This condition holds for all known
forms of matter, though inflationary cosmology requires that the strong energy condition be
violated in the standard field theoretic models.

e Null Dominant Energy Condition
Tpll® >0  TuTh1%° <0 = 7% > |7, (7.58)
where 1 = —p is now allowed. The NDEC excludes all sources excluded by the DEC but
allows for negative vacuum energy [89].

e Strong Energy Condition

1
(Tal7 — 2Tgab> t9? >0 = w+3p >0 uw+p>0. (7.59)
It is the SEC that implies that gravitation is an attractive force, e.g. any non-zero energy-
momentum content induces a negative expansion of the timelike congruences. This is just
Raychaudhuri’s equation.

Most classical states of matter obey the DEC which means that they also obey the less restrictive
WEC, NED and NDEC. The SEC can be violated by certain forms of matter, notably a massive scalar
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field. This violation of the SEC is exactly what we see and demand in inflationary cosmology, where
a scalar field exists in some initially excited state such that its potential energy dominates over its
kinetic energy.

7.4.3 The Gravitational Field

The curvature of spacetime is encoded in the Riemann curvature tensor R, ? and can be related
to the commutation of derivatives acting on a vector field V¢:

2v[avb]‘/:: = Rabcdvd~ (7.60)

This is known as the Ricci identity and describes the breakdown of commutativity of derivatives
when parallel transporting a vector on a generic manifold. When parallel transported in a small
closed curve, a vector will fail to return to it’s initial value in a general curved spacetime. The
Riemann tensor has the following important symmetries

Rapeqd = R[ab] [ed] = Reqab (761)
Ry = 0. (7.62)

The Riemann tensor also obeys the following differential identity known as the Bianchi identity
V[aRbC]de =0. (7.63)

The Ricci tensor is defined by a contraction Ry, = R, and the Ricci scalar is defined by a further
contraction R = R%,. When twice contracted, the Bianchi identity implies V*G,;, = 0 such that
VT =0,

VoR% + VR — VyR = 0 — VG = 0. (7.64)

In General Relativity, the Ricci tensor describes the local gravitational field at each point arising
due to the local matter content. The gravitational field also has a non-local contribution that is
mediated by tidal forces and gravitational waves. This non-local long-range field is encoded in
the Weyl tensor Cpcq. The decomposition of the Riemann tensor into local and non-local terms is
given as follows:

1 1
Rabcd = Cabcd + 5 (gac Rbd + 9bd Rac — Gbe Rad - gadec) - ER (gac 9bd — YGad gbc) . (765)

Given a timelike congruence u*, we can decompose the Weyl tensor into its irreducible parts. This
simplifies somewhat as the Weyl tensor is trace-free, C°, , = 0. The two dynamical components
of the Weyl tensor are called the Electric and magnetic Weyl curvature components:

Eup = Cocpa u’ u® (7.66)

1
Hab = §6acd00dbe ue. (7.67)
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We can now re-write the Weyl tensor in terms of these two dynamical objects:
C’ade =4 (u[a ule + h[a[c> Eb]d] + 2eapeul HAE + 2u[aHb]ee‘:de. (7.68)

The electric and magnetic parts of the Weyl tensor encapsulate the free gravitational field that
permits the existence of tidal forces and gravitational waves as well as influencing the motion of
matter, as can be seen in the geodesic equation for timelike and null vectors [336; 337; 339; 166;
566]. These tensors are spatial, symmetric and trace-free.

With the above decomposition of the Weyl tensor in place, we now need two more variables in
1+3 notation before we can perform a 143 decomposition of the full Riemann tensor. The first
of these is the Ricci scalar, the twice contracted Riemann tensor. This can be expressed in a 1+3
form by taking the trace of the EFEs assuming an imperfect fluid source as our energy-momentum
tensor. The Ricci scalar reduces to an expression in terms of the matter variables and cosmological
constant

R=p—3p+4A. (7.69)
Now we substitute the Ricci scalar into the EFEs to isolate the Ricci tensor:

1 1
Ray = 5 (1 +3p — 2A) wgup + 3 (1t —p + 2A) hap + 2u(oqp) + Tap- (7.70)

All that is left to do is to substitute these expressions, and those for the Weyl tensor, into the
decomposition of the Riemann tensor. Consequentially we see that the curvature tensor can be
written in terms of a perfect fluid contribution, an imperfect fluid contribution and contributions

form the Electric and Magnetic Weyl sectors:

Rabcd = Rt}lDb cd + R?bcd + RaEb cd + RaHb cd (771)
a 2 a b 2 a b

R g = 3 (n+3p—20) ul i by + 5 (u+ M) hC 1y, (7.72)

R$ = -2 ule Bt (e 9d) — 2uy h[ad] ¢ —2ule Ufe ’/Tb]d] + 2 h[a[C ﬂb]d], (7.73)
W oq = Aulu B +anl B, (7.74)

RY 4 =2€" uy Hypo + 2 €cqe ul® HY®. (7.75)

7.4.4 Evolution and Constraint Equations

The fundamental equations describing spacetime in the 143 formalism can be derived using the
Einstein Field Equations and their associated integrability conditions. As we have previously seen
the fundamental gravitational variables that covariantly characterise our spacetime in the 1+3

formalism are given by:

Xgrav = {@7ua7aab7wab7Eab)Hab} (7~76)
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and the fundamental matter variables are given by:

Xmatter = {/’L;p7A’q(L77T(Lb} . (7'77)

Together these 11 variables provide a complete covariant description for spacetimes sourced by
an imperfect fluid. Naturally, for additional energy-momentum sources we need to introduce
additional variables. Such examples include scalar fields, electromagnetism, gauge-fields, etc.

The first set of equations arise from the Ricci identities. In this instance we take our funda-
mental observers as the vector field and separate the identity into a part parallel to the time-
like congruence and an orthogonally projected part decomposed into the trace, skew symmetric
and symmetric trace-free terms. The equations separate into propagation equations (involving
convective time derivatives) and constraint equations (involves purely spatial derivatives). The
propagation equations are:

e Raychaudhuri Equation

. 1 1
O = D,u® — 562 + (1a0%) — 202 + 2w? — 5 (1 + 3p) + A, (7.78)

this equation encapsulates the attractive nature of the gravitational field. Terms arising from
energy-momentum sources give rise to a negative expansion of our timelike congruence
corresponding to gravitational collapse.

e Vorticity Equation
- (a) 1 abc . 2 a b _a
w\Y = 577 Dyit, — g@w +w’o%, (7.79)
describing the evolution of vorticity.
e Shear Equation
2 a 1
d(ab) _ D{aub> o 590_0,6 + u(aab) _ 0_< b0b>c _ w(awb> _ Eab + 77T_ab7 (780)

2

where we notice how the tidal gravitational field, given by the Electric Weyl tensor E,;, acts
as a source for shear and will be fed into the Raychaudhuri equation and vorticity evolution
equations. Non-zero tidal gravitational fields therefore change the nature of the timelike
congruence.

The constraint equations are given by:
e (0a)-equation
2 .
(C1)* = Dypo®® — sD0+ 7 [Dyw, + 2ipwe] + ¢ = 0. (7.81)

Alternatively, this constraint shows how spatial inhomogeneity present in the shear and
expansion gives rise to a momentum flux which is otherwise not present for a perfect fluid.
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e Vorticity Divergence
(C2) = Dyw® — tqw® =0 (7.82)

e Magnetic Weyl Equation

this constraint allows us to reconstruct the magnetic Weyl tensor from the distortions of the
vorticity and shear of the timelike congruence.

The second set of equations arise from the twice-contracted Bianchi identities which give rise to
a set of conservation equations. Following a similar procedure to that above, we project parallel
(energy equation) and orthogonally (momentum flux equation) to the timelike congruence and
end up with the following:

e Energy Conservation Equation
[ =—Dga® — O (1 + p) — 204q" — o4y (7.84)
e Momentum Flux Conservation Equation
¢\ = —D"p — Dyr™ — §®q“ —¢P0®, — (u+p) u® — i — " wyge (7.85)

The final set of equations are derived from the once-contracted Bianchi identities:

v[aRbc]de =0, (7.86)

were we to contract the equations again we would simply recover the twice-contracted Bianchi
identities considered above. The once-contracted identities Bianchi identities give rise to two
propagation and two constraint equations. This can be seen by decomposing the Riemann tensor
into the Ricci tensor and Weyl Curvature tensor above. The propagation equations are:

e Electric Weyl Equation

: 1 1 1 1
E@) — (curl H)* = —§D<“qb> — 57‘7<ab> — 5 (n+p) o —© (E“” - 67rab) + (7.87)

a 1 . . 1
300 (Ewc _ 67Tb>c> _ glagh) 4 pedle {2U0Hdb> +w, <Edb) n 27Tdb)>}
e Magnetic Weyl Equation

H 4 (curl B)™ = +1(curlm)® — @ H™ + 35! HY¢ + 3 wl@ g (7.88)

— pelle [211(;Edb> — 10" qp—w. H |
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These two coupled equations are of particular importance and interest as they demonstrate how
gravitational radiation manifests itself. It is possible to take a time derivative of the E equation
and eliminate the remaining H terms to give a wave equation for E. Likewise we can derive a
wave equation for H.

The constraint equations obtained from the Bianchi identities are:

e Electric Weyl Constraint

(Cy)* = @b(Eab-l-%Wab)_%@aM-i-%@qa_%Uabqb_?’wbHab
. 77abc [ Tbd Hcd _ %Wb qc] =0, (7.89)

e Magnetic Weyl Constraint

0=(C5)* = VuH® + (u+p)w” + 3wy (B — L 1)
+ 77abc [ %@ch + Opg (Ecd + %ﬂ'cd) ] =0. (7.90)

The above equations bear something of a resemblance to Maxwell’s equations which, in addition
to the parity of the components, alludes to the Electric and Magnetic nomenclature used in the
decomposition of the Weyl tensor.

7.4.5 Geometry of Hypersurfaces

If the fluid flow is irrotational (vorticity free), the tangent planes formed from the rest-spaces of
fundamental observers mesh together to form spacelike hypersurfaces orthogonal to the world-
lines. These spacelike hypersurfaces are the surfaces of simultaneity for all comoving observers.
When the vorticity is non-zero, it is no longer possible to find an integrable submanifold as the
subspace planes are allowed to twist around. More formally, at each point p of the spacetime we
have a subspace H,, of the tangent space T}, at p which is orthogonal to the timelike congruence
uq. The projection operator h,;, is simply the metric in H,. As mentioned in the introduction, the
collection of these subspaces is called a smooth specification. When the vorticity is non-zero we
can calculate the commutation relation for two vectors A* and B* in the smooth specification:

[A, B]* = h% [A, B]" = —2u® wy. A’B°, (7.91)

where the quantity D% . = u®w. is called the defect tensor. This tensor encapsulates the degree
to which the commutation of the two vectors does not lie within our smooth specification. When
the defect tensor is non-zero, Frobenius’ theorem tells us that the smooth specification does not
possess integrable submanifolds. For vanishing vorticity, the defect tensor is zero and the collection
of our surfaces mesh together to form an integrable submanifold. Consequentially, the intrinsic
curvature and metric are induced from the embedding spacetime.

In the dual formulation of Frobenius’ Theorem, a vector field x® will be hypersurface orthogonal
if:
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X[avac] = 0. (792)

Taking the vector field to be our timelike congruence we observe that:

U[avbuc] = u[anuC] = u[awbc] (793)

meaning that for u® to be hypersurface orthogonal we demand that the vorticity vanish. As the
vorticity is involutive, if it vanishes at some initial time then the evolution equation is trivial and
the vorticity will vanish at all times:

w,_,=0 — W =0 = w® , =0Vt (7.94)

7.4.6 u”is Hypersurface Orthogonal

In the case of vanishing vorticity, the 3-spaces form an integrable submanifold ¥ which has an
induced metric given by h,;, and a derivative into the 3-space D,. The intrinsic curvature of the
3-spaces may be calculated using the Ricci identity applied to the spatial derivatives:

2D[an]‘/c =3 R(Lbcdvd7 (795)

for any 3-vector V¢ that lies in the submanifold ¥. The 3-Riemann tensor is related to the

4-dimensional Riemann tensor of our whole spacetime by the Gauss equation:

(3)Rabcd = (Rabcd)l - Kac Kbc + Kbc Kad~ (796)

The extrinsic curvature or second fundamental form, K, is simply related to the covariant deriv-
ative of the timelike congruence:

1
Kaopy = Dauy, = ge)hab + Oab- (797)

The totally projected Riemann tensor can be shown to reduce to:

2 a a a
(Rabed) . = = (u+ A) Al . hb]d] 1o . wb]d] + 44!

0
. E%,. (7.98)

le

Now we want to substitute this expression into the Gauss equation along with our expression for
second fundamental form and contract once to recover the 3-Ricci tensor:
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) 2 2 1 1
(S)Rab = g (H + A) - §@2 hab - gegab + Eab + §7T(Lb + Uacacb- (799)

Contracting this expression again yields the 3-Ricci scalar:

R —2(u+A)— §92+za2. (7.100)

7.4.7 u” is not Hypersurface Orthogonal

In such an instance the 3-spaces orthogonal to the timelike congruence fail to mesh together to
form an integrable submanifold. We can, however, still define a 3-curvature tensor by taking the
Gauss equation but with an extrinsic curvature given by:

1
Ko = gehab‘i’o'ab‘i’wab (7.101)

Consequentially, the 3-Ricci tensor is now defined by:

2 2 1 1
D Rap = |3 (n+ M) = 507 hap = 30 0ap + Bap + 5Tap + ac 0% (7.102)
1 c C C
— §@ Wab + TacW + Wae 0% + Wae W
Lastly, the 3-Ricci scalar is given by:
2
GR=2(u+A)— g@2+2 (0% —w?). (7.103)

7.4.8 Commutation Relations

The commutation relations play a vital role in many different formulations of General Relativity.
In the 1+3 formalism the commutation relations are between spatial and convective derivatives
along the timelike congruence. The commutation relations for scalar, vector and tensor objects can
be derived by starting from the Bianchi identity acting on the relevant object and performing a
143 decomposition of the variables. By performing the appropriate projections on the derivatives
we can derive the concomitant commutation relations. The Bianchi identities used are:

e Scalars
2V VyT =0 (7.104)
e Vectors

2V, VT = Ry, T f* (7.105)
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e Tensors

2V VT = =R, T," — Ry, " T%,. (7.106)

The commutation relations, once decomposed and projected, split into two sets: spatial derivatives
acting on spatial derivatives and spatial derivatives acting on convective derivatives along the
timelike congruence.

For scalars we see the following relations:

DDy = wap T (7.107)

: . : 1
D T —h,’ (DyT) = —T 11, + 30D.T + DT (o, +u’,). (7.108)

For 3-vectors T living in the 3-spaces, meaning that 7, u® = 0, the commutation relations reduce

to:

2D}, Dy T¢ = 2wep T =) R, ©T% (7.109)
: . : 1
Do Vi — hthy (DTy) = —t1q Ty + (3@ h,® + 0, + w;> [T, + De. Ty (7.110)

1 1
— Edbe T° Had - 5 hay qdc T+ 5 T, qv-

Likewise for a 3-tensor living in the 3-spaces, T, u® = 0, the concomitant commutation relations

are:

2Dy Dy T = 2wap b h? (Td) ~®) R el )R dTee (7.111)
) ) 1
DoTye — h,hy' b9 (D, Try) = (3@ h,t+ 0,2+ wad> [ty Tge + tte Tog + Dg The] (7.112)

+ [Paje o) — €cba Hy "] T + [hafe @) — €cca H, Y] T,°

—dahy B (ng) '
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7.5 1+1+2 Formalism

The 1+3 formalism excels in many facets of relativistic cosmology. In particular, it has proven ex-
tremely useful in treating non-linear General Relativistic effects such as gauge-invariant, covariant
perturbation theory or the cosmic microwave background. The strength of the 143 formalism is
that for cosmological spacetimes with 3-surfaces of homogeneity that are also isotropic, formally
spacetimes admitting a 3-dimensional surface of transitivity and 3-dimensional isotropy group, the
only essential coordinate is time. By introducing an appropriately chosen timelike congruence, the
full spacetime can be described in terms of ordinary differential equations involving 1+3 scalar
variables. The assumption of homogeneity implies that spatial derivatives, spatial projections of
vectors and the PSTF parts of tensors must vanish due to the restrictive symmetry. When the
spacetime is inhomogeneous or anisotropic the concomitant 1+3 equations are not ordinary dif-
ferential equations and in many cases they become intractable. Notably, the existence of non-zero
vectors and tensors in the background spacetime and the resulting vector-tensor and tensor-tensor
couplings that render the equations intractable.

The 1+1+2 formalism represents something of a logical extension the 1+3 formalism. In
spacetimes that admit both a preferred timelike and a preferred spacelike congruence we can re-
cover much of the advantages of the 1+3 formalism by introducing an additional frame vector and
performing a further splitting of spacetime. This is particularly suited to the studies of spacetimes
exhibiting a preferred spatial direction such as the class of locally rotationally symmetric (LRS)
spacetimes [161; 533; 162; 572] or the inhomogeneous G5 spacetimes. A 1+142 decomposition
was originally discussed in the context of deriving a general theory for spacelike congruences and
the study of vorticity in relativistic hydrodynamics [223] and has mostly been used in studying
symmetries of the Einstein Field Equations (EFEs) [567; 353; 568]. A systematic derivation of
the 14+1+2 decomposition, based on a 1+3 covariant split of EFEs, was presented in [104] and
further developed in [58; 81; 82; 83; 105; 540]. The 1+1+2 formalism presented in [104] has
since been used to study a number of astrophysically interesting examples. Some recent examples
in the literature include: perturbations of black holes cite Clarkson03, Betschart04,Clarkson07,
almost-Birkhoff theorems [217; 218; 416] and modified gravity [415].

In this section we provide a rather detailed but self-contained introduction to the 1+1+2
formalism. This section contains results beyond that presented in the literature and also corrects
errors and typos throughout the literature. See also [437] for some corrections and additions to
the existing literature.

7.5.1 Splitting Spacetime Again

The aim of this section is to perform a further split of the 1+3 equations using a preferred spacelike
congruence with unit vector n* normalised such that n® n, = 1 and n® u, = 0. The induced metric
of the 2-surfaces, denoted a sheet, following the split is given by (see Fig. 7.2):

Nap = hap — Na My = Gap + Uq Up — Ng My (7.113)

In analogy to the 143 formalism, this tensor projects our tensor objects orthogonally to both
u® and n® onto the sheet. In the same way that the 3-surfaces before carried a natural volume
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element, the sheet will also carry a volume element that is defined by a further projection of the
Levi-Civita object:

€ab = €abe N° = Naape ' n°. (7.114)

There exist a number of important and useful relationships for the 2-volume element that will be
used in the subsequent derivations:

€abc = €bc Mg t+ €cqa Mb + €qb N (7115)

€€l =N,°N,4— N,4N,°. (7.116)

With these projection operators in place, we can systematically decompose scalars, 3-vectors and
3-tensors into 1+1+2 geometrical objects. For scalars, this is trivial and they remain invariant.
Any 3-vector ¢* may be irreducibly split into a scalar ¥, the part of the 3-vector parallel to n®,
and a 2-vector ¥“, which lies in the 2-surface orthogonal to n%;

P =¥n" 4 ¥ (7.117)
T =1pn® W= NPy, =97, (7.118)

where a bar denotes projection with respect to N,;. Using the same reasoning as above, any PSTF
3-tensor 1),, may be decomposed into a scalar, 2-vector and 2-tensor;

1
Yab = Piaby = ¥ (nanb - 2Nab) +2W o ny) + P, (7.119)

where the components are defined as follows

U = nnliyy = —NPYga (7.120)
U = N, "nPp. = ¥, (7.121)

C 1 C
‘I’ab = ’(/}{ab} = (N(a Nb)d — §NabN ‘d) wcd- (7.122)

We have used curly brackets {. ..} to denote the projected, symmetric and trace-free with respect
to n® part of v,,. For a rank-2 tensor, PSTF is equivalent to transverse-traceless [105]. This leads
to some useful results

hiapy =0 (7.123)
2

Niapy = —n(anpy = Nap — ghab~ (7.124)

As we saw in the 143 formalism, the introduction of the preferred timelike congruence led nat-
urally to two new derivative operators. We see that something similar happens in the 1+1+2
formalism in the sense that the introduction of the preferred spacelike congruence leads naturally
to two new derivative operators. The first will be called a hat derivative ) and corresponds to a
convective derivative along spacelike vector n® in the surfaces orthogonal to «®. The second will
be a totally projected spatial derivative §, that lies in the 2-surface. In spherical symmetry this is
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just an angular derivative on the 2-sphere. These two operators are defined as follows [104; 105]

Vo " =n°Deth, o (7.125)
5e¢a,...bcmd = NejNaf e Nnghc . Nid DJ ’l)[}fghl (7126)

It is important to note that the definition we have provided here represents a conceptual diver-
gence from that of the 143 approach. Namely, we have not treated n* on an equal footing as u*
due to the appearance of a D, instead of a V,,. This is important as it means that we have retained
the primary importance of u® from the 1+3 formalism. In cosmological applications, where the
existence of a preferred congruence of observers is perhaps more natural, this will lead to a very
natural splitting of the 1+3 system of equations.

As with the 1+3 formalism, the projection tensor N,; and the Levi-Civita tensor will be affected
by the derivatives in the following way [105]

Nap = 2uat) — 21 (a1 (7.127)
Nap = —2n470) (7.128)
0c¢Ngp =0 (7.129)
éab = —2upu€p)e NPty + 2np,e.1n° (7.130)
€ab = 2n[q€p)cN° (7.131)

5c6ab =0. (7132)
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1+1+2 Spitting of Spacetime

‘\a

Nab = hab — NgMNyp

Figure 7.2: Here we show the schematic decomposition of spacetime into a preferred timelike congruence
and a preferred spacelike congruence. In the vorticity free case the 2-sheets mesh together to from a genuine
surface orthogonal to both «* and n“.
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7.5.2 Kinematical Variables

As we have done for the 1+3 formalism, the kinematical variables that covariantly characterise
the spacetime in the 14142 formalism may be derived by splitting the covariant spatial derivative
of the spacelike vector n® into its irreducible parts:

1
Dony = ngap + §¢Nab + geab + Cab- (7133)
The fundamental kinematical variables in the 1+1+2 formalism are:

e Sheet Acceleration
aq = nDeng, (7.134)

which denotes the acceleration of the sheet, i.e. how fast the spacelike vector is changing in
the radial direction.

e Sheet Expansion
¢ = dan”, (7.135)

defines the expansion of the sheet and corresponds to the trace of totally projected sheet
derivative measuring a volume rate of expansion of the sheet.

e Sheet Distortion
Cab = 0T}, (7.136)

this is simply the shear of n* and measures the anisotropic expansion of the sheets.

e Sheet Rotation
1 ab
§= 5€ damb, (7.137)

measures the rotation of the spacelike congruence and amounts to a measure of how much
the sheets have twisted. This will vanish if the spacelike congruence is everywhere ortho-
gonal to the spatial 2-surfaces in some foliation of the spacetime. This means that, in a
suitable coordinate chart, each 2-surface can be viewed as a surface of constant time and
radial parameter. As an example, in a spherically symmetric spacetime, the 2-spheres that
foliate the spacetime will be well defined at a given time ¢ and for a given radius r.

These variables constitute the fundamental building blocks of our spacetime and their dynam-
ics encodes all the information regarding the spacetime geometry. In the 14142 formalism these
variables are treated on an equal footing to the kinematical variables of u® that arise in the 1+3
formalism. Performing a 1+1+2 decomposition of the kinematical variables of u® leads to the
following set of variables:
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u* = An® + A° (7.138)
w® =Qn* +Q° (7.139)
1

Oab = 2 (nanb — 2Nab> + ZZ(anb) + Xab (7.140)
0 =0. (7.141)

The irreducible set of kinematical variables in the 14142 formalism is therefore given by:
innematical = {-A7 E, 97 (ba 57 Q’ Qa: Z(J,a -Am Qg Eaba Cab} . (7142)

7.5.3 Matter Fields

Adopting the 1+3 energy-momentum tensor for an imperfect fluid as our starting point, the cor-

responding 1+1+2 variables are derived by performing a decomposition:

= p
p=Dp
A=A
Ga = Qna + Qq

1
Tap = 11 (nanb —-3 ab) + Hanp) + Ilap.

The corresponding energy-momentum tensor can now be written explicitly as:

1
Tab = puguy + phap + 2, [Qnyy + Q)| + 11 (nanb - 2Nab> + Ignp) + Tap-

The set of irreducible 1+1+2 matter variables are:

Xmatter = {/fupv A7 Qa Qav Haa Hab}

7.5.4 Gravitational Field

(7.143)
(7.144)
(7.145)
(7.146)

(7.147)

(7.148)

(7.149)

The final sector that we must consider in order to complete our collection of fundamental 1+1+2

variables is that of the gravitational field. As we discussed in relation to the 1+3 formalism, the

1+1+2 variables can be obtained by performing a decomposition of the Electric and Magnetic

Weyl tensors:
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1

Egn,=£& (nanb — 2Nab> + E(anb) + Euw (7.150)
1

Hy =H (nanb — 2Nab> + H(anb) + Hap- (7.151)

The Riemann tensor can now be in terms of the 1+1+2 geometrical objects as follows

R* cd_RP cd+RI cd+RE cd+RH cd

2 2 "
RY 4= 3 (n+3p—2A) u[“u[C [Nb] i n?! nd]} + 3 (k+A) {N[ et nle n[c} [Nb]d] +nY nd]}
R$® ol = —oul* | N [ ][ + nY n| } [Qnd] —|—Qd]] — 2uy, [N 4 + nle nd} [an} + Qb]}

1
— 2u[au[c [H (nb]nd} — 2Nb]d]) + Hb]nd] + nb]Hb] + Hb]d]]
+2 {N[“[C +nle n[c} [H (n Ing — fN ]d]> + g + n®1; + 117 J
[a, b] Ll b] 0] b]

R e = 4 |E (0 nd]—gN dl +&%ng +n"Eqy +E )

+4 {N[a[c—i—n[“n[c} [5 < ]nd] — ,N > + &Y N +nb]€d +5 :|
R%’ d =2 [n“ebe — nle + nee“b] Ufe {’H (nd]ne — Nd > + Hane +ngHe + Hd]e}

1
+ 2 [Nc€de — Nd€ce + Ne€ed) ul® {7—[ (nb}ne - 2Nb}e> + HOne + nblHe + Hb}e} .
The irreducible 14142 gravitational variables are given by

Xgravitational = {53 gaa gaba H, Haa Hab}~ (7152)

7.5.5 Irreducible 1+1+2 Variables

The full set of irreducible 1+142 variables can therefore be given by the combination of the

kinematical, matter and gravitational sectors.

Xfull = innematical + Xmatter +X ravitational- (7153)
g

7.5.6 Decomposing the Spatial Derivatives

Some of the most vital identities in the 14+142 formalism are given by the spatial derivatives of

our scalars, 2-vectors and 2-tensors.

Scalar

D, ¥ = W¥n, +5,¥ (7.154)
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2-Vector

A 1
D, ¥, = —ngnpyP.a® + n, Uy — ny, {2(;5\11(1 + (€eae + Cae) \Ilc} + 0, Pp. (7.155)

2-Tensor

A 1
Doy = —2nqn;,¥e)q a® +n Wy, — 2n, {2¢\Ifc)a + \I'C)d (€€aq + Cad):| + 00 Phe. (7.156)

See also Appendix E.1.1 for further results on relating various 1+3 quantities to the 1+1+2
formalism taken from Appendix A of [105]. Using these results, along with the definitions above,
we can explicitly write out the covariant derivatives of both the timelike and spacelike vectors

1
Vany = —Augup — ugayp + (E + 3@> Natp + (Ba — €42°) up + ngap
1
+ §¢Nab + geab + Cab
1
Vaup = —ug (Anp + Ap) + ngnyp (E + 3@> + g (Zp + e0°)

1 2
+ (Za - 6u,ch) ny — §Nab (Z - 39) + Qeab + Eab~

Projecting V,u;, with respect to n* yields the following propagation equation

1
Gy = (2 + 3@> Na + Za + €00 (7.157)

7.5.7 The Ricci Identities

After we introduce the second congruence, n?, it is necessary to augment the 143 equations with
the Ricci identities for n®. This is important as without this extra expression we do not have
enough equations to fully determine the 14142 variables. Following [104; 105] we introduce
the following rank-3 tensor

Rabe = 2V, Vine — Rapean® = 0. (7.158)

This complements the previously introduced Ricci identities for the timelike congruence u*:

Bape = 2V[avb]uc - Rabcdud =0. (7.159)

These third rank tensors provide the building blocks for the 14142 formalism and they may be
covariantly split using n® and u®. The dynamical equations split into evolution equations, involving
dot-derivatives, and propagation equations, involving hat derivatives.
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7.5.8 Evolution, Propagation and Constraint Equations

In this section we present the system of 1+1+2 equations valid for linear perturbations about
LRS-II spacetimes. The LRS-II spacetimes exhibit a local rotational symmetry about some unique
preferred spatial direction, i.e. a local axis of symmetry for which the geometry is invariant under
rotations about this axis. The spatial vector n® is chosen to lie along this preferred spatial direc-
tion, i.e. n® is a 'radial’ vector. As LRS spacetimes are isotropic, all 2-vectors and 2-tensors will
vanish in the background spacetime as there can be no preferred directions on the 2-surface. The
restriction to Class-II spacetimes was defined by the integrability and vorticity free nature of the
2-surfaces. This translates into demanding that H, ¢ and 2 vanish in the background. The LRS-II
background spacetimes are therefore covariantly characterised by the following non-zero 1+1+2
scalars: {A,&,0,¢,%, u, Q,11}. Fundamentally, we end up with evolution and propagation equa-
tions as we have 2-surfaces of homogeneity leaving us with 2 dynamical coordinates: time and the
radial direction. Hence the decomposition of the equations into evolution (time) and propagation
(radial) equations. Similarly, the constraint equations are defined over the 2-surface.

Schematically the various evolution, propagation and constraint equations can be extracted
from R, and By, by appropriate projections with respect to u* and n® as well as various sym-
metry operations. Further details, along with the full system of 14+1+2 equations, can be found
in [105]. The equations presented here are derived by taking the full system of 14+1+2 equa-
tions and linearising the equations with respect to the non-zero background scalars, 2-vectors and
2-tensors. By imposing the LRS constraint, all vectors and tensors vanish in the background space-
time becoming well defined first order gauge invariant variables. The zeroth order variables are
simply the non-vanishing background scalars. In the linearisation procedure, any object of second
order or higher is dropped from the system of equations, leaving us with a system of 1st order
equations.

The system of evolution equations take the form
Xev = Ex, (7.160)
the propagation equations can be written as
X, = Px, (7.161)
and the constraint equations can be written as

Cx =0. (7.162)

Please note that not all variables in Xj,, posses evolution or propagation equations due to the
inherent gauge and frame freedom in general relativity, this will be discussed later. Lastly, we note
that the equations presented here fix a few errors in [105], these will be detailed shortly.

7.5.8.1 Evolution Equations

b= (2 - 3@) (;¢ — A) +0,0% +Q (7.163)
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(g2 _ ! Lo sagp 1
&= 55 (2 3@) + (A 2¢> Q+ 26ab(5 a’ + 27‘[ (7.164)
. 1 a 1b 2
0= 56(1[)6 A + Af + Q2 — g@ (7165)
. 1 2 1 c
Cab = igab (E — 3@> + (A - 2¢> Yap + §{aab} - Ec{aHb} (7.166)
. 2
Yab = 01aApy + Alap + <E - 3@) Yab — Eab (7.167)

7.5.8.2 Mixed Propagation and Evolution Equations

s 1. 14 1 3 2 1 2
S+ 2Q = €apdH + 26,Q" + =€ (-0 ) - -TI (D + = 1
£+ 3T Q= et + 5" + 3¢ (5 30) - g1 (34 30) (7.168)
1 /1 1
+3Q(2¢—2A)—2(u+p)2-
N ) 1\? 1.1
A — E+§@ =-—A°+ E+§@ +5—§H+6(M+3p—21\) (7.169)
. . 1., 3., 1
A—-0=—-4,A —(A+¢>)A+§® + 52+ 5 (nt3p) - A (7.170)
o 3
ftQ=-0.Q" =0 (n+p)— (¢+24)Q — X1 (7.171)
S U 4 1 R S| ,
Qa—f—geabA = 2(2+3®) Q. ieabAa +§eab6A 4¢6abA (7.172)

Qg — Qg = — (;QZ) + A) Qg + (E + ;6) (-Aa + aa) + <;¢ - -’4> (Za + Eabe) + %Qa - Eabe
(7.173)

-2 1 1 4 1. . 1

P 1 1 4 1 3 1
I _ _ = - _° _ - )
A, 0o A + <A 4qb> A, 5 <E+ 3@) Yo + ZA% QZaa Ea + 2lla (7.175)
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. A 1
Qa + Ha = _6ap + i(san - 5bHab - Q (aa + Ea + eabe) - ;Haa (7176)

1 8 3 1
+2<z—3@> Qa — (2¢+A>Ha— (u—i—p—QH)Aa

5 1 b, L 1Af§ b 1 b67} fl f§ 1
E,+ 2€a1,7'l + 2Ha+ 4Q,,, = 46,,,;,6 H+ 26bc(5 He, 45aQ 5 (,u+p 5 + 4H) P3N
(7.177)
3 1 , 1 3 1 1
+ 1 <S+ 2H> €ap§l’ — iQ-Aa - 5 (5"‘ 2H> Qg — lQaa
3
+ <4Z@) E,.

. . 1 3 1 c
5{ab} — Ec{aHCb} = _Ec{aéch} 3 (/L + 35) Yab — (@ + 22) Eap + §¢€c{a7'lb} (7.178)

. 1 A 1 - 3 3 1 1 1
H, — ieabgb + ieabe = —Zeabéb + geabébﬂ - 5617651753 + Zebcabnca + Zeabzb (7.179)
3 3 by 3 1 s (1 X
+ 4QQa deabA + 1 (6 QH) €aba + (4¢ + A) €l

3 3 1
+ <4E — @) Ha - §E€abe — gd)Gabe

. . 3 .1 . 3
H{ab} + GC{agb} = ec{a(sc&,} —+ §5ec{a<b} — §¢€C{a(€b} — (@ + 22) Hab (7180)

7.5.8.3 Propagation Equations

~ 1, 2 1 a g _ 1 _
o=—50 (z 3@) (z+ 3@) +daa® = S (u+A) = SH =& (7.181)
F 1 1 a b
{ - —¢§ + (X + g@ Q + 56,155 a (7182)
Q=600+ (A-¢)Q (7.183)
al 2 A 3 b
530 =568 - 0.5 — "0’ - Q (7.184)

. 1 2 3 1 3
Y, — el = 55@ + gaa@ — €070 — §¢za + <2¢ + 2A> earfl — 52% —6"S0 — Qa

(7.185)
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. 1 3 ¢
Z{ab} = 5{(1217} - 6c{a5cﬂb} - §¢Eub + §ZCab - €C{O’Hb} (7186)
R 1 1
Craby = —PCab + dgaapy + (E + 39> Yab — inab — Eab (7.187)
s~ 1 1.~ 3 1 1 2
— a4 =l = —5,E% — 6,100 — = )+ (x2-=2 1
€= gt = -0 5a 2¢<5+2 >+2( 3(9)@ (7.188)
A 1
L 5 £+ 6au + 5 I — 6%, — 5b M, + QZ Qeabﬂb— (7.189)
3 3 3 b 4
5 <5 + H> — 5(1) (ga + 2Ha) - 52&,};7’[ - Z (E + 3@> Qa
N o 1 anb 93 1
H=—0H" = Seard" Q" — SoH — (3E+p+p— 1) 0 (7.190)
1,1 1 3 1
Ho — §eabe = iéa’H — "Hyy — ieabébQ -3 (5 + 211) €apX? (7.191)

3 1 3 3 1 3
— Q. (—2 +u+p+ 4H> + Qeapa® + §Zeub€b - 5@1)7—[@ + Zqﬁeabe + ZEeabe.

7.5.8.4 Constraint Equations

H = 6,0% + €505 — (24 — $) Q 4 362 (7.192)

1 e b 1 2 |
=000 — €ap0°E — % = —2 (B = 20| (B0 — €a’) — s, — &, (7.193)

2 2 3 2
5a2 — %50,@ = —2€,6"Q — 2680 — ¢ (B0 — €abQ’) — 2esH’ — Qu (7.194)

7.5.8.5 Comments

First, note that there exists no evolution equations for A, .4, and «, and there is not a propaga-
tion equation for a,. This will be true in any spacetime, we have the freedom to choose the frame
vectors at any point. The motion of these is put into the equations by hand and is not an intrinsic
prediction in GR. Additionally, note that not all these equations and it is possible to combine
multiple equations in order to reduce the total number of equations, for example Eq. (7.169),
Eq. (7.170) and Eq. (7.174) are related.

Finally, we detail the modifications to the system of equations presented in [105]:
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Equation 52 of [105] is modified as follows: —X4, (35 + 20) = g, (X — 20).
Equation 53 of [105] is modified as follows: (X + 10) (A, — a,) = (X + 30) (Aq + aq).
Equation 72 of [105] is modified as follows: (¢ + 2A) €,,Q" = (16 + 2.4) €,,Q°.

Equation 76 of [105] is modified as follows: —e,, 1" = —3Se,, HP.

Equation 80 of [105] is modified as follows: — (30 — 13) (2, — €aQ?) = + (56 — 33) (S0 — €aQ?).

7.5.9 Commutation Relations

In general the various derivatives that we have defined do not commute. As seen in other for-
mulations of General Relativity, the commutation relations play an important role in the 1+1+2
formalism and are vital in terms of the integrability of our system of equations. This is essentially
a statement to the effect that the equations must be consistent with one another: the constraints
must evolve and propagate consistently. These equations can be derived via a very lengthy ex-
pansion and projection of the 1+3 commutation relations [104; 58; 105; 437]. We restrict our
commutation relations to linear perturbations of LRS-II spacetimes.

7.5.9.1 Zeroth Order Variables

In a generic LRS-II spacetime, the non-zero background scalars are given by the set
Xpa ={A.€,0,6,%, 1,p,Q, 11} (7.195)

plus their derivatives. These variables are deemed to be of zeroth order and obey the following
commutation relations

Scalar Commutation Relations:

- @Z = —Ay + (E + ;@> U+ (20 + e — ag) 8% (7.196)

Sath — N,% (0p1) = —Agth + (g + Sa — €apQ®) ¥ — %w (z - 3@) + (Sap + €ap) 6%,
(7.197)

6at) — NP (00) = (S — €at?®) ¥ + ath + %«mw + (Cab + €ab) 0", (7.198)

Babut — bath = 2ear (2 — €0) + 21,009 (7.199)
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7.5.9.2 First Order Variables

For all first-order variables in LRS-II spacetimes, the commutation relations for scalars, 2-vectors

and 2-tensors will obey the following:

Scalar Commutation Relations:

2 X . 1 ~

o= A+ (Z+3@) b,
, X .1 2

burd = N, (0) = —5 (B = 30 ) dut,
A — 1

bath = N, (0u) = 508,

Sjadpy = 0.

2-Vector Commutation Relations:

2 X 1 ~
wa_qpa: (E+3@> %
] c d . 1 2
5awb - Na Nb (601/)d) = _5 X - 59 5a1;/)b
. — 1
dathy = No "Ny (0etba) = 5 dathy
000t = =K1 Npje-

2-Tensor Commutation Relations:

J}ab - qZ)ab = _-Ad.}ab + (E + 19) &ab

3
5(17/.11)0 - (5(17#1)0)' = _% (E - §@> Jaﬂ}bc
- — 1
5a7/}bc - (5a7/}bc) = §¢6a¢bc

5[a5b}wcd =-K [Nc[bz/}a]d + Nd[bwa]c] .

7.5.10 Geometry of Sheets

7.5.10.1 Second Fundamental Form

(7.200)

(7.201)

(7.202)
(7.203)

(7.204)

(7.205)

(7.206)
(7.207)

(7.208)

(7.209)

(7.210)
(7.211)

As we did with the decomposition of spacetime into a timelike congruence and the orthogonal

3-surfaces X, we can introduce the extrinsic curvature associated to the spacelike 2-surfaces 2

1
Xab = Danb = MNgap + §¢Nab + Caba

(7.212)

where we have assumed that the 2-surface is vorticity free £ = 0. The mean curvature of these

surfaces can be defined as the trace of the extrinsic curvature

(7.213)
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7.5.10.2 Genuine 2-Surfaces

By inspection of 7.199, we see that the 2-sheet will be a genuine surface in spacetime, implying
that §, is a genuine covariant derivative, if and only if = £ = a® = 0 [105]. If this criterion is
not met, the 2-sheet will just be a collection of tangent planes. Alternatively, the two vectors u®
and n“ are 2-surface forming if and only if the commutator [u, n], i.e. 7.196, does not contain any
component that lies in the sheet. This is equivalent to demanding that Greenberg’s vector

£+ ey — (7.214)

vanishes [223; 603; 105].

7.5.10.3 The Geometry of Vorticity Free 2-Surfaces

Following the discussion above, if we restrict ourselves to the set of LRS class II spacetimes, for
which {Q, &, 7} along with all 2-vectors and 2-tensors are set to zero, then u* will be genuinely hy-
persurface orthogonal to the spatial 3-surfaces. We can use the Gauss equation for u® to calculate

the intrinsic curvature [58]

1 1
3Rab = |::23 (N"‘A) + &+ §H+ZQ — g@E— 2@2:| NgMNp

9
2 1 1 1o, 1 2 5
+ {3 (+A) 55 ZH+ 12 + 662 §@ } Nap. (7.215)

A contraction of the indices yields the Ricci scalar of the 3-surfaces in terms of our 1+1+2 scalars
[58]

1 3
SR=2 [u—i—A— 3@2+422]. (7.216)
Likewise, the vanishing of the sheet distortion ¢ implies that the sheet is a genuine 2-surface. The

Gaul’ equation for n® and the 3-Ricci identities means that we can re-express the 3-Ricci curvature

tensor of the spatial 3-surfaces as [58]
3 0 1 2 1. 1 2
Rypy=— |9+ 5(1) NaNp — §¢ + §¢ — K| Nap (7.217)
hence
3 7 3 0
R=-2 [(b—i— i(b —K] . (7.218)

Here, K is the Gaussian curvature of the 2-surfaces defined by 2R,, = K N,;. Combining 7.163,
7.216 and 7.218 it is possible to derive an identity for the Gaussian curvature K

1 1 1 1 1.\?
- A)—E—-TI+-2—(=-2x2) . .
K 3(u+ )y =& S+ 0 (3 22) (7.219)
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Using the system of propagation and evolution equations we see that

K= (2 - §@> K (7.220)

K = —¢K. (7.221)

The expression in 7.220 tells us that if the Gaussian curvature of the 2-surfaces is constant in time
but non-zero, then the shear ¥ is proportional to the expansion © [58]

[K+#0andk =0} 0= %@ (7.222)

A non-vanishing K simply means that the 2-surfaces will posses either spherical or hyperbolic
geometries. As discussed in [58], it is always possible to pick static observers, as allowed the
frame freedom, for which K = 0. Choosing such an observer, a spherically symmetric spacetime
admits a covariant definition of the radial parameter r via the following relationship

1 1 1
T*QZK:§(N+A)f57§H+Z¢2; 7 =047 = 0. (7.223)
Alternatively, we are free to choose a non-static observer for which r # 0. The choice of observer
often depends on the physical quantities of interest as well as the fundamental properties of the
spacetime under investigation. In the most general case we find that

1

2 1
oK f——ir (z _ 3@> P ér dar=0 (7.224)

These relationships will allow us to simply various terms in the 14142 expressions.

7.5.11 Mass and Energy

A useful definition for us to have is a spacetime dependent mass. In general, energy and mo-
mentum in General Relativity is a loaded subject and often tantamount to navigating a minefield
for the uninitiated. In part, this is due to the fact that there is currently no unique general defin-
ition for the total mass or energy of a system, indeed the first definition was by Einstein in 1916
[173]. One of the crowning achievements in classical General Relativity has been the proof of the
positivity of the total gravitational energy at both spatial and null infinity [489; 490; 592]. These
theorems spurred the search for a more ambitious definition of energy and mass that could be
applied to extended but finite spacetime domains, the so called quasi-local definitions. Unluckily,
a unique and general definition of quasi-local mass has been extremely difficult to find.

There are a number of reasons why it would be desirable to have such a well defined definition
of energy in General Relativity. The first is that a generic gravitating system will emit gravita-
tional waves constituting a loss of energy to the system. The detection of such gravitational waves
necessitates a transfer of energy between the gravitational field and the detector itself. It would
therefore be useful to have a device that can measure the amount of energy carried away from the
system by the gravitational field. Secondly, whilst we have well defined notions of global energy
and momentum for isolated gravitating systems, nature is never so kind in reality. We need a more
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general definition of energy and momentum that is applicable to systems with reduced symmetry
and generic asymptotic behaviour out to null or spacelike infinity. In addition we often want to
consider localised domains of spacetime for which a quasi-local prescription would be necessary.
As an example, in numerical relativity the computations typically occur on finite spatial domains
for which a robust quasi-local prescription of mass and energy can aid in understanding the be-
haviour of black holes as well as the emitted gravitational radiation. Compactification schemes
may be introduced in order to efficiently calculate and extract the emitted gravitational waves at
future null infinity .#*, however a robust implementation of such schemes has been difficult to

formulate.

A covariant approach to defining mass in spherical symmetry follows the Misner-Sharp pre-
scription [376]. Here we consider spherically symmetric spacetimes where the rotation group
SO(3) acts transitively as an isometry. The orbits of this rotation group will be round spheres.
Remember, the orbit of a point z in the set X was the set of elements of X to which x can be
moved to by the elements of the group G. Intuitively, the rotation group SO(3) takes any point
at a given radial parameter r and maps it to another point on the sphere of area A = 47r%. This

area radius r 4 has an invariant meaning, as does it’s gradient

V72 = g" Vor Vyr. (7.225)

This was then used to construct an expression for the mass of the spacetimes where the gradient
of the radius acts as something of an estimate for the bending of ingoing and outgoing null rays
from the 2-sphere S. This is formulated in a more rigorous manner by the Hawking mass which,
in spherical symmetry, reduces to the Misner-Sharp prescription [243]. The Misner-Sharp mass is
defined by

mus = = (1= |Vr?). (7.226)

r
2

In the 14+1+2 prescription the covariant derivative of the radial parameter decomposes as follows

Var = —ugr + Dgr (7.227)

= —UgT + NgT + T

However, due to spherical symmetry, the angular derivative d,r is necessarily zero. This is true in
any LRS background spacetime. Inserting the expressions for the decomposed covariant derivative
and metric of the spacetime we find

9"V arVir = (N — uub + nn®) (—uai + naf) (—upi + npt) (7.228)

= —77 + 7%
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Inserting into the Misner-Sharp mass, we find

1 { (Z)Z - (:)2}] . (7.229)

We can now express the Misner-Sharp mass in terms of the kinematical and covariant objects that

r
mMS=§

characterise our spacetimes

Ms = % {1 e {;@2 - %@2 T 322 - iquH . (7.230)
A natural outcome is that for r = 2m we require
§07— 208+ {57 — 16 =0 (7.231)
or, alternatively,
<z §@¢> <2 §®+¢> = 0. (7.232)

This criteria is necessary for the presence of an apparent horizon, given by the first solution, or
a cosmological horizon, given by the second solution [236]. This also corresponds to the well
known result that when we have an apparent horizon the mass is simply mys = r/2. We are also
free to re-express this mass in terms of the Gaussian curvature of the spacetime

1 1
mMsg[lJrTQ (3(,u+A)€2HK)] (7.233)

From this definition we can evaluate some interesting quantities such as
. 14 2
s = o —Q (X — 5O (7.234)
. 14 2
s = T (p+II—A) [ X- 5@ - ¢Q (7.235)

where we have used the fact that the Gaussian curvature is covariantly defined by K = r~=2 to
eliminate the other terms. This approach to the Misner-Sharp mass allows us to understand the
definition of mass in the set of LRS-II spacetimes. In particular, it provides an understanding of
how mass is dependent on the radial part of the shear of the timelike congruence ¥, the expansion
of the timelike congruence © and the expansion of the spacelike congruence ¢. As always, it is
not clear that the definitions given here are well behaved and constitute a well defined measure
of mass. In the spherically symmetric case, we simply recover the results of [376] and [243].

7.5.12 Covariant Tensor Harmonic Decomposition

The equations as we have presented them cannot be solved due to the appearance of angular de-
rivatives. As is common in many other areas of physics, it is possible to replace angular derivatives
by an appropriate harmonic coefficient. The locally rotationally symmetric nature of the back-
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ground spacetime allows us to introduce a set of generalised harmonic functions that are adapted
to the symmetry. The convention that we use is that of [103; 104; 58].
We introduce a dimensionless sheet harmonic function Q = Q) defined on the background

spacetime as an eigenfunction of the two-dimensional Laplace-Beltrami operator. For positive,
(7.236)

negative of vanishing Gaussian curvature K we find
2 k? S

PQ=-5Q,  Q=Q=0.

It is important to note that these harmonics are defined on a sphere of radius r unlike the spherical

harmonics which, for comparison, are defined on the unit sphere. As noted before, the function r
is covariantly defined by its relation to the Gaussian curvature K = r~2 resulting in the following

r 1 T 1 2
- = — —=—— X -= al” — V. 2
. 2¢ . 2( 3@) dqr =0 (7.237)
Using the covariant harmonics, we can expand any first-order scalar v as
(7.238)

=Y 9 Q"W =ysQ
k

where s denotes the scalar coefficient associated with the basis function Q(*). These harmonics
can be generalised to vector and tensor harmonics by following the conventional procedure. e.g.

(7.239)

[13]. The even parity vector harmonics are given by
1—-k)r2Qq

QW =76,0% = 0y =0a=0,  2Qu = (

and the odd parity vector harmonics are defined by
QW =ren QW = Qa=Qa=0, 6°Qu=(1—-k)r Q.. (7.240)
In this formalism @, will be solenoidal,
Q. =0 (7.241)
while
Q. =—-k*r71Q (7.242)

Also note that
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€ap0?Q =0, €ap0?Q’ = K2r1Q. (7.243)
These vector harmonics are orthogonal: Q% Q, = 0 for each k. This implies that any first order

vector 1), may be decomposed into this vector harmonic basis

o= U QP + 0 QP = vy Qa + vy Q. (7.244)
k

Finally, we can define a set of tensor harmonics in a completely analogous manner. The even
parity tensor harmonics are defined by [104; 105; 437]

Qab = 1° 60 Q = Qub = Qap =0 (7.245)
5*Qap = (4 = k*)r > Qup (7.246)
and the odd parity tensor harmonic are defined by [104; 105; 437]
Qab = 77 €c(a0 0} Q = Qab = Qap =0 (7.247)
5*Qap = (4 = k*)r ™ Qup. (7.248)

Any first order tensor 1., can now be decomposed into this tensor harmonic basis as follows

Yab = Z wg/ﬂk)Qa]Z) + @rk)Qa]Z) = Y1 Qab + V7 Qub- (7.249)
%

With these relations in place we can systematically calculate all the necessary relationships that
are required in order to harmonically decompose the full system of evolution, propagation and

constraint equations:

SCALAR VECTOR TENSOR
v o= U@ Y, = +¥vQu+ ¥vQa Vap = +Y7Qa + ¥7Qus
bV = rTlUsQ, eap¥® = —UyQa + YvQa 5c{aqu}c = —U7Qup + Y1Qusp
eV = r7lUgQ, 81, = —k%r~luyQ Oy = (k2 —2)r 1 (—U7Qa + T1Qa)
eapdVP = 4kl Q efad®W = (K —2)r~' (+¥7Qa + ¥1Qa)
61a¥ey = 771 (TvQab — YyvQas)
€efad®Wpy = 71 (UvQap + YvQas)

(7.250)

7.5.13 Gauge and Frame Invariance

We finally make some comments regarding the choice of frame and gauge invariance in the 1+1+2
framework following the discussion detailed in [104]. The 14+1+2 formalism is known as a
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partial-frame of partial-tetrad approach as it introduces two preferred basis vectors corresponding
to the existence of a preferred timelike and a preferred spacelike congruence. In General Relativity
we actually have two types of gauge freedom: the freedom in the choice of coordinates but also
the freedom to choose a frame basis in the tangent space at each point.

Gauge freedom is a tricky subject and contains many subtleties. The choice of coordinate
system often amounts to a fixing of the mapping between the background and perturbed space-
times. This allows us to directly compare scalar, vector and tensor objects in the two spacetimes
[165; 77; 78; 104]. In the metric approach we find a nice coordinate system in the perturbed
spacetime, corresponding to that in the background, and writing down a system of equations for
the derivatives of the perturbations to our scalar, vector and tensor objects.

In the partial-frame formalism, we do no make any explicit reference to the background space-
time and only use a background spacetime to determine which quantities will be of zeroth or-
der, i.e. those that are non-vanishing in the background. In this sense covariant simply means
coordinate-invariant. If we are given a set of frame vectors, we can write down a system of co-
variant equations that describe the true spacetime. It is here that we invoke the Stewart-Walker
lemma [534] stating that if all of our variables vanish in the background spacetime then they
will naturally be gauge-invariant. The covariant variables, however, are defined as projections
of tensors with respect to our frame vectors u® and n®. The projected parts will depend on the
choice of frame vectors. This is where a problem kicks in, the true spacetime typically lacks any
symmetries and we cannot define any unique frame vectors as it is always permissible to perform
a first order rotation of these [104]. This is a reflection of the fact that in any spacetime we can
choose the frame vectors at any point freely. Consequentially, there are no evolution equations for
A, A, and «, and there is no propagation equation for a,. Instead we would have to supply the
equations of motion for these by hand.

So, the 14+1+2 formalism is covariant, can define natural gauge-invariant objects but is not
frame invariant. This is no different to other similar approaches such as the Newman-Penrose
approach [403].

7.6 2+2 Formalism

7.6.1 Historical Introduction

Perturbations of a spherically symmetric spacetime are one of the first non-trivial exercises that
we can analytically perform in General Relativistic perturbation theory. As such this situation
has been considered many times in the literature, often in the context of modelling perturbations
to static and stationary stars or black holes. Different formalisms exist in the literature for the
construction of both the system of perturbations and the gauge-invariant variables. Gerlach and
Sengupta (GS) [201; 202] introduced a covariant 242 split of the metric and energy-momentum
tensor as a means to reduce the problem into a 2-dimensional problem for the two coordinates
of primary importance: time and a radial parameter. This 2+2 approach is based on metric per-
turbation theory and casts the field equations as a system of second order PDEs. Gundlach and
Martin-Garcia (GMG) [229] provided something of a completion to the work of GS by introducing
a systematic derivation of the gauge- invariant variables as well as performing a decomposition of
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the reduced 2-dimensional tensors and tensor equations into frame-components using a natural
frame provided by the fluid. This is, in some ways, analogous to the introduction of a preferred
fundamental observer that we made in our 1+3 and 1+1+2 decompositions earlier. The resulting
system of equations is linearly gauge-invariant and independent of the background coordinates.
In addition, GMG were able to write down a system of master equations that describe all perturb-

ations.

7.6.2 Splitting Spacetime Even More

The 242 formalism is built around the decomposition of the background manifold into a warped
product M* = M? x S? of a two-dimensional Lorentzian manifold M? and the 2-sphere S2. We
will use upper case Latin indices A, B, C, ... to denote coordinates in M? and lower case Latin
indices a, b, c, ... to denote coordinates in S2. Greek indices u, v, x, ... to denote coordinates in
the full 4-dimensional spacetime. This section follows the formalism as presented by [201; 202;
350; 229; 351]. The metric of our spacetime can be written as the semidirect product of the metric
on M? denoted g4 and the metric on the unit curvature sphere S? denoted 7:

9 = diag (gan, 7°Vap) - (7.251)

The scalar r = r(X*) is defined on M? and can be identified as the invariantly defined radial
coordinate of spherically-symmetric spacetimes such that » = 0 defines the boundary of M?2.
Following this decomposition we can define three different covariant derivatives. In addition to
the usual covariant derivative on the full 4-dimensional spacetime,

Gopiy =0, (7.252)
we also define covariant derivatives in the two submanifolds:

gaBic =0 (7.253)
Yab:c = 0. (7254)

A comma denotes the 4-dimensional covariant derivative, the vertical bar a covariant derivative on
M? and a comma a covariant derivative on S2. It is possible to define completely antisymmetric
covariant unit tensors on the submanifolds such that:

€AB|C = €abic = 0 (7255)
eac €8¢ = —gAB (7.256)
€ac € = —,°. (7.257)

We can decompose the energy-momentum tensor in a spherically symmetric spacetime in an ana-

logous way to the metric:

T,., = diag (tan, Q(z°)r* vap) - (7.258)
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For convenience we also define the following variable:

vy = T‘TA (7.259)

Einstein’s field equations G,,, = 8wt,,, in spherical symmetry can now be re-written in the follow-
ing 2+2 decomposed form

1
-2 ('UA|B + v4a UB) + 2 (’Uclc + 3vce v — 72) gaB = 8mtaB (7.260)

vl +vor® =R =87Q, (7.261)

where R = R4, is the Gaussian curvature of g4 . The energy-momentum conservation equation
in spherical symmetry becomes:

tag” + 2tapv® —204Q =0. (7.262)

7.6.3 Nonspherical Perturbations and Gauge-Invariant Variables

In conventional FLRW cosmology, perturbations can be split into scalar, vector and tensor (SVT)
modes that decouple from each other and evolve independently at linear order. This classification
scheme is a generalisation of Helmholtz’s theorem and is based on the transformation properties
of the perturbations on the homogeneous and isotropic spatial hypersurfaces [535].

The SVT decomposition scheme does not work in spatially inhomogeneous backgrounds as
the modes written in such a way would couple together. Instead, linear perturbations around
a spherically symmetric background may be decomposed into scalar, vector or tensor spherical
harmonics whereby the classification of perturbations is based on their transformation properties
on the surfaces of spherical symmetry. The perturbative variables then decouple into a scalar,
vector or tensor field on M? times a spherical harmonics scalar, vector or tensor field on S2.
This is particularly useful as the perturbation problem is reduced to a 2-dimensional problem,
typically involving a spatial and time coordinate. The tensor harmonics are decomposed into
two independent modes called polar (or even) and axial (or odd). These two sectors transform
differently under parity transformations: (—1)* for polar modes and (—1)‘*! for axial modes. This
split is analogous but not equivalent to the SVT modes in FLRW cosmology.

The appropriate set of basis functions for S? are tensor spherical harmonics. These functions
can be derived from the standard spherical harmonics Y “™) (z%) which are eigenfunctions of the
covariant Laplacian on the unit sphere:

VY m) — _p (0 +1), (7.263)

where / is the multipole giving the angular scale of the perturbation. The covariant Laplacian on
the unit sphere V? is defined by: V2Y = ~y%Y,,,. Scalar perturbations on S? are now expanded
as:
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co m={

=303 pUmiat) Yz, (7.264)

=0 m=—/

Harmonic vector and tensor fields on S? can be constructed from covariant derivatives of the
scalar harmonics and contractions of those tensors with the fundamental antisymmetric tensor,
€qp. Perturbations containing and even power of ¢,, are polar and models containing an odd
power of ¢, are axial. A basis of harmonic vector fields on S? is formed for £ > 1 by:

yim =y i) (7.265)
ylom) = ¢ by (tm) (7.266)

For both parities the vector harmonics obey the Laplacian equation:

2 Y(em) =[1—0(¢+1)] Ya(fm) (7.267)
2y (Zm) =[1—0(t+1)] y(m) (7.268)

a

As the vector harmonics are orthogonal for each ¢, any rank-1 tensor can be expanded in terms of
these vector harmonics:

oo m=~
¢a( Z Z UM (4) Y. (29) 4 GEm) (zA) Y6 (32), (7.269)

=0 m=—¢

where ¢“™) and ¢(“™) decouple for different (¢m) and are defined to be:

(b(fm) —

o) Yiom) (7.270)

(b(fm) —

P Gea] Yiomy- (7.271)

Note that there are no ¢ = 0 vector degrees of freedom as ¢ = 0 describes spherical modes.
A basis of tensor harmonics on S? can be formed for ¢ > 2 as follows:

m my | L(E+1

vm =y 4 LD ; Lytmy, (7.272)
m tm m

v =2v i = —eed YT, (7.273)

where the tensor harmonics obey the Laplacian equation:

vy — - e+ 1) ™ (7.274)
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VY™ = — e+ 1)) Y. (7.275)

Any rank-2 tensor perturbation can be expanded as:

oo m=~

dup (a*,2%) = D0 37 @) Y™ (@) + o @) V™ (@), (7.276)

£=0 m=—/¢

where the coefficients are reconstructed as follows:

— 92!

0 =35y [ 9 10 Vi 7.277)
{—2)!

) =2y [ 49 9] Yo 7.278)

All perturbations with different (¢m) decouple due to spherical symmetry. Perturbations with
differing m for the same value of ¢ will have the same dynamics in spherical symmetry. As a result
we see that m never appears in the field equations.

7.6.4 Gauge Invariant Perturbations

Following our discussion about the importance of gauge-invariant variables, we now consider lin-
ear perturbations around a fixed background and how to systematically construct gauge-invariant
variables (e.g. Fig. 7.3)

G = 90 + hyw = g{0) + RO pAxEl (7.279)
Ty =T + AT, = g&) + AT + AT (7.280)

The general axial metric and matter perturbations are parametrised as follows:

. 0 hAxial Ya
hiaxial — ( il o ) : (7.281)
XY, hYg
. 0 AtAXiaIY
Axial __ A a
AT}W - ( Atgxial Y, AtDY, ) ’ (7.282)

and the polar metric and matter perturbations are parametrised as:

h Y hPolar Ya
pholar — A5 TA . (7.283)
XY, r*(KY v + GY.ap)
aqeolsr _ ( Atas ALY, . (7.284)
g APRY, At Y, + r2 At Y 4,

The coefficients {h, K2, KA by p. K, G, At ap, At5aL APr At At At} are in general
functions of z4.

If X is an arbitrary tensor field on the background spacetime with linear perturbation AX,
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Nonspherical Perturbations

Figure 7.3: A schematic picture of non-spherical perturbations. We introduce linear perturbations around a
spherically symmetric background spacetime via g,., = g,(ff,) + huw.

then under an infinitesimal coordinate transformation z# — x* + ¢* the linear perturbation will
be mixed with the background:

AX — AX + L X, (7.285)

where L, is the Lie derivative with respect to the vector field {. Importantly, this tells us that
the perturbation variable AX is gauge invariant to linear order if and only if £;X = 0. This
means that gauge-invariance of a perturbation variable is intrinsically linked to the existence of
symmetries in the background spacetime. If £;X vanishes, the perturbation variable X will be
invariant under the Lie dragging of the variable along the congruence generated by &*.

It was shown by [229] that in order to obtain the bare perturbations in an arbitrary gauge,
one just needs to fix {h, h5°'®" G} arbitrarily and all other bare perturbations can be obtained
algebraically. This leads us to introduce a preferred gauge known as the Regge-Wheeler gauge
(RW) [458; 229] for which h = hE'™ = G = 0. In this gauge, the gauge invariant variables
are defined to correspond one-to-one with the remaining bare perturbations. Importantly, the
framework of [201; 202; 229] tells us that even if we adopt the RW gauge we can still transform
to any other gauge using the known algebraic relations. Adopting the RW gauge greatly simplified
our perturbations. For the axial sector, they reduce to

; 0 kaYq
pial — ( - oA ) (7.286)
Ala
4 0 AL4Y,
AT — ( Ly LYA ) (7.287)
Alqg ab

and for the polar sector they reduce to

kapY 0
hici}ar — AB ) . (7.288)
0 kreY vap
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ATPolar _ ATap TaYa . (7.289)
" TaY, T2Yab + T3y Yab

7.6.5 Perfect Fluid

We mostly consider spherically symmetric perfect fluids coupled to gravity. This means that the
pressure is isotropic, entropy is conserved along each particle trajectory and we neglect heat fluxes,
viscosity, chemical reactions and make the assumption that the fluid only has one component. If
we assume that the entropy is constant in time and space then the equation of state reduces to
p = p(p), a barotropic fluid. In the GMG formalism this is equivalent to setting the specific entropy
s to a constant and keeping perturbations to the specific entropy ¢ equal to zero.

The energy-momentum tensor for a perfect fluid is simply given by:

Ty = (p+ p) upty + PG, (7.290)

where p is the pressure, p is the density and w,, is the fluid 4-velocity. This is much the same as
we saw earlier in the 143 and 14142 approaches. In spherical symmetry to fluid 4-velocity will
only depend on terms in M? and the angular terms will go to zero, u,, = (u4,0). This allows us to
introduce a rather natural orthonormal basis {u4,np} on M? defined by the timelike unit vector

UA-

na=—eapu® = naut =0, (7.291)

where n 4 is a spacelike vector. The introduction of this fluid-frame allows us to decompose all
tensor fields and tensor equations on M? into scalar fields and scalar equations. For instance, the
metric and antisymmetric tensor on M? may be decomposed with respect to the fluid frame as
follows:

gAB = —UuAUB +NANB (7.292)

€EAB = NAUB — UANMB. (7.293)

Following the parametrisation of the energy momentum tensor in the 2+2 formalism 7.258, we
immediately see that the energy-momentum tensor for a spherically symmetric background de-
scribed by a perfect fluid 7.290 becomes:

tAB = pusug +pnang (7.294)
Q=p. (7.295)

Convective frame derivatives can be introduced in analogy to the procedure adopted in the 1+3
formalism by projection along our timelike and spacelike basis vectors:
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f=u"fia (7.296)
f=n"fa. (7.297)

GMG introduce a series of fundamental scalars that allow us to rewrite the EFEs in terms of pure
scalar quantities:®

Q=1Inp

U=u"vy
W =n%vyu
T:uA‘A
u:nAIA.

It can sometimes be useful to reparametrise U and W in terms of the vector we defined earlier
o> = vivy = W2 - U? (7.298)
as well as a velocity of the fluid V' with respect to constant r observers

V= TR (7.299)

Much as in the other approaches discussed, commutation relations play a central role in the 2+2
formalism. The commutation between frame derivatives obeys the following relation:

(F) ~ 7y =rf —vf (7.300)

The fluid equation of motion are derived from the conservation of energy-momentum and consti-
tute a relativistic generalisation of the Euler-equations:

O+ <1+ 7;) (r+20U) =0 (7.301)
2O+ (1 + z) v =0. (7.302)

The first equation is simply the energy conservation equation and the second equation is the Euler
equation. The quantity ¢? is the speed of sound in the isentropic fluid trajectories. Einstein’s field
equations can be decomposed in the fluid frame to yield a set of scalar evolution and constraint
equations:

U =W(r-U) (7.303)
W=U(@w-W) (7.304)

5Please note that we have replaced p in [229] with T to avoid confusion with the energy-density in the 1+3 and 1+1+2
approaches defined previously.
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W' = —drp - W24+ Ur+ % (7.305)
U= —drp—U?+Wy— % (7.306)
It can also be shown that:
2
7"—V'+7'2—u2:7€=—47r(p+p)+—?. (7.307)
T

We have also introduced the spacetime-dependent Hawking mass m in spherical symmetry:

m="[t-mart] = D[ 02 - W), (7308

where the limit of m at spacelike infinity reproduces the ADM mass and the limit of m in future
null infinity is the Bondi mass. For m = r/2 we note the presence of an apparent horizon. These
results are in agreement with the covariant results derived in the 1+1+42 formalism presented
earlier.

7.6.6 Nonspherical Perfect Fluid Perturbations

There are 4 independent fluid perturbations: a density perturbation and a 3-velocity perturbation.
We follow the ansatz of GMG for parametrising the perturbations to the fluid 4-velocity:

1
Au, = Kw na+ shap uB) Y, UYa:| (7.309)

for polar perturbations, and

Au, = (0,5,) (7.310)

for axial perturbations. The variables {v, v, w} are all functions of 2. We also introduce the
following parametrisation for the spacelike radial vector to allow for a frame degree of freedom
associated with the 1+1+2 formalism:

1
An, = Kqu + 2hABnB) Y, gYa} . (7.311)
The density and pressure perturbations are given by:

p—p+ApY
p— p+ 2 ApY.

Note that in the above A corresponds to a gauge-invariant perturbation variable and does not
denote a perturbed variable. The gauge-invariant tensors for energy-momentum perturbations
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can be written in terms of the perfect fluid gauge-invariant perturbations:

1
Tap = (p+p) w (uAnB + TLAUB) + 5 (kAcuB + uAkgc) u®

+ Ap (uaup + 2nang) + pkap.
Ta=v(p+p)ua
T° = py+cipA
T2 =0

for the polar sector, and

v (p+p) ua (7.312)
0 (7.313)

for the axial sector.

7.6.7 Initial Value Problem: Polar and Axial Perturbations
7.6.7.1 Axial Perturbations

Building a well-posed initial value problem in the GMG formalism turns out to be reasonably
straightforward using the results of Gerlach and Sengupta. The only non-trivial matter conserva-

tion equation, for a perfect fluid, is given by:

(r* L), =0. (7.314)

This means that the hydrodynamical equations reduce to a relatively simple form:

v—c2(2U +71)0 =0. (7.315)

Gerlach and Sengupta demonstrated that we can introduce a scalar master variable IT that allows
the EFEs for k 4 to be reduced to a single scalar wave equation. The master variable is defined by:

r2

[[ — (AB (’“A) (7.316)
B

and the corresponding master equation is:

|A
[:2 (r H)|A] —(t=1) ((+2) T = —167e*P Lyp. (7.317)
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The master variable II can be shown to obey a wave equation of characteristic speed unity with o
as a source and encodes all the information about the evolution of the axial gravitational waves
in the spacetime. Intuitively, a non-vanishing ¥ can couple to the non-linear oscillations of the
background inducing axial gravitational waves. It was also shown by Gerlach and Sengupta that
knowledge of IT allows us to reconstruct the metric perturbation k 4 via:

(6—1) (0 +2) ka =16r2L4 — eap (r'1D)'".

(7.318)
Solutions to this equation are determined by specifying initial data on a Cauchy surface, {1‘;, 11, f[},
constituting a system with three first order degrees of freedom. In a vacuum spacetime, these
system of equations are greatly simplified. The hydrodynamical equations of motion only depend
on the axial fluid velocity perturbation v with the solutions providing a constant value of v along
integral curves of u?.

7.6.7.2 Polar Perturbations

The polar sector is in many ways richer in dynamical content and more entangled than the axial
sector. The starting point is to decomposed the symmetric tensor k45 in a coordinate-independent
way by making use of the naturally induced fluid frame in M?2. This provides us a way of splitting
kap into three gauge-invariant variables {n, ¢, <}:

kag =1 (nang —uaup)+ ¢ (nang +uasup)+s (uang +naug). (7.319)

We then define a new variable y to replace ¢ as an independent variable:

X = d) —p+n. (7.320)

It is now possible to combine the EFEs with the energy-momentum equations to obtain the
perturbation equations: for ¢ > 2,

n=0 (7.321)
for¢>1,
X+ X" +2(r-U)¢ = Sy (7.322)
—p+ Y —22U ¢ =8, (7.323)
—¢ =& (7.324)

167 (p+p) v =< +Cy (7.325)
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b=, (7.326)
A (1 N i’)) W = Sa (7.327)
(1 + p) W+ AN =38, (7.328)
p
for ¢ >0,
87 (p+p) w=(p) +Cu (7.329)
rp A =—¢" +2U ¢ +Ca. (7.330)

We have relegated the detailed source terms Sy and constraint terms Cx to an Appendix. The
three source terms Sa,S,, and S, are linear in the matter perturbations {v,w, A} as well as
the metric perturbations plus their first derivatives {x, ¢,<, X', ¢’, X, ¢}. The metric perturbation
source terms S,, S, and S, are also homogeneously linear in the metric perturbations and their
first derivatives.

The polar sector is governed by a set of 10 variables:

Upert = {X>¢’§7U,w,A7X7¢7X’,90'}- (7.331)

The structure of the polar sector equations is given by 10 evolution equations to 5 constraint
equations. This means that we have 5 true degrees of freedom that can be specified freely on a
Cauchy surface. An evolution equation is an equation containing a convective time-derivative
whereas a constraint equation contains only u or v’ and can be solved within a single timelike
hypersurface. Following Seidel and GMG, the 5 true degrees of freedom are associated with the
initial data for the metric perturbations:

Ufree = {X, 5 S, X5 P - (7.332)

The variable x is associated with polar gravitational waves as the highest derivatives of xy form a
wave equation with characteristic speed of unity with initial data that may be set independently
from the matter perturbations. This led GMG to associate y to gravitational waves inside the
matter. Similarly, ¢ obeys a wave equation but with a characteristic speed set by ¢ and can be
said to parametrise longitudinal gravitational waves. The final variable ¢ is advected with the fluid
and we see that it is related to v via spatial derivatives.

7.7 Relating the Harmonic Decompositions

As a brief final point, we can relate the harmonics in the 14+142 formalism to the harmonics
in the 242 formalism. The difference being that the 2+2 harmonics are defined over a unit
sphere whereas the 14+1+2 harmonics are defined on a sphere of radius r. Additionally, the 2+2
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harmonics are explicitly spherical harmonics whereas the 1+1+42 harmonics are dimensionless
harmonic functions that are defined on any LRS background as functions of the 2-dimensional
Laplace-Beltrami operator.

The relation for scalar harmonics is trivial:

Q=Y. (7.333)

For vector harmonics we find:
Qo =1Y, (7.334)
Qo =Y. (7.335)

Finally, for tensor harmonics:
Qab = r*Yap (7.336)

_ 'r2 _

Qab = — 5 Yap- (7.337)

This covariant rescaling in terms of the radial parameter r will be important when we seek the
relate the two formalism, especially so for the tensor harmonics. Remember, the 2+2 formalism
performs a spectral decomposition in the spherical harmonic basis and the 1+1+2 equations are
given in the covariant harmonic basis.
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Chapter

Covariant Perturbations of the

Schwarzschild Spacetime

8.1 The Spherically Symmetric Vacuum Solution

8.1.1 Introduction

One of the first systems that we are naturally led to consider in General Relativity is that of a
spherically symmetric spacetime. Such a spacetime can be used to model the external gravita-
tional field created by a black hole or other stellar object to a reasonable approximation. Form-
ally, the Schwarzschild solution describes a one-parameter family of spherically symmetric, static
and vacuum spacetimes, where the one-parameter is taken to be the mass of the spacetime M.
The Schwarzschild spacetime also imposes the restriction that the external spacetime is vacuum,
meaning that there is no matter content 7,;, = 0. In General Relativity, the spherically symmetric
vacuum solution is a unique solution given by the Schwarzschild spacetime [494]. This theorem
is known as Birkhoff’s theorem or the Jebsen-Birkhoff theorem [277; 61] and has been extended to
the notion of almost Birkhoff theorems involving deviations from spherical symmetry and matter
perturbations [217; 218; 171]. This is one of the most important spacetimes in General Relativity
and has provided some fantastic insights into the physical and mathematical aspects of General
Relativity. Before we begin our covariant analysis, we introduce some of the basic properties of
this spacetime and its characteristics.

In spherical coordinates {t,r,6, ¢}, typically referred to as Schwarzschild coordinates, the
spacetime metric takes the following form

-1
ds* = — <1 - 21‘4) dt* + <1 - 250”) dr® + r?dQ? (8.1)

where d? is the metric on the unit sphere

269
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d0? = df? + sin? 0 dep?. (8.2)

In the Schwarzschild spacetime, the constant M can be associated to the mass of the gravitat-
ing object. The Schwarzschild metric is valid in the exterior region of the spacetime as it only
models the gravitational field outside a spherical mass. As such the metric is defined, in Schwar-
zschild coordinates, for r > 2M > 0. These Schwarzschild coordinates are not good over the
entire manifold and break down at » = 2M/. Should we wish to consider the entire manifold of
the Schwarzschild spacetime we can invoke adapted coordinate systems, notably the maximally

extended Schwarzschild solution given in Kruskal coordinates.

In a solution outside the body, we will only be interested in the vacuum Einstein Field Equations
and will not consider matter content external to our gravitating body. In vacuum, Einstein’s field
equations simplify considerably

1
Ru = 59wR=0 =  Ru =0 (8.3)

In addition, by employing the Schwarzschild metric, we are implicitly assuming that our gravit-
ating source is both static and spherically symmetric. A static spacetime is a particular restrict-
ive property related to the existence and behaviour of a timelike Killing vector. In particular a
spacetime will be static if it possesses a timelike Killing vector that is orthogonal to a family of
hypersurfaces

t[avbtc] =0 (8.4)

where t* is our timelike Killing vector. This can be seen from the metric defined above as, if
the components of g,;, are independent of ¢, the surfaces of which the Killing vector ¢, will be
orthogonal will be defined by ¢ = constant. A spherically symmetric spacetime possesses three
spacelike Killing vector fields which form the Lie-Algebra of SO(3). By this we simply mean
that the structure of our symmetry transformations is given by the commutation relations for the
transformations which are, in turn, characterised by the structure constants of the Lie algebra.
The general relation is

[‘/aa ‘/b] = fabcvca (8.5)

where f,;. is the structure constant of the Lie algebra. As is expected from the name, spherical
symmetry simply means possessing the same symmetries as the sphere, i.e. invariant under rota-
tions on the surfaces of constant radius. In 3-dimensions these are set by the special orthogonal
group SO(3). The commutation relation defined above closes as we can write the commutation
of any two fields as a linear combination of other fields within the set. This statement can be
related to Frobenius’ theorem as the set of Killing vector fields V(Z) will fit together to form an in-
tegral submanifold iff all of the commutators are in the space spanned by the Killing vector fields
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[582; 89]
[Viay: Vin]" = o V. (8.6)

By imposing spherical symmetry we are therefore stating that we can foliate our spacetime with
integrable 2-dimensional submanifolds S? that mesh together to form a surface.

We can also discuss these concepts in a more physically intuitive way. A static spacetime will
just be a spacetime that is not doing anything at all at any point in time. For the Schwarzschild
spacetime we simply have a spherically symmetric gravitating source, such as a black hole, that sits
there for all eternity with no changes to its intrinsic properties. In the Schwarzschild spacetime
the entire Universe consists of just this gravitating body and nothing else. Clearly this is not a
good approximation to the real Universe, where objects do not exist in such extreme isolation,
but it does enable us to perform powerful analytical studies of the rich phenomenology present in
General Relativity. Similarly, spherical symmetry is related to the invariance of the solution under
arbitrary rotations about the 2-sphere.

8.1.2 Perturbations

Black hole perturbation theory has been vital for understanding the stability and oscillatory prop-
erties of black hole spacetimes as well as understanding the process of black hole formation from
gravitational collapse [578; 579; 441; 97; 444; 445; 561; 562; 446; 512; 447; 513]. The applica-
tion of perturbation theory to the Schwarzschild black hole led to the discovery that perturbations
to this spherically symmetric black hole solution are characterised by decaying modes of oscillation
that only depend on the mass-parameter of the black hole. These are the black hole quasi-normal
modes (QNMs) that describe how a perturbed Schwarzschild black hole settles down to a station-
ary and static configuration by the emission of gravitational radiation [578; 579; 441; 97]. See
[304; 411] for fairly recent reviews of the subject.

The foundations of non-spherical perturbations to the Schwarzschild black hole are built on
linear perturbation theory where we introduce a small linear perturbation around the background
spacetime

uv = gu,l/ + huua (87)
leading to a variation of EFEs of the form
0G, = 81G 0T, (8.8)

It was shown that we can construct combinations of various components of %, that obey closed
wave equations that completely govern the gravitational perturbations to the Schwarzschild space-
time. The odd parity case was first demonstrated by [458], who derived a master variable X?m
governing odd parity gravitational perturbations. The radial component for a perturbation outside
the event horizon was shown to obey the following wave equation [458]

{ 0? 0?

—atQ‘f‘aTE] Xem = Ve(r) Xem, (8.9)
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where we have introduced the tortoise coordinates defined by
T
c=r2M (5 1) 10
e =T+ 057 (8.10)

The potential for these axial perturbations was shown to be [458]

Vi(r) = Vi (r) = <1 - 21”) {W; D 40— 52)%} : (8.11)

where the form of this potential is defined for spin-s perturbations such that s is 0 for scalars,
1 for electromagnetic perturbations and 2 for gravitational perturbations. The even parity per-
turbations proved to be a more involved problem. It took over a decade before a master variable
x5 was found. Amazingly, it was shown that this even parity master variable obeys the same
wave equation Eq. (8.9) as the odd parity master variable but with a modified effective potential
[607; 608]

(8.12)

2M\ 2n%(n + 1)r3 + 6n2Mr? + 18nM?r + 18M3
Vi(r) =V/(r)=(1-—
o(r) = Vi (r) ( > 3 (nr + 3M)?2 ’

r

where n = (¢ + 2)(¢ — 1)/2. As a caveat, these equations were explicitly derived in the Regge-
Wheeler gauge. A unified, gauge-invariant treatment was provided in [381]. These perturbations
are well defined for ¢ > 2, corresponding to the radiative degrees of freedom, i.e. gravitational
waves. The ¢ = 0 mode is only of even parity and can be shown to be a pure gauge mode. This
is because ¢/ = 0 is purely a spherical perturbation and may just be re-absorbed by a variation of
the mass parameter. The dipole perturbation ¢ = 1 in the even parity sector is of pure gauge type
and cannot be removed by a suitable gauge-transformation [608]. In the odd parity sector £ = 1
can be shown to be related to the introduction of angular momentum into the background metric
[608; 399; 349].

A further breakthrough was made when [96] noted that the axial and polar perturbations may
be related by a transformation involving differential operators. See also [17] for further discussion
of the duality relationship between the axial and polar perturbations. The Regge-Wheeler equation
Eq. (8.9) with potentials Eq. (8.11) and Eq. (8.12) may be solved as an eigenvalue problem given
the following boundary conditions: at spatial infinity we have pure outgoing waves

XSO XE  ~ exp(—iwnry) forr. — +oo (8.13)
and at the event horizon we have pure ingoing waves
O E .
Xems Xom ~ exp(iwnTy) forr, — —oo. (8.14)

In the vacuum case, i.e. source-free, the mode solutions of the RW equation are the quasi-normal
modes (QNMs) mentioned previously. The real part of w,, represents the oscillation frequency and
the imaginary part of w,, represents the damping time. These solutions have some very important
properties [399]:

e All QNMs have positive imaginary parts, meaning that the perturbations are damped modes
and thus Schwarzschild will be linearly stable against perturbations.
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e The damping time of the QNMs is linearly dependent on the mass of the black hole. For
higher order modes, the damping time decreases and hence high order perturbations die off
quicker.

e The ringdown of a perturbed black hole can be modelled as a superposition of QNMs and the
late time dynamics or tail of the ringdown is very well described by a power-law representing
the envelope of the decaying QNMs. Extensions of this work have included mode-mode
couplings [424], second order QNMs [274] as well as other phenomenological features such
as mirror modes [313; 314].

e The QNMs are isospectral. This means that the even and odd parity perturbations will posses
the same complex eigenfrequencies. The reason this arises is that black holes are relatively
simple objects and can be, in the most general case, completely characterised by three para-
meters: the mass M, the charge () and the angular momentum J. For a Schwarzschild black
hole we just have the mass M and this means that there is a uniqueness in the way in which
a black hole may dynamically react to a perturbation. This is not true for more complex
black holes, perhaps coupled to matter, or for stellar perturbations.

8.2 Background Spacetime

8.2.1 The 2+2 Formalism

We re-express the Schwarzschild metric in the following form

ds® = —e 24?4 22 dr? 412 (46 + sin®(0) d ¢?) (8.15)

where the function A(r) is an unknown function that must be determined by the EFE and we
have adopted the conventional Schwarzschild coordinates. Solving the vacuum field equations
R,,, = 0, the variable A(r) is related to a new function M, the gravitational mass, as follows:

A(r) = —% In (1 - 251\4) . (8.16)

The GSGM formalism can now be applied to this metric with great simplifications arising due to
the fact that we are dealing with a vacuum spacetime and hence all matter perturbations are set to
zero. However, we do restrict ourselves to purely metric perturbations neglecting any first order
energy-momentum perturbations. For a static background we choose the background frame basis
vectors {44, n} as follows:

ot = (eA(T),O) (8.17)
Al = (o,e*A“)) : (8.18)
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We now systematically evaluate all the GSGM scalars:

U=0 (8.19)
7=0 (8.20)
2M —1/2
- (1 - T) (8.21)
1/2
W % <1 _ 2‘;“‘4) , (8.22)

The frame derivatives for a generic scalar function f(x4) are given by:

f=erMo, f (8.23)
fr=e9, ¥ (8.24)

which, in the Schwarzschild coordinates, explicitly evaluates to

) -1/2
f= <1 - > O f (8.25)

1/2
- (1 - 2M> o, . (8.26)

The gravitational mass of the spacetime can be calculated by evaluating the Hawking mass in the
Schwarzschild spacetime and reduces to 7.226

M) =" [1 - e—%(ﬂ = M. (8.27)

8.2.2 The 1+1+2 Formalism

The Schwarzschild spacetime is covariantly characterised by three non-zero scalars. Due to the
high symmetry of the Schwarzschild solution, being a subset of the LRS-II spacetimes, all vec-
tors and tensors will be zero in the background along with all time derivatives, due to the static
nature of the metric. The only non-zero 1+1+2 scalars are X = {&, A, ¢} and their derivatives
{5’ LA, ¢} The background equations governing the Schwarzschild spacetime are [104]:

1

b= fiqs? - (8.28)
&= —gw (8.29)
E+Ap=0. (8.30)

This system of equations can be parametrically solved to give the following solutions in terms of
the usual Schwarzschild coordinates [104] (Fig. 8.1):
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e= -2 (8.31)
—1/2
Ao % <1 _ 2;{”) (8.32)
2 oM\ /2
s=2 (1 _ T) . (8.33)

1+1+2 Background Scalars

Figure 8.1: Here we plot the radial evolution of the 1+1+42 background scalars { A, &, ¢}. The variable ¢
is zero on the horizon, no sheet expansion, with the maxima occurring at the photon sphere » = 3m. The
acceleration component A tends towards infinity for r — 2M and decays as 7 — oo. This is a reproduction
of Figure 1 from [104].

It is clear that we can associate the 2+2 background scalars to our 1+1+2 objects. Explicitly we

have the following:

v=A (8.34)
W= %¢ (8.35)
M1

As discussed, background variables are not intrinsically gauge-invariant and we need to con-
struct first-order variables in order for the equations have a clear physical and geometrical mean-
ing. To do this we exploit the spherical symmetry of the background and construct a set of gauge-
invariant variables by taking angular derivatives of our background scalars

Xar = 4 Xge- (8.37)

yielding the following set of gauge-invariant variables
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Xar ={Xao = 0,8, Y, =000, Zy = 0, A}. (8.38)

These variables replace the background scalars in our propagation and evolution equations such
that we do not have any zeroth order terms appearing in our equations. Note that these equations
are for a static coordinate system in which {A, &, ¢} # 0 and all other 14+1+2 scalars are zero.
Should we choose a different coordinate system, such as isotropic or freely falling charts, then the

LRS-II scalars will differ for each case as will the coordinate relations.

8.3 Linear Perturbations: Axial Sector

8.3.1 Introduction

The general form of axial perturbations to the Schwarzschild metric in the RW gauge are given
by:

oM oM\ ! _
ds? = — (1 — > dt® + <1 — > dr? 4+ r2dQ? + 2k Yy dz? da?, (8.39)
r T

with k4 = (ki k) being the metric perturbation of the GSGM formalism. As we are dealing
with a vacuum spacetime and we restrict ourselves such that no first-order energy-momentum
perturbations are present, the fundamental 4-velocity takes on a rather straightforward form:

u, = (i, 0) (8.40)
1/2
o= |- (-2 ] (841

When constructing the spacelike basis vector on M? we still retain the variable g to track the frame
degree of freedom:

n, = (fa, g¥a) (8.42)

—1/2
i = [o, (1 - 2M) 1 . (8.43)

r

Note that the basis vectors on M? obey the appropriate normalisations along with the restriction
that A (g uu”) = 0 and A (gun#n”) = 0 to linear order. We can now perform a 1+1+2
decomposition of this metric using the defined basis vectors on M? to project out all variables
appropriately.
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8.3.2 Correspondence
8.3.2.1 Axial Perturbations: Scalars

For scalars we only expect the 1+1+2 variables H, ) to have non-zero first order perturbations
as these are axial with the other scalars £, O, ¢, A being even parity. We will use 1+1+2 index
notation unless explicitly referenced and we adopt the notation that X (?) denotes the variable
evaluated in the background spacetime and AX denotes the linear order perturbation to the
variable. Remember, {£,0,¢,%, A} are intrinsically even parity scalars and we do not expect
them to appear in the axial sector beyond the background scalars. The odd parity scalars {#, 2, £}
will be non-vanishing in the axial sector and we do anticipate a non-zero value.

=60 4 A€ (8.44)
£O = fﬁ (8.45)
T
AE = 0. (8.46)
0=00 1+ A0 (8.47)
00 =q (8.48)
AO = 0. (8.49)
» =301 AR (8.50)
w0 — (8.51)
AY = 0. (8.52)
=00+ A¢ (8.53)
1/2
») = 2 (1 — 2M> (8.54)
T T
A¢ =0. (8.55)
A=A0 + A4 (8.56)
—1/2
a0 = M (1 _ 2]‘24) (8.57)
T T

AA=0. (8.58)
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H=H+ AN (8.59)

HO) = (8.60)
—1/2 /2

Ap—y |[FEEED T UMY 2 (2 T (8.61)

2 r2 r r r

0 =009 1 AQ (8.62)

0O — ¢ (8.63)

AQ = 0. (8.64)

£=¢9 4 A¢ (8.65)

TR (8.66)

Af=Y {_M (érj D g] (8.67)

8.3.2.2 Axial Perturbations: 2-Vectors

For 2-vectors, all quantities are explicitly first order as these are necessarily zero in the background
spacetime:

E,=EY + AE, (8.68)
0 =9 (8.69)
_ [ 1ew-2 20\ M2
Aga - Ya +Z ( 7“2 ) <1 - T> —+ ... (870)
Qg = ago) + Aay, (8.71)
o =0 (8.72)
B oIM —-1/2
Q. = Q0 + AQ, (8.74)
Q0 =0 (8.75)

AQ, = 0. (8.76)
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g = ago) + Aag (8.77)

al® =0 (8.78)
. oM\ /2 oM\

Aa, =Y, |—-0.7 (1 — ) + (1 — > ] (8.79)
T T T

Y. =20 4 A%, (8.80)

0 =0 (8.81)

AY, = 0. (8.82)

8.3.2.3 Axial Sector: 2-Tensors

For 2-tensors we find:

Eap = EQ + AL, (8.83)
9 —o (8.84)
1/2 -1/2

A€y = iYab <1 — 254”) k. + <1 — 253\/[> kt} (8.85)
Cap = €'Y + Alas (8.86)
G =0 (8.87)

1/2
Alap = Yap %g - % (1 - 2M> k} . (8.88)

T

Sap = 50 4 AX,, (8.89)
= =0 (8.90)

—1/2
Yab = Yab 1'l_} . 1 (1 - W) kt‘| . (8.91)

2 2 T
Hap = H + Aty (8.92)
0
MG =0 (8.93)
oM\ ' M oM\ /2 oM\ V2.

Hap = Yap <1 - 7“> ﬁkt — <1 - T> k; — (1 — 7“> k., (8.94)

In addition to these basic 14142 variables we also need the gauge-invariant variables: {X,,Y,, Z,}.
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8.3.3 Ricci Tensor

The Ricci tensor in Schwarzschild spacetime vanishes in the background. As per the Stewart-
Walker lemma [534], this tensor will be a natural gauge-invariant variable as it vanishes in the
background spacetime. The perturbations to the Ricci tensor will therefore correspond to phys-
ically meaningful perturbations. In the 242 formalism, the full perturbed Ricci tensor can be
decomposed in the same way that the metric perturbations are decomposed: into scalar, vector
and tensor harmonics [349]:

Rap =0 (8.95)
Rap =54, (8.96)
Rap = S Yo, (8.97)

where the following variables have been introduced for convenience:

oM oM\ ! oM
S=Vakt ="k — (1 - ) Orky + (1 - ) O,k (8.98)
r r r
1 1 4M 1 2M 1 2M 1 2M
S = Lp [AEED AN LG 2N G (B gk L (12 2y,
2 r2 r3 r r 2 r 2 r
(8.99)
1 1 1 -1 1 -1 1 -1
S, = =k, % 4z 1_% Oy by — = 1_ﬂ Ot kit + = 1_ﬂ 3t27€r-
2 r2 r r 2 r 2 r
(8.100)

However, from the EFE we know that the source terms should vanish and hence S = 0 provides a
constraint on the metric functions whereby

oM\ 2 oM\ [2M
atkt = (1 - > arkr + <1 - ) |:2:| kr (8.101)
T T T
- oM oM\ Y% oM
ky = (1 - ) K.+ (1 - ) k. (8.102)
T T T

This relationship can be used to simplify other equations such as 8.85. These equations are a
specialisation of the full Ricci perturbations in a spherically symmetric spacetime. The expression
for the full perturbations can be found in [349].

8.3.4 Master Variable and Master Equations
8.3.4.1 Cunningham-Price-Moncrief Master Variable

The definition of a master variable is by no means a unique process. Some of the most commonly
cited definitions include the Cunningham-Price-Moncrief (CPM) function and the Regge-Wheeler
(RW) function. The Cunningham-Price-Moncrief function can be reformulated in a covariant
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manner, albeit with a different normalisation, as was demonstrated by Gerlach and Sengupta
[201; 202]. The covariant CPM-GS function is given by:

2r ~ 2 -
Ul = AP (VR — Srahl ). 8.103
odd = (7= 1) (6+2) € Altp T TATE (8.103)
This definition and normalisation is in agreement with [283]. The normalisation is chosen for
convenience when studying gravitational radiation at future null infinity and on the horizon.
Inserting this variable into the perturbation equations recovers a wave equation for the master
variable whose result is the well known Regge-Wheeler equation [458]:

(O — Vodd) ¥odd = Sodd- (8.104)

In the vacuum limit, neglecting first order energy-momentum perturbations, the source term van-
ishes. The odd-parity potential is:

((t+1)  6M
Vour =" =5

(8.105)

It is interesting to note that the CPM function is closely related to the originally defined RW

function:

1 -
P = ;UA hom (8.106)

1 T
\Ilém _ 7tA \I,Zm e SA 8.10
In our vacuum limit, the RW function is simply a weighted time-derivative of the CPM function.
Explicitly evaluating the RW function for the Schwarzschild spacetime in the Schwarzschild co-
ordinates we find:

oM
Uy = (1 - ) . (8.108)
T T

It is now our task to find which combination of 14142 variables is equivalent to the above. Using
the correspondence defined above we see that the definition given in Clarkson and Barrett is

equivalent to the Regge-Wheeler function:

1 _ 1r
W2 =Y {QQWQCT + 35XV] (8.109)
2 1 _ 17 -
th) = —ﬁWa}; = Quab {2¢T2CT + 35XV} (8.110)

_ [1 _ QM] kx (8.111)

)
T r
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where we have used WY to denote the RW tensor in the tensorial harmonic basis and W< to
denote the RW tensor in the covariant harmonic basis. The covariant Regge-Wheeler tensor can
be reconstructed from these expressions

1, ., 1r
Weap = 5@57‘ Cab — g?é{aXb}a (8.112)
with the accompanying covariant wave equation [104; 437]:
Wiany — Wiapy — AWiany + (6% — €) Wiapy — 6*Wiapy = 0. (8.113)

This can be harmonically decomposed to the following

00 +1)
7.2

V"V—V?/—AW+{ +35}W:o, (8.114)
where W = {Wr, Wr}. Importantly [104] was able to show that both the even and odd parity
parts of W,,;, denoted by just W, obey the same covariant wave equation Eq. (8.219) or, altern-
atively, the harmonic representation given in Eq. (8.114). Though we derived this equation by
using the correspondence between the 2+2 and 1+1+2 approaches, the Regge-Wheeler tensor
may be completely determined using the 1+1+2 formalism alone [104; 437]. In the pure 1+1+2
approach, the question asked is if we can find a combination of basic tensors that obey a closed,
covariant wave equation. It was previously shown that, yes, this is certainly possible [104]. In
addition to the 1+142 transverse-traceless set of 2-tensors {E.p, Hab, Xab, Cab }, remember these
are just the PSTF with respect to n® terms in our formalism, we can also construct TT tensors from
the ¢ derivative applied to scalars and vectors. For example, d;, X3, or d;,6,,H are legitimate TT
tensors. We construct wave equations by tl}e appropriate evolution and propagation equations
by calculating the wave operator ] {ab} — ] {av} for the 2-tensor ¥,,. The fact that these two
approaches coincide and give a sane result is a good and useful consistency check. More import-
antly, it allows us to imbue the master variable with a geometrically and physically meaningful
interpretation. Remember, the gauge-invariant variable X, corresponds the angular gradient of
the electric Weyl tensor X, = §,€. The term on the RHS of equation 8.112 is therefore related
to the angular projection of the spatial fluctuations to the radial tidal force. The term X, /& is
simply a measure of the fractional gradient of the radial tidal forces over the 2-surface telling us
how these forces are changing from point to point on the vibrating 2-surface [104]. The Regge-
Wheeler tensor as defined in equation 8.112 is therefore encapsulating the shearing distortion of
the radial tidal force gradient across the 2-surfaces. Likewise the first term in equation 8.112 is
also of a shearing nature. This time it tells us about the TT part of the shear to the spacelike
congruence, how the 2-surfaces are distorted. This plays nicely into the analogy of the vibrating
2-surfaces and how the surfaces are being distorted and how this feeds into the changes to the
tidal forces and the concomitant distortion of gravitational waves arising from the presence of the
black hole [446; 562; 541; 104]. In reality, we are free to re-write (,; in terms of purely Weyl
contributions [104]. This is particularly apparent in 7.180 if we linearise the equations around
the Schwarzschild spacetime.
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We can take this one step further in order to connect our results with the literature at large.
In particular we can demonstrate that Eq. (8.219) is the Regge-Wheeler equation by making the
appropriate transformations and substitutions [104]. First, we introduce the time harmonics,
as defined in Section 7.5.12. Next, we introduce appropriate coordinates by letting the affine
parameter p — r, as per Section 8.2.2, and then transform to the tortoise coordinates of [458]

r
We then introduce a variable v defined such that
¥ = Yrw = Wr. (8.116)

Reducing everything down we find that Eq. (8.219) reduces to

d2
(dﬂ +02) Y=V, (8.117)
where
(r—2m)
V =Vrw = —a [6(£+ 1)r — 6m], (8.118)

which is just the standard Regge-Wheeler potential [458; 104].

8.3.4.2 Gerlach-Sengupta Master Variable

Alternatively, we can construct another decoupled perturbation variable from the magnetic Weyl
scalar, H. Adopting the GS master variable from equation 7.316, we find that

1 oM\ Y2 2 oM\ 2.
M= l_ <1 - ) K, + =k + (1 - ) ky (8.119)
T T T T

By inspection with the correspondence defined above, we see that the GS-GMG master variable is
simply the magnetic Weyl scalar with a given multipole weighting

2

As the pre-factor is composed of purely angular terms, having no time and radial dependence, we
can simply rescale this variable to form
V="H. (8.121)

The harmonic wave equation that this rescaled variable obeys is determined by evaluating the GS
master equation in the axial sector for the Schwarzschild background
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. L(L+1)

VoV (A+30)V+ —%¢2+68 Y =0. (8.122)

r2

Covariantly reconstructing the variable we simply find that

Viay = 1’0400 H. (8.123)
Likewise, the corresponding covariant wave equation is
V{ab} — ]}{ab} — (A +39) f}{ab} — [(52 + QK] V{ab} =0. (8.124)

Where K is the Gaussian curvature of the 2-surfaces as introduced earlier and 62 is our angu-
lar Laplacian on the 2-surfaces. This structure will be remarkably similar to a result in the LTB
spacetime, as one may hope in the limit that u — 0 of a spherically symmetric dust spacetime.
The physical interpretation of H is somewhat trickier as this variable does not have a well defined
Newtonian counterpart. Instead, this variable constitutes a genuinely relativistic degree of free-
dom that can be associated to relativistic effects in the spacetime such as frame dragging and
gravitational waves. The variable itself vanishes in the background spacetime and therefore con-
stitutes a well defined gauge-invariant variable to linear order.

An important observation can be made by introducing a simple rescaling of the variable V such
that J = r3V. Substituting this into Eq. (8.122) we find that the equation reduces to

i j—f—AjJr{g(etl)mg}j}:o (8.125)
T r
J-J- AT+ {W; D) +35}j:0 (8.126)

This is nothing more than the Regge-Wheeler equation that we saw in 8.114. This leads us to the
conclusion that H is just a Regge-Wheeler variable. This was also noted in the analysis of [83]
who introduced complex gravito-electromagnetic variables to study decoupled perturbations. This
variable can also be shown to correspond to the imaginary part of a scaled Newman-Penrose scalar
WUy, namely r®Im[W¥g). This was first noted in [445] and related to the 1+1+2 formalism in [83].
Though, in many ways, this should not be too surprising given that the magnetic Weyl tensor is a
natural odd parity variable that implicitly is related to the free gravitational field and thereby to
gravitational perturbations. We also point the reader to [410] for an investigation into the relation
between the 2+2 gauge invariant variables an the Newman-Penrose scalars {Wg, ¥y, Uy, U3, Uy}.

Using these results, we can numerically evaluate the Regge-Wheeler equation for reasonable
initial data. One of the most intuitive examples that we can consider is a Gaussian wave packet
scattering off our Schwarzschild black hole, this is a classic test and has been well documented
in the literature [578; 579; 18; 424]. At the linear order considered here, modes with different
angular structure will decouple from each other due to spherical symmetry. Additionally, as we
mentioned earlier, the even and odd parity sectors are dynamically independent. The complete
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spectrum of QNMs could be obtained by the numerical evaluation of the RW eqn 8.126 but more
sophisticated methods, such as those in the classic paper by [313], are more reliable and powerful.
In our simple numerical scattering example we adopt the so called time-derivative (TD) initial data
prescribed by (e.g. [424])

J(t=0,r)=0, (8.127)
8T (t=0,r)=e (r=r0)?/o* (8.128)

We only consider a pulse positioned initially at ro = 20M, for a Gaussian packet of width o = 4M
and for the multipole (¢, m) = (2,2). The observer for this example is positioned at a radius of
40M. The RW variable J is shown in Fig. 8.2 and the logarithm of its absolute value in Fig. 8.3.
In these plots we demonstrate the response of a Schwarzschild black hole to an incident Gaussian
wavepacket of width o = 4M and an initial position set by o = 20M. We see an initial bump
around ¢ ~ 20M which corresponds to the initial Gaussian pulse on the way to the black hole
followed by the quasinormal mode ringing that dominates the signal from around ¢ ~ 80M.
At late times we start to approach a power-law fall-off known as the tail. The late time tail
corresponds to backscattering off the weak potential in the far wave zone. Similar investigations
can be constructed for more complex scenarios, such as the radial infall of point particles [377] or
the tidal distortions and response of the black hole to orbiting particles [348], in order to garner
insight into the physical origin of black hole quasinormal modes. Fundamental questions of this
nature will become increasingly important as we edge closer and closer to the first gravitational
wave detection. It is thought that observations of the ringdown regime of a perturbed black
hole will provide strong insights and constraints into binary black hole systems [291; 292; 216].
It should be noted that it would be extraordinarily useful to extend the covariant and gauge-
invariant approach to study perturbations to a Kerr black hole. After all, astrophysical black holes
are highly likely to be spinning and hence perturbations to the Kerr black hole are astrophysically
more interesting to study [557; 558; 442; 559]. A further complication is that the initial conditions
become intractably complex due to the extremely non- linear nature of binary black hole inspirals
meaning that studies of the physical origin of the ringdown mode structure are often limited to
more simplistic cases, such as the radial infall of a particle described above. It is hoped that
covariant methods may be able to shed some light on the physical characteristics, such as tidal
shears and the electric Weyl tensor, that influence the mode structure in a black hole ringdown
and how this may contain some memory of the perturbing mechanism.

In this sub-section we have related this variable to the work of [229], derived the covari-
ant wave equation 8.124 for a covariant tensor 8.123 and made explicit the relation between
the 1+1+2 variables and the literature at large in Section 8.3.4.1. All these approaches consti-
tute different ways to study the same basic problem: vacuum gravitational perturbations to the
Schwarzschild spacetime.
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Figure 8.2: Here we plot the response of a Schwarzschild black hole to a Gaussian wavepacket of width
o = 4M and an initial position set by ro = 20M. We see an initial bump around ¢ ~ 20M which corresponds
to the initial Gaussian pulse on the way to the black hole followed by the quasinormal mode ringing that
dominates the signal from around ¢ ~ 80M. At late times we start to approach a power-law fall-off known as
the tail. The late time tail corresponds to backscattering off the weak potential in the far wave zone. Finally,
we note that the Regge-Wheeler variable [J here is simply related to a re-scaling of the scalar part of the

magnetic Weyl tensor via J = r3H.
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Figure 8.3: Here we plot the evolution of the logarithm of the absolute value of the RW variable in response
to a Gaussian pulse scattering off the Schwarzschild black hole. Description of the phenomenology is the

same as in Fig. 8.2.
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8.4 Linear Perturbations: Polar Sector

8.4.1 Introduction

The most general form of polar perturbations to the metric in the RW gauge can be written as:

ds*> = —[14+2n—x— ) Y] (1 - 2M> dt* — 2¢Y dtdr (8.129)
T

2M - 2 2 2
+[1+(x+9)Y] 1—7 dr® +r° (14 ¢Y)dQ2

As we saw in the axial case, the fundamental 4-velocity simplifies considerably as the matter
perturbations vanish for pure vacuum gravitational perturbations. The perturbed 4-velocity can
therefore be written as

1
o — {aA b hap Y, 0} , (8.130)

where 44 is the background fluid 4-velocity given by Equation 8.41. Note that the ansatz adopted
for Auy ensures that to linear order A (g,,u”u”) = 0 and hence our vector remains normalised.
The spacelike basis vector is constructed by orthogonalising on M?

1
Ng = [m + 5hAB WPy, gYa} , (8.131)

where the background spacelike vector is given by Equation 8.43. Here we have included a frame
degree of freedom g encapsulating the gauge freedom in the choice of frame vectors at each point.
The ansatz adopted for An 4 ensures that the spacelike vector remains appropriately normalised
to linear order. Note that on a static background the fluid basis will coincide with the radial basis
defined by

nA =24 (8.132)

where v4 is defined by 7.259 and v is defined by 7.298.

We are now ready to perform a 14+1+2 decomposition of the polar sector perturbations and,
as before, we adopt the 1+1+2 index notation.

8.4.2 Correspondence
8.4.2.1 Polar Perturbations: Scalars

In the polar sector, the odd parity variables {#, (2, &} will vanish at all orders and we will be
left with only the even parity scalars {A4,0,¢,&,¥}. We will use 1+1+2 index notation unless
explicitly referenced and we adopt the notation that X (?) denotes the variable evaluated in the
background spacetime and A X denotes the linear order perturbation to the variable.
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=604+ AE (8.133)
£0) _ —% (8.134)
T

AE#0 (8.135)
0=0041A0 (8.136)
00 — o (8.137)

1 3 1 1
AO =Y §§(A+¢)+§¢+f§(+f§' : (8.138)
»=x0 4+ AR (8.139)
50 _ g (8.140)

1 1
AY. =Y [g (A - 2¢> + Xt g (8.141)
¢=0"+Ag (8.142)
1/2
5O — 2 (1 _ 2M> (8.143)
T T
Ap£0 (8.144)
A=A0 + A4 (8.145)
M oM

A =5 (1 73) (8.146)
AA+0 (8.147)
H=HO+AH (8.148)
7O — ¢ (8.149)
AH =0. (8.150)
0=00 1+ AQ (8.151)
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00 =9
AQ = 0.

8.4.2.2 Polar Perturbations: 2-Vectors

(8.152)
(8.153)

(8.154)
(8.155)
(8.156)

For 2-vectors, all quantities are explicitly first order as these are necessarily zero in the background

spacetime:

1

1 1 3 . .1,
Aly =Ya [—(x+<p) (A—2¢> =589 )X =53¢ = 9]

4

a((lo) =0
1 .
AO‘a - Ya |:2<+g:| .

A, = AD + A4,
AP =0

1
A~'4¢1:Yra —gA—§(X+<P) .

Q. = Q0 + AQ,
00 =9

(8.157)
(8.158)

(8.159)

(8.160)
(8.161)

. (8.162)

(8.163)
(8.164)

(8.165)

(8.166)
(8.167)

(8.168)

(8.169)
(8.170)
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11
AQ, =Y, Lc} (8.171)
g = aflo) + Aag (8.172)
al® =0 (8.173)
1
Aag =Y, {2 (x+¢) +g’] (8.174)
Y. =20 4 A%, (8.175)
20 =0 (8.176)
1
AY, =Y, [4% . (8.177)
8.4.2.3 Polar Perturbations: 2-Tensors
For 2-tensors we find:
Eap = ED + AL, (8.178)
W =0 (8.179)
1
A&y = Yap {—2 (x + w)} . (8.180)
Car = €0+ Alus (8.181)
¢ =0 (8.182)
Alap = Yap 9] - (8.183)
Sap = 50 + AT, (8.184)
2@ =0 (8.185)
Yap = 0. (8.186)
Hap = Hiy) + MMy (8.187)
HY) =0 (8.188)
_ 1
Hap = Yap [c] (8.189)
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8.4.3 Master Variables and Master Equations

8.4.3.1 The Equations

For exterior, vacuum, gravitational perturbations in the Schwarzschild spacetime, the system of
equations simplifies considerably. As we consider vacuum perturbations, there can be no fluid
perturbations

(v, w, A) = 0. (8.190)

This means that the evolution equations for the fluid perturbations now become constraints for the
metric perturbations (specialising GMG93, GMG94 and GMG95 from [229] to the Schwarzschild
spacetime [351])

16(6+1
0=¢" =Wx+3 (; ) (8.191)
0 +1 (+2)(0—1
0=+ WD (1o %x FWY 2 (8.192)
0=¢ 425+ x +2¢ (8.193)
0=1. (8.194)

These can be re-written in terms of the 1+1+2 scalars as follows

0=¢ — Lo+ D (8199
N (z; D (et 0) %x + %qﬁx’ — oy (8.196)
0= + 24 + ¥ + 2 (8.197)
n=0. (8.198)

The concomitant master equations for y, i, ¢ reduce to (specialising GMG98, GMG99 and GMG100
from [229] to the Schwarzschild spacetime)

(t+2)(£—-1)

M

X+ =-2 [2y2 - 6703} (X +¢)+ = x— (5v —=2W)y/ (8.199)

M {+2)(0—1
—p=-Wx —v¢ —4—= (x +¢) - L(Q) (8.200)

r 2r
Again, these can be re-written in terms of the 1+1+2 variables as follows

3 0+2)(£—-1

—-X+x"'=-4 {AQ + 28] (x+¢)+ t+2) (=1 7)"2( )X —[5A -] X (8.202)
1 (+2)(f—1

—-p= —§¢x’ — A" =28 (x +¢) - % (8.203)

—¢=2A(x+¢) +x" (8.204)
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8.4.3.2 The Covariant Regge-Wheeler and Zerilli Equations

The work of [104] was able to demonstrate that Eq. (8.112) obeys a closed covariant wave equa-
tion for both the polar and axial terms. In the polar case the harmonic components of Eq. (8.112)
are given by

1 2 T XV
= - —_— = . '2
Wr 2¢7" Cr 3E (8.205)
In the same body of work [104] they also demonstrated that we can construct a Zerilli like tensor
from the following object

Zr = %cgl [3r<z>zT — 2/’3} (8.206)
where the coefficient ¢; is defined by
¢j =4[0(C+1) +1] = jrie? (8.207)
and the Zerilli equation is given by
E_Z_AZ4 %T*Z 303 F 32200+ D) {(L— D) +2)12] 2 =0. (8.208)

Again, we can take this one step further in order to connect with the literature at large. First,
we introduce time coordinates. Next, we introduce tortoise coordinates and, following [104], we
make the association that

Y=z = Z. (8.209)

This will then obey Eq. (8.117) but the potential will now be given by

(r—2m)
r{(L—1)r +6M}>

V=Vz= [(L—1)%[r®(L +7) + 24M7r?] + 36 M?r(L — 1) + 72M?]

(8.210)

where [104] defined L = ¢(¢ + 1) for brevity. Though it is anticipated that the analysis of [437]
will lead to modifications in the covariant reconstruction of the Zerilli wave equation.

8.5 Weyl Curvature Tensor

8.5.1 Introduction

In this section we highlight an additional result that arises from considering the wave equations
that are generated by the electric and magnetic Weyl 2-tensors. As can seen in the correspond-
ence presented in this Chapter, these tensors are intricately linked to the 242 master variables
{x,p,s}. It is therefore reasonable to suspect that they may indeed play a fundamental role in
the description of gravitational perturbations of the Schwarzschild spacetime, especially given the
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role of the Weyl tensor in General Relativity. What we seek is a covariant tensor that unifies the
even and odd parity perturbations and the corresponding master equation to go with this variable.
Schematically, we will need to isolate a closed equation in the harmonic domain before performing
a covariant reconstruction. This is due to the way in which we use the harmonic decomposition to
factor out the d-derivatives. As such we find a master variable that obeys a closed wave equation
in the odd parity sector and check the consistency of this variable in the even parity sector. Once
we have a variable that is consistent in both the even and odd parity sectors we can write down a
covariant wave equation for this covariant tensor.

8.5.2 0dd Parity

Our starting point in this investigation is to construct the wave operator W, — ¥ applied to the
electric Weyl 2-tensor &7 and the magnetic Weyl 2-tensor Hy. This generates a pair of wave
equations in the harmonic domain

0e+1) 1

—5—¢2] Hr = 36 (6 — A) Sy 4+ 277

r

(o — A) (8.211)

r2 2

#T—QT—(¢+3A)QT+|:
and

Er—Er—(6+34)Er + V“; D _¢_ ;&] Er =3E(¢p— A — 257V (6—A). (8.212)

These equations are not closed as they contain forcing terms from other 1+1+2 variables. The
magnetic Weyl tensor is principally forced by the shear of the timelike congruence u® while the
electric Weyl tensor is principally forced by the shear of the spacelike congruence n*. A recon-
struction of the covariant form of these equations from their harmonic expressions provides the
following pair of equations

. 2 N 1
Hiavy — Hiavy — (& + 3A) Hyapy — 6 Hiapy + {2¢52 - 55} Hiapy = [3ES(apy + 20(aHpy] (¢ — A)
(8.213)

and

. 2 . 1
Etaby — Egavy — (¢ + 3A) Egany — 0°Eqany + {2¢2 - 55} Elavy = [3E aby +26(aE0y] (0 — A).
(8.214)
Although these appear somewhat ungainly, by looking closely at the equations we can identify a

very common structure between the two suggesting a rather natural perturbation variable that
may decouple
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Wiaby = Eqany + Ea{ch}c' (8.215)

This variable can be harmonically decomposed into its even (polar) and odd (axial) parity com-
ponents

Wiapy = [Er — Hr| Qab + [Er + Hr] Qup (8.216)
= Wr Qup + Wr Qup. (8.217)

In order to see if this is a legitimate candidate for a covariant tensor that unifies the axial and
polar gravitational perturbations we will need to ensure that both parities obey the same wave
equation. We first consider the even parity equation and then ensure that the odd parity equation
is consistent.

We construct a wave equation for the variable W by making use of 8.211 and 8.212. In
particular, we see that, after combining these equations, the remaining terms may be cancelled
by the timelike and radial derivatives of our master variable Wy along with a potential term
multiplied by Wy. This can be seen by looking at the terms on the RHS of equations 7.178 and
7.180. The concomitant closed wave equation reduces down to

0(+1)
T2

Wi — Wr — (A +3¢) Wr — (24 — 2¢) Wr + - g¢2 128+ 442 W = 0. (8.218)

The covariant wave equation that this master variable would obey is given by

Wiaby = Wiany — (A+30) Wiany — (24 = 20) Wiany (8.219)
— (0% 4+ 2K) Wiy + (447 — 4E) Wiapy = 0.

Now that we have this identity we must switch to the even parity sector and make sure that this

wave equation is consistent and valid.

8.5.2.1 Even Parity

We perform the same procedure as we did for the odd parity variable WWr, this time with the
even parity terms. We construct the wave equation for the electric and magnetic Weyl 2-tensors
resulting in the following pair of harmonic wave equations

Fy — Hy — (6 +3A) Fr + “{jl)—s—%& ﬁT=35(¢—A)2T—2%(¢—A) (8.220)

and
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0e+1)
7”2

.. 2 N 1 E

Er —&r —(p+3A) Er + —€- 0% &r :35(¢*A)CT+27V(¢7A). (8.221)
As hoped, these equations correspond to the even parity harmonic decomposition of 8.211 and
8.212. Applying the wave operator to the even parity variable YW and killing off any remaining
terms with timelike and spacelike derivatives of Wy or a potential term multiplied by Wy yields

C(0+1)
7‘2

.. 2 ~ . 3
Wr —Wr — (A +36) Wr — (24 — 20) Wr + - 50;2 + 26 +4A% | Wr = 0. (8.222)
Finally, the covariant reconstruction of this even parity wave equation leads us to exactly the same
covariant wave equation 8.219 that the odd parity variable Wy obeys thus demonstrating the
consistency of the master variable we defined previously.

8.5.3 Unified Master Equation and Master Variable

Piecing this all back together, we have derived a covariant, gauge- and frame-invariant, transverse-
traceless tensor

Wiaby = Eqany + €ageMyy (8.223)
along with its concomitant closed covariant wave equation

Wiaby = Wiany — (A+30) Wiapy — (24 — 26) Wiy (8.224)
— (6% 4 2K) Wiapy + (4A% — 48) Wiapy = 0.

This tensor will describe gravitational waves in the Schwarzschild spacetime and the even and odd
parity components of this wave equation will be analogous to the more commonly used Regge-
Wheeler and Zerilli equations. A similar decoupling was seen in [82] who used elegant complex
methods to decoupled the equations. In many ways this master equation is a rather cute result as
it explicitly expresses a wave equation in terms of the Weyl curvature tensors which correspond
to the free part of the gravitational field responsible for action at a distance. In the case of a
Schwarzschild black hole, this corresponds to the propagation of the Weyl curvature variables
with distortion terms arising from the black hole itself. In addition, as &,, and H,;, themselves are
frame invariant, the frame-invariance of W, is natural.

In principle, this tensor is related to a linear combination of the 2+2 gauge-invariant variables.
As an example, in the polar sector we would find

Wy =Er —Hy = [—(x+¢)+g]. (8.225)

22
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8.6 Conclusions

Metric perturbations of the Schwarzschild spacetime are amongst the oldest and most interesting
applications of General Relativity. The work was initiated by [458; 578; 579; 607; 608; 381; 201;
202] but has since been expanded and extended with applications to many physically interesting
situations. Not only does this spacetime provide useful physical insight and intuition into General
Relativity but it is also the prototypical starting point for the exterior solution of a single isolated
black hole or stellar object. The spacetime has also been highly influential in understanding the
gravitational wave emission from point particles in orbit around a black hole [348; 473; 399; 349].

The initial studies made use of gauge-invariant objects constructed by finding linear combin-
ations of metric perturbations that are invariant under infinitesimal coordinate transformations
[381]. Historically, some of the most useful coordinates have been the normal Schwarzschild co-
ordinates (t,r, 0, ¢) along with the Regge-Wheeler gauge which have proved to be useful for many
purposes of interest, though not all. For example, the Schwarzschild coordinates are often poorly
behaved at the event horizon complicating any such analysis. To study the behaviour of the per-
turbations at the horizon it is more useful to adopt the incoming radiation gauge which expresses
the perturbations in terms of advanced coordinates (v,r, 8, ¢) [349]. Similarly, the behaviour of
the perturbations at future null infinity is well described by adopting the outgoing radiation gauge
and expressing the perturbations in terms of retarded coordinates (u,r, 8, ¢) [349].

The work of [201; 202] reformulated the problem in terms of an arbitrary coordinate sys-
tem and derived sets of gauge-invariant objects. A further completion was made by [229] who
made the system of equations explicit by systematically deriving a set of closed master equations
describing all the perturbations for a set of well defined gauge invariant variables. The work of
[350; 229; 351] was amongst the first of a recent flurry in papers aimed at constructing well
defined covariant and gauge-invariant frameworks for the study of perturbations to the Schwarz-
schild spacetime [470; 104; 348; 399; 349; 105; 437].

In this Chapter we have extended the study of [104; 437] introducing new relationships for
decoupled perturbations that constitute new master equations. It was explicitly shown that the
GMG [229] master variable II corresponds to the magnetic Weyl scalar H and a concomitant wave
equation derived. Likewise we were able to show that the axial components of the covariant
Regge-Wheeler tensor Wy, correspond to the Regge-Wheeler variable defined in terms of an axial
metric perturbation k.. We then proceeded to show that the linear combination of Weyl curvature
tensors Wy, = Eap + ea{c’;’-[b}c obey their own closed wave equation with both the axial and polar
sectors satisfying the same harmonic equation. This is a wonderful connection to gravitational
perturbations as the Weyl tensor is known to govern the free gravitational field, i.e. gravitational
radiation. This is made explicit in the 14+1+2 formalism.

In parallel to these investigations in the 14142 formalism we were able to set up and demon-
strate a correspondence between the 2+2 gauge invariant variables and the covariant, gauge-
invariant 1+142 geometrical objects. The power and advantage of the 1+1+2 formalism is that
it provides clear, physically and geometrically meaningful insight into the system of equations. The
major complication in the 1+1+42 approach is in setting up and finding a reduced set of master
variables. In fact, this is often the bottle neck in such studies.




297 Chapter 8. Covariant Perturbations of the Schwarzschild Spacetime

8.7 Summary of Key Points and Key Results

e We have been able to express the 242 background scalars in terms of geometrical 14+1+2
scalars.

e Writing down a general form for the axial perturbations to the Schwarzschild metric, we
were able to construct a dictionary that maps us from the 14142 variables to the 242
variables and vice versa. Key identifications include the identification of the Regge-Wheeler
tensor W, derived in [104], to the metric perturbation k,.. Accordingly, we demonstrated
that various definitions for the Regge-Wheeler variable in different formalisms are identical
obeying a covariant wave equation, as detailed in [104; 437].

e Secondly, we were able to demonstrate that the GMG axial master variable II is simply the
radial part of the Magnetic Weyl tensor #. This variable characterises axial gravitational
waves and can also be related to the imaginary part of the Newman-Penrose scalar ¥,. We
gave an explicit expression for the covariant wave equation that this variable obeys.

e A similar analysis was conducted for the polar sector, allowing us to relate the 242 perturb-
ations to the 1+1+2 variables.

e An interesting outcome of a unified analysis of the perturbations to the polar and axial sector
was that we were able to identify a linear combination of the electric and magnetic Weyl
2-tensors W,,, that decouples, obeying a closed covariant wave equation for gravitational
perturbations to the Schwarzschild spacetime.

e This can be related to the 242 formalism by noting that £, o< (x + ¢) and H,p < . Here,
the 242 master variable y characterises polar gravitational waves, obeying a wave equation
with a wave speed of unity. The variable ¢ is a genuinely relativistic degree of freedom that
can be related to purely physical effects, such as frame dragging.

e Whilst these results are of no great surprise,perturbations to the Schwarzschild spacetime are
well detailed, it does provide a suitable testing ground for the covariant and gauge invari-
ant 14+1+2 formalism. By recovering these results, we are able to demonstrate the power
of the Weyl variables in covariantly characterising gravitational waves as well as detailing
some of the geometrically interesting properties of these variables that are otherwise heavily
obscured in metric and spinor based approaches.

e As a final note, the results in this Chapter should be viewed as a testing bed for the 1+1+2
formalism. The real power of the results in this Chapter are that the covariant wave equation
for the Weyl master variable W, is a limiting case of a master variable that covariantly
characterises gravitational perturbations to LRS-II spacetimes. Likewise, the Weyl master
variable for axial gravitational waves V,;, is a limiting case of a master variable governing
axial gravitational waves in LRS-II spacetimes. This will be discussed in further detail in the
next Chapter. Such an analysis allows us to compare the space of cosmological spacetimes
in a physically meaningful way.
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Chapter

Covariant Perturbations of the The

Lemaitre- Tolman-Bondi Spacetime

9.1 Introduction

The Lemaitre-Tolman-Bondi (LTB) spacetime corresponds to spherically symmetric but radially in-
homogeneous solution to Einstein’s Field Equations [319; 563; 71] and are one of the first steps
we can take to a genuinely inhomogeneous spacetime. These models correspond to a spherically
symmetric but radially inhomogeneous spacetime with only dust as an energy-momentum contri-
bution. Spherical symmetry is enforced as isotropic observations, which are heavily constrained
by the CMB, in the presence of dust imply spherical symmetry. These models can be used as an
attempt to replace dark energy, we cannot disentangle temporal and spatial evolutions, given the
appropriate density profile, or they can be used with a cosmological constant as a means to con-
strain and understand radial inhomogeneities. In this thesis I will adopt something of the second
standpoint, LTB models can tell us a lot about structure formation in the presence of genuine
global inhomogeneity and can help us to understand the physical consequences implied by assum-
ing spatial homogeneity in the standard model. In addition the LTB solution can be embedded
in the FLRW models, or other cosmological spacetimes, as an attempt to model structure in the
Universe allowing us to understand how structure interacts with rest of the Universe.

We can test both the background LTB model as well as the perturbed LTB models. In the per-
turbed scenario we allow for small-scale inhomogeneities to dynamically grow in the background.
This allows us to develop robust predictions for structure in the LTB spacetime and to confront
the LTB models with all observables at our disposal. The equations for perturbations of the LTB
models have been presented in their full generality by [106] and the application of these general
equations to the structure formation problem is incomplete. In part this is due to the additional
complications that an inhomogeneous background introduces. A numerical study was recently
presented in [181] for a range of different initial conditions. In addition, there have been studies
on the self-similar LTB spacetime [588; 150] in a more mathematically elegant way. All of these
studies were completed within the 2+2 covariant framework.

An alternative approach, the one pursued here, is based on the 1+1+2 formalism of [104;
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105]. A preliminary application of this approach to LTB models was given in [610; 611] where
the evolution of the perturbations was given in terms of linear transfer functions. This approach
assumed both that decaying modes may be ignored and that the silent approximation, where the
magnetic part of the Weyl tensor is neglected, holds. There is, however, no strong motivation for
enforcing the silent approximation and it is very likely that dynamical features are erased by doing
so [338]. Another study was undertaken in [152] to understand how an inhomogeneous Universe
can mimic the standard ACDM cosmology. We present the LTB system of equations in their full
generality and derive a master equation for the axial perturbations and a preliminary master
equation that is valid for both polar and axial perturbations [438]. This final result is incomplete
as the equation couples to other 1+1+2 variables and it is likely that we would need to supplement
the equation with auxiliary equations in order to derive a complete, closed system of equations.
This equation does close correctly when we take a vacuum limit and allow 1 — 0. This leads us to
an auxiliary result that for LRS-II spacetimes, namely that the electric and magnetic Weyl 2-tensors
can form a master variable that obeys a closed covariant wave equation for {4, &,%, 0, ¢} # 0 in
the background.

9.2 Motivation

9.2.1 The Standard Model of Cosmology

The standard model of cosmology is a highly simplistic construction based on linear perturbations
about a spatially homogeneous and isotropic background. This approach explicitly assumes that
the Universe can be approximated by a cosmological spacetime with high degrees of symmetry.
This is clearly not true in a realistic Universe filled with structure on both large and small scales.
Surprisingly, and rather impressively, this standard picture can easily account for nearly all cos-
mological observations which probe a vast range of scales, both spatial and in time, with only
a small number of parameters. Unfortunately for us, the picture that we are slowly building up
is one in which the early Universe is dominated by a period of exponential expansion driven by
inflation and the late Universe is dominated by a dark energy component that drives us towards
late time de Sitter expansion. We happen to be anthropically selected to live in an era between
these two extremes in which structure formation can occur and the expansion seems to be well
approximated by a perfect fluid FLRW spacetime. Frustratingly, we also have very little theoret-
ical understanding of inflation, dark energy and dark matter. Whilst paradigms and mechanisms
do exist that are in agreement with observations, such as the field theoretic overview of inflation
given in Chapter 3, there is no fundamental description of these three components.

This lack of a connection to fundamental physics means that we should be very careful as to
the statements we make and we should take every effort to ensure that cosmological observables
are interpreted in a rigorous manner. For instance, many cosmological observations demand that
we fix a cosmology and its parameters in order to extract the physically meaningful information.
However, spatial homogeneity of the Universe, when smoothed over sufficiently large scales, is
introduced as an assumption and is not yet an observationally proven fact. To what degree does
observational data uniquely indicate that the FLRW background geometry is a valid approxima-
tion? This is important as tests of homogeneity on cosmological scales become rather involved, as
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we shall see shortly [538; 107; 170; 341; 252; 110].

To this end, we want to briefly outline the founding principles of the standard model cosmology
and how we can develop our understanding of relativistic cosmology. One approach is to explore
the space of cosmological spacetimes starting from the maximally symmetric FLRW Universes
and systematically stripping away the symmetries to understand the phenomenological behaviour
and dynamics of cosmological models in General Relativity [167; 168]. This is the philosophy
emphasised in this Chapter. The LTB models can be tightly constrained via observations and,
realistically, we certainly do not expect them to be a more robust or valid description of the
Universe. Instead, we see the LTB models as being the first stepping stone towards a genuinely
inhomogeneous spacetime for which the relaxed assumptions on homogeneity open up rich, new
phenomenological features that may not be present in the homogeneous FLRW models. Such
rich structure has also been observed in the anisotropic case. For completeness, a handful of key
results relating to anisotropic cosmologies may be found in [161; 533; 162; 163; 121; 206] with
detailed overviews provided by [581; 169] and more recent applications of these models given by,
for example, [85; 542; 448].

9.2.2 Founding Principles in Cosmology

The philosophical point of view adopted in this thesis is that the FLRW spacetime is an approxim-
ation to the real Universe and that it is important to demonstrate that the FLRW approximation
holds from a purely observational point of view without a priori assuming FLRW. This means find-
ing tests independent of, for example, the field equations from which we can distinguish models.
Two of the main issues that arise when considering such are problem are the Copernican and
Cosmological principles [110]

e The Copernican Principle: We do not occupy a special location in the Universe.

e The Cosmological Principle: Smoothed on sufficiently large scales, the Universe is spatially
homogeneous and isotropic.

The standard formulation of the FLRW spacetime arises by imposing the Copernican principle and
using the high isotropy of the CMB coupled with the approximate isotropy of local observables to
arrive at the Cosmological principle. This can be shown to be true in an exact sense. Namely that
if all observers measure a distance-redshift relation that is exactly isotropic, then the spacetime
will be exactly FLRW [160]. This is not realistic. A more appropriate statement would read [110]:
If most observers measure observables that are consistent with small levels of anisotropy, then the
metric of the Universe will be roughly FLRW when smoothed on sufficiently large scales. This
has introduced a number of subtleties that may or may not be realistic. For instance, what do
we mean by smoothing? Smoothing observables is not the same thing as spatial smoothing and,
even worse, smoothing geometry is an ill defined procedure for which we do not recover the same
geometry as that from a smoothed energy-momentum tensor [109; 73; 19; 110]. These all add
additional complications to the correct interpretation or cosmological observables on large scales.

Ignoring such subtleties we can see that mapping ourselves from the Copernican principle to an
almost FLRW procedure seems very reasonable under a large range of circumstances [334; 335;
538; 102; 39; 406]. This necessitates that we can observationally test the Copernican principle
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[110]. This is where a problem kicks in. On large scales (on the order of Gpc), we effectively have
a view of the Universe from a single spacetime event and observations amount to looking down
our past lightcone Fig. 9.1. This is important as homogeneity is defined over spatial surfaces but
observations down the past null cone amount to observations that intersect with the spatial hy-
persurfaces not across the spatial hypersurfaces. Heuristically, this corresponds to the well known
phenomena that looking at objects that are further away, i.e. higher redshifts, means that we are
looking at objects that are in the distant past. This is just the causal nature of General Relativity.
However, on large scales we see that temporal and spatial evolution can become entangled, more
so for the cosmological models with reduced symmetry, making interpretations of observables
more complicated. We can test the Copernican principle locally but to do so in a more global sense
requires more sophisticated analysis methods [110].

One particular avenue of research is to reconstruct the metric of the Universe from observa-
tional data [164; 22; 23; 253; 584; 24; 67]. In this approach, cosmological observations are
used to re-construct initial data on the past null cone which can then be integrated into the in-
terior [110]. The important observation here is if this procedure reconstructs something that is
highly FLRW and if it will necessarily result in something that is highly FLRW. In some ways this
is perhaps the most fundamental approach of those available..

9.2.3 Constraints on LTB

We do not wish to discuss this point in any significant detail, it would take up too much space, but
we note that a number of tests of the LTB models have been devised. Examples include

e Distance-redshift relations, volume element and number counts.

e CMB and Hubble Parameter.

Scattering of the CMB: The Compton-y parameter along with the kSZ and tSZ effects.

e BAOs.

Growth of large scale structure and density perturbations.

The basic point here is that different scales will be probed by different astrophysical observa-
tions. A compendium of tests and cross-correlations between cosmological observables is likely
to provide the most stringent constraints on these models. For detailed, in-depth reviews see
[107; 170; 341; 110] and the references within. From here on we will focus on the study of
gravitational perturbations in the LTB spacetime. We leave a detailed study of the astrophysical
and cosmological implications to future work.

9.3 Background Spacetime

Assuming a pure dust spacetime, the isotropy of the CMB implies spherical symmetry which leads
to the Lemaitre-Tolman-Bondi (LTB) spacetime [318; 563; 71] or the ALTB spacetime, should we
allow for A. After all, there is no reason a priori why we should rule out a dark energy contribution
even if we are using a cosmological spacetime with relaxed symmetries. It is perfectly acceptable
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Observations in Cosmology

Our worldline

Sphere of constant distance

Surfaces of constant time
space

Figure 9.1: This figure is essentially a reproduction of Figure 2 in [110]. Observations in cosmology amount
to looking down our past null cone. This is the well known phenomena that looking at more distant objects
amounts to looking at objects that are in our past. This is the causal nature of General Relativity. The problem
for cosmologists is that observations on the null light cone correspond to observations that intersect spatial
surfaces and are not made across the spatial surfaces themselves. We can therefore test the Copernican
principle locally but this becomes more complicated on large scales where spatial and temporal evolution
become entangled.

to have both. As we impose spherical symmetry, we are implicitly stating that the vorticity must
vanish and, as we are dealing with a dust energy-momentum source, the fundamental observers
will be geodesic. This means that we can write the LTB metric in a comoving form

ds® = —dt* + X2(t,r)dr? + A%(t,r)dQ>. (9.1)

From this metric we can calculate the Christoffel symbols and the EFEs Appendix D.1.1. Typically
the metric functions X (¢,r) and A(¢,r) can be defined in terms of a curvature function «(r) as

follows
aH(t, 7“)
X = 2
() = 9.2)
At,r) =ay(t,r)r (9.3)

where we have introduced two new scale factors: a scale factor parallel to the radial direction
a| = Or(aLr) and a scale factor perpendicular to the radial direction, i.e. angular, a, (¢,7). The
curvature function «(r) is a free function of r. Hence the unperturbed LTB metric may be written
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in the following form

aﬁ(t, r)

2 _ 2
ds® = —dt +7(1—m"2)

dr? + a% (t,7) r? dQ?, 9.9

Using these two scale factors we can introduce two Hubble parameters

G,H a|

where the dot operator is just J;. As may be expected, we can construct analogues to the Fried-
mann equation
9 M K

2 P L 6
+ adrd  a?r? ©.6)

with M = M (r) being a free function of r. The locally measured energy density is

Mr3) .
8mu = ( T2 )2 9.7)
ajair

where p obeys the conservation equation that arises from the Bianchi identity
/:L+(2HJ_+H”)/,L:0. (9.8)

Rather unsurprisingly we can also define two acceleration equations, one for the parallel scale
factor and one for the perpendicular scale factor
G M a M
—_— = ~53.3 and 7” = —47Tp + 3 3" (9.9)
a| 2a T a) aijr
Much as we did in the FLRW spacetimes, we can also introduce dimensionless density parameters
for CDM and the curvature function x

K M

Q,i('f') = —Hiio Qm('f') = TL

(9.10)
such that Q,,,(r) + Q. (r) = 1 and the Friedmann equation reduces to the rather familiar form from

Chapter 1
H2
— =Qna®+Qeal” (9.11)
HY,

We can analytically integrate this Friedmann equation from an initial time corresponding to the

big bang, the bang time ¢5(r), to some later time ¢

t—t L I 9.12
=t | e 012
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This yields two free functional degrees of freedom: the matter density profile 2,,,(r) and the bang
time ¢ (r) [110]. Typically we can obtain a solution by fixing the choice of coordinates, much as
we did in FLRW, such that a (t9,r) = 1 and H, ,(r = 0) = Hy. The distance-redshift relations in
the LTB spacetime can be written down once we have specified our observers. For instance, on the
past null cone, an observer at the center of the LTB metric may write down the pair of coordinates
t,r as a function of the redshift

a_ 1 dr _ _Vv1—kr? (9.13)
dz (1-|-Z)I‘IH7 dz (1+Z)aHHH. )

The angular area distance is just related to the angular part of the metric and the luminosity
distance as a redshifted area distance

da(z) = ay (t(z),r(2)) r(2), dr(z) = (14 2)%da(2). (9.14)

Finally, we note that the volume element can also be written as a function of redshift [110]

AV Awda(z)?

dz (L+2)H(2) .

9.3.1 2+2 Formalism

The background timelike and spacelike unit vectors % and 74 in the LTB spacetime Eq. (9.4) are

given by
V1= rr2
@ =(1,0) and @4 = <olm"> . (9.16)
a
These variables obey the appropriate normalisations u,u* = —1 and n,n" = +1. Following [229]

we can calculate the scalar background variables and the frame derivatives for the LTB metric

Eqg. (9.4). The scalars are given by

Q=1Inp (9.17)
U=H, (9.18)
V= % (9.19)
T =H| (9.20)
v=0, (9.21)

where we have introduced a curvature function W defined by

A1 — 2
= VIR (9.22)
a|r
Following [106], we will seek to eliminate « in favour of W. This will be particularly useful when

relating the 2+2 formalism to the 1+1+2 formalism, as we will see shortly. The frame derivatives
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are given by

X =0, X (9.23)
_ 2
X' = LGW 9,.X. (9.24)
I
and obey the commutation relation
(N = () =Hy " (9.25)

The background relations from GMG reduce to the following expressions

H') =W(H —H.) (9.26)
H, =—-H? - 265!573 (9.27)
W =—H,W, (9.28)
W'=-W?—dnp+ H Hj+ T (9.29)
The quasilocal Misner-Sharp mass reduces to

M =2 [1+0 (H - W?)] (9.30)

which is related to the integral over the energy density i via
M' = 4nr? (rW) p. (9.31)

As we will see in the next subsection, these background equations can be re-expressed in the
covariant and gauge-invariant framework of the 14+1+2 formalism.

9.3.2 1+1+2 Formalism

We now want to specialise to the class of inhomogeneous, spherically symmetric dust spacetimes
known as the Lemditre-Tolman-Bondi spacetime. Introducing a set of comoving fundamental
observers u® = §§, the energy-momentum tensor for this pure dust spacetime reduces to

Tab = U UgUp. (932)

In a pure dust spacetime, corresponding to p = 0, the comoving worldlines will be geodesic
and the radial component of the acceleration of u®, A, will vanish. Remember, A is simply a
measure of non-gravitational forces acting on our timelike congruence and geodesic motion has
a vanishing acceleration. The LTB spacetime can therefore be covariantly characterised by the
following 1+1+2 scalars that are non-zero in the background spacetime

XLTB = {¢,@,Z,5,/J/}, (933)
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along with the radial X and timelike derivatives X as these do not vanish in the background.
The background propagation and evolution equations are obtained by taking the full system of
equations and retaining only the terms that are non-zero in the background. The resulting system
of equations that covariantly describe the background LTB spacetime are given by

Background Propagation Equations:

R 1, 2 1 2

=——¢"— | Y- = Y+ - - —u— .
¢=—5¢ ( 3@>( +3®) gh—€ (9.34)
R 3 2.
Y= —§¢Z + §@ (9.35)
4 3 1,

. 1 2

6=30(z-30) 9.37)

. 1 4

Y=—=-X <E+@> & (9.38)
2 3

s 3 2 1

5 _lg2 3y L

0= 3@ 22 S H- (9.41)

As we saw in the Schwarzschild spacetime, these 14+1+2 covariant objects may be mapped onto
the set of 242 variables that describe the background spacetime. Using the metric 9.4, we can
equate the 14142 variables to metric functions by taking the appropriate projections and covari-

ant derivatives [58]

V1 — rr2
¢=2Y " (9.42)
a|r
0= HH +2H,, (9.43)
2
Y= 3 (H —H.), (9.44)
_k_ M
e B (9.45)
Mr3) .
_ @), (9.46)
aHaJ_r

9.4 Linearised Equations

9.4.1 1+1+2 Formalism

Next we construct the set of linearised equations by dropping all terms at second order and higher.
These equations constitute a specialisation for the system of equations given in Section 7.5.8 and
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are reproduced here for clarity and reference.

Linearised Propagation Equations:

£= 6+ jead®a’ + (2 + ;@> 0
O =—6,0%— o0
H=—0,H — %w{ — Q3+ p)
B — e = 20,0+ 26,0 — e’ 29T+ Joeu0’ — STa, — "%,
&, = %@le + %%u - g&’aa - gq%’a - gEeabe L
Ha = %5(1% — 6"Hap — gseabzb +9Q, (;’5 - u) + ;Zeabgb - ggma

R 1
Claby = —@Cab + dgqapy + (E + 3@> Yab — Eab

. o 3 .
E{ab} = 5{11217} - ec{a(; Qb} - igbzab + §Z§ab - 6c{ar}—[b} :

Linearised Evolution Equations:
-1 2 1 1 1
=6(2—-20) — 260+ —eupd®al + =
f 25( 3@) 2¢) + 26 p0 v + 27‘[

. 2
Q_Q(E—g@>

) 2
H = —€q0°E" — 36E + 27—[ (2 - 3@)

. 1 2
Qu =—Q, (22 + 3@)

(9.47)
(9.48)
(9.49)
(9.50)

(9.51)

(9.52)

(9.53)

(9.54)

(9.55)

(9.56)

(9.57)

(9.58)

(9.59)

: 1. 2 3

Ea——<22+3@>2a—22aa—€a

s Loy, Lo 3 1 b, 3 (g 2 1 b sdg e
bu = gead"H — SuSe = JEau + Socatl +2(2 3@> Ea+ Gnear?’ — co(ad*H,,

) 2
H = —€q0°E" — 36E + g”H (2 - 3@)

3

1
2

. 1 1
He = €apd’E + geébu - 5(;56@1,55 +

2 do
: <z = 3@) Ha + ec(ad s,

. 1 2 1 c
C{ab} = igab (Z - 3@> - §¢Eab + 5{aab} - 6c{a;"[b}

. 2
Sab) = (2 - 3@> Sab — Eab-

Linearised Mixed Evolution and Propagation Equations:

1 1 1
d& - da = _§¢aa + aq (E + 3@> + §¢ (Ea + €abe) - Eabe

(9.60)

(9.61)

(9.62)

(9.63)

(9.64)
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: . 1 1 . 3 p
5{(11)} - Ec{a’}-[‘/b} = _6C{Q§CHZJ} — § (M + 35) Eab + §¢6C{‘ZH1)} - 5 (E + 3@) gab (965)
. 5 . 3 c 1 c 3 2
H{ab} + 6c{a,gb} = 60{(15 gb} + igec{agb} - §¢€c{a5b} - 5 X+ g@ Hab (9.66)

9.4.2 Gauge Invariant Variables

We can introduce a set of gauge-invariant (GI) variables by taking §—derivatives of the background
variables as these should, thanks to spherical symmetry, vanish in the background spacetime:
Xa1 = 0, X1 1B. We therefore introduce the following set of gauge-invariant variables

60 {€,6,0,%,11,,0 } = {Xa, Ya, Koy Lay Ma, Nas Pal} 9.67)

A set of propagation, evolution and constraint equations for these variables can be obtained by
making use of the commutation relations defined in Section 7.5.9.

Gauge Invariant Linearised Evolution Equations:

X, =2X, (2 - §@> +& (3La - Ka) — % (EM, + pLa) + €pc0a0"HE — (0 + S — €4p2°) [; i — 2¢5}
(9.68)

: 2 1 2 b

Y,=Y, (% - ge + 50 (Lo 3Ka ) + Salpar (9.69)

1 1 2 2
— (g + g — ) |—=? — [+ = Y—-20)-Zpu—
(g + €ab ){2¢ <+3@)< 3@) 3H 6}

. 1 2

Mo = —piKo = OM, + 5 M, (2 — 3@) — (0 + S0 — € ) i (9.70)
. g1 2

N, =4, M +5 (z - 3@) N, 9.71)
. 2 1 b 1 2

Ka = —geKa - 32La - §Ma - (O[a + Za - EabQ )'7 + §Ka > — g@ (972)
: 1 2 N 2

La = *La@ ) iLa + gKa — Xa — (Oéa + Ea — GabQ ) *5@32 + g"}/ . (973)

Gauge Invariant Linearised Propagation Equations:

N 1 1 1
X, = gNa — 0a0pEY — 20X, — gyag + 2e4,0° {g @2 — @) — 2;@} — aq [3,1 — §¢5} (9.74)

Yfa = _g¢Ya + é@ (La + ;Ka) + Z (;Ka - 2La> + 5a6bab - ;Ma - Xa + ¢€abe (E - ;6)

(9.75)
1, 1 2 2
— Qg |:_2¢ - (Z+3@) (2_39) _BM_5:|

. 1
M, = Ny — 2001 — agfi — §¢Ma (9.76)

N =3, [i] - %¢Na 9.77)
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. 1 3 1 1
_ b - 2_7 2_7 _ _ =
Koy =Pt 2e0@’ |-30° = 557 = 2p| — 4,6 - 50K, (9.78)
P _ 2,8 3w 3. b_ by bl vw(lvi20) el . 1263
Lo = 50,6 = 5YuE = S0La — 6u0,5" — €100,68"Q° + 2 [ 2(22+36> 5} aa{?)@ 2¢>2}
(9.79)
1
— Z¢L,.
2¢>

Gauge Invariant Linearised Constraint Equations:

Yy = 2€450°€ + 26%Cap, + (2 - §@> (B0 — €apQ?) — 26, (9.80)

L, — gKa = —2€,0"Q — 26"Sgp — ¢ (S0 — €ap?’) — 2 H° (9.81)
€ap0? X" = 30€E (z — ge) —pE0 — %g,:t + 3pEE (9.82)
€ard?Y? = Q) (2 - §@> + &+ 2¢ (2 + ;9) (2 - §9> + gsu + 2¢€ (9.83)
a0 Kb = —%Q@Q —30%% — Qu — 266 (9.84)
€Ll = —Q% <2 + §9) — 208 — %gé + 380 (9.85)
€ap0* Mb = —2Q00p — 26/ (9.86)

9.5 Linear Perturbations: Polar Sector

9.5.1 Introduction

The general form of the polar metric perturbations in the RW gauge is given by [106]

2acY Cl2d7‘2
ds® = —[1+ (27— x — )Y]dt* — ﬁdtdr +L+ (x + o) Y]ulimﬂ) +a2r? (1+¢Y)dQ?,

(9.87)

with n(t,r), x(¢,7), o(t,r) and ¢(¢,r) the gauge invariant metric variables introduced by GS and
GMG. The perturbations to the matter variables in the polar sector is parametrised as follows

1
Ug = [aA + (w fia + QhABaB> Y, vYa] (9.88)

p=p"B(1+AY) (9.89)

with v, w and A the gauge invariant matter variables of GS and GMG. Note that the adopted ansatz
for the matter sector perturbations ensures that the normalisation of the vectors obeys u,u* = —1
to linear order, i.e. A(u,u*) = 0. The gauge invariant w parametrises radial fluid perturbations
and v parametrises polar tangential fluid perturbations.
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9.5.2 Correspondence

9.5.2.1 Polar Perturbations: Scalars

¢=0"+A¢
o0 = oW (9.90)
1 L(0+1
Ap=Y _WSO_WX_(HL+2H|>§+(2HL+H|)W_<EIQTQ)>9 (9.91)
1
1, 1, 1
+§90 T 5X *§3t§+3tw
=0+ A0
@(0) = H“ +2H | (9.92)
1 1 L(L+1 1
AOG =Y HJ_"‘*H“ @+ HJ_“F*HH X+ We¢+2Ww — (+ )U-i-*C/-‘rw/ (9.93)
2 2 a?r? 2
3 1
=30 Ax
20 =25 1
1 1 1 1 1 2 1¢0(0+1)
A=Y | |(=-H—-H -H—-H - = - = — .95
<3 =3 L>“0+<3 =3 L>X gWemgWut gy 09)
1, 2, 1
+3§ +3w +33tX
£E=E0 4 AE
8T M
(0 _ 277 _
& 3 aij_r:} (9.96)
1 9 1 1 s Ll +1) 1 ,
AE=Y 3{2HLH|2HLW}X+3{2HLHI2HL2 air2 <,0+§{2W(H”7Hl)7HH}§
(9.97)

1 1 3 o101 1, 1 1 1.
+ WX/—GX”"‘?){HL—2H|}X—6X+3[HL—2H|]§,_3§/ +§W¢’—§¢"+§W§
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p=p"+ Ap
1 = p+pa (9.98)
Ap =Y [pA] (9.99)
6 =60 1A
©© = H| +2W (H - H,) (9.100)
AO =Y [..] (9.101)
="+ A
2O = pf (9.102)
1 1
Aﬂ}’H@+¢)+A}ﬁ+A%+(wf»&4 (9.103)

2

The final 3 scalars {€2,£,H} are axial in nature and do not have a polar analogy. These are

necessarily zero and the fact that they vanish in the 1+1+2 to 2+2 correspondence is somewhat

reassuring.

Q=09 4+ AQ

0@ =9

AQ =0
§=¢9+A¢
5(0) =0

AE=0
H=H+AH

HO =0

AH =0

9.5.2.2 Polar Perturbations: 2-Vectors

g = a4+ Aay,

(9.104)
(9.105)

(9.106)
(9.107)

(9.108)
(9.109)
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al® =0
1
Ao, = Y, §§+WU—HLg+8tg (9.110)
1¢
= Qa §*+W**HL +8f (9.111)
aafa ) + Aa,
ag‘)):o
11 )
dag, =Y, —§<p—§x—H”U—|—g 9.112)
1 1 !
= Qu| -2 X gty L (9.113)
2r  2r T T
Y. =30 L A%,
20 =90
11 1,
02, =Y, EH?“’_W”“L(HL_H“)Q“L? (9.114)
1 1 1
= Q. §+79—W + (2 —H)) 2 9,1V (9.115)
2r 2r

E=£0 1 Ag,

0 =0
1 1 1 1 3 M
5ga:Ya —iatC_isol_ZX/Jf'z(X"‘sD)W"‘ (HL_H|)§+9< 47”1’—’_2 iS)]
(9.116)
O 1 1, 1, 1 1 3 M
_&a | _lg 12 - “(H, - H —4
: 10— 5% 4X+2(X+<P)W+2( 1L—Hy)s+g Tt S a3 r3
(9.117)
Q, =00 +AQ,
Q® =0
son =7, Ly Ly Ly ©0.118
a — La 2w 4§ 21} )

:Qa[_++] (9.119)
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Ho = HO + AH,

H =0
| 1 1, 1 3 (St M
6Ho = Ya| = 5 (x+ ) (Ho = Hy) = 5eW + 1</ + 10ix 211( 3 aif‘?’)] (9.120)
Qa1 1 1, 1 3 (8tu M
= 5 (X—i—go) (HJ_ HH) 2§W+ 4C + 4875)( 21) 3 a‘j’_?“3 (9.121)
9.5.2.3 Polar Perturbations: 2-Tensors
Sap = 2 + AT,
0
59 =0
5%y = Yo [] (9.122)
v
= Quab [T—z} (9.123)
Cab = €9 + Al
0
C{Sb) =0
6Cab = Yab [g] (9124)
= O [T%} (9.125)

Eab = EQ + A&y

£ =0
1
8Eap = Yo | — 3 (e +x) (9.126)
1
= Qab[_ 92 (<P+X) (9.127)
Hap = H') + AHy,
(0
#O —o
_ _ 1
Hap = Yan | + 45 (9.128)

= Qup [ - ;] (9.129)
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9.5.3 Master Variables and Master Equations
9.5.3.1 The GMG Master Equations

The three primary evolution equations for the variables {x, ¢, s} are given by [106]

) . 6M 0+2)(0—1
*X+X//*3HHX72WX/+2 |:167T;L =3 —4H (HH HL)] (X +¢)— %(Q)X
CLJ_’I" aJ_r

= 2 (Hy— H.)<' =2 [H| - 2(H| — HO)W| s + 4(H) — H1)$ (9.130)
) . 2 , 0+ 1)(—2
G+ 4H1 - (X + ) {22 - 2W2} = —H X+ WX +Xx {( X 3 )} +2Ws (H) — Hy)

air 2a5 T
(9.131)

S+ 2H”§ = —X/. (9.132)

The left hand side of the the ¢ equation, if we move the x term back to the RHS, has exactly
the same equation as for a curved FLRW model [106]. An important difference is that in the
inhomogeneous LTB spacetime, the scale factors and Hubble parameters are all additionally de-
pendent on the radius r. The RHS of this equation couples us to the gravitational wave degree
of freedom x and the generalised vector modes ¢ [106]. In turn these two modes are sourced by
, the generalised gravitational potential. The important insight here is that large scale structure
will evolve differently to a dust FLRW model due to the dissipation of potential energy into grav-
itational radiation and rotational degrees of freedom [106; 110]. The relation of ¢,y and ¢ to
standard perturbation variables in an FLRW limit was derived and discussed in [106]. Here they
note the complicated nature of these variables and how they excite and couple scalar, vector and
tensor modes.

9.5.3.2 The 1+1+2 Correspondence

The correspondence introduced above gives rise to a number of important and interesting obser-
vations. The first observation is that the variable x is clearly related to the Electric Weyl tensor.
This is useful as  is expected to describe polar gravitational waves and therefore behave as a
propagating degree of freedom. In [229] y was shown to obey a wave equation with character-
istics set by the metric and free Cauchy data {x, x} that may be set independently of the matter
perturbations. This relationship is upheld by identification of y to the transverse traceless part of
the electric Weyl tensor as this governs the evolution of the free gravitational field

(X +¢)=—2r°&rp. (9.133)

Similarly, we see that  is coupled to x and the electric Weyl tensor. It is not possible to trivially
decouple these quantities in as clean a manner as we may have hoped. Instead we could make use
of the gauge-invariant variable X, and substitute out higher derivative terms. This will eventually
lead to a decoupled expression for y and ¢ in terms of 1+1+2 variables. For example, y can be
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expressed as follows

l+1 l+1 _ o 2 2 M X
XT e+ )—2K =—-2&7 e+ )—QK +§¢EHT+2& >—--0 —f—v+2—v+2g—v,
r2 r2 2 r 3 3 r r
(9.134)
where we have introduced the following notation
Xr =~ Xoy=XT Qap = = Qub = X Ya. (9.135)
r2 Polar ab @ r2 @ * )

Following from this results, we can perform a covariant reconstruction of Eq. (9.134) by using the
covariant harmonic relationships

3 2
726{a5‘:xb}c = 46{(1566()}6 + §¢2Hab + 25{aHb} |:E - 3@:| - (9136)
2
§5{aMb} + 25{aXb} + 25{(151)}- (9.137)

Finally, ¢ is associated to the transverse traceless part of the magnetic Weyl tensor. The inter-
pretation we give to this variable is that it encapsulates genuinely relativistic degrees of freedom
that is sourced by relativistic effects such as frame dragging and gravitational waves [181].

= —2rHr. (9.138)

We can also isolate other gauge invariant perturbations of interest, such as v. We know from
[229] that the free Cauchy data ¥ for the polar sector perturbations is given by

%FFCC = {XNP;QXa‘p}v (9139)

meaning that all matter perturbations can be reconstructed from the metric perturbations plus
their first derivatives. From the correspondence outlined above, we immediately see that the
polar tangential fluid perturbation is given by

v =12y (9.140)

i.e. the polar tangential fluid perturbations simply correspond to the shear of the timelike congru-
ence u®. We also know that v is related to the spatial derivative of ¢ via the 2+2 formalism. In
the 1+1+2 formalism this translates into ¥ being related to the mixed evolution and propaga-
tion equation of the Weyl curvature 2-tensors in 9.65. In addition, the evolution equation for v
becomes trivial and we find that

b =22 12N + 125y
T

= —r2&p
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1

This completely agrees with the 2+2 evolution equation for v. The frame-dependent term that
we introduced in our ansatz for the spacelike vector n“* can be seen to be related the shear of the
spacelike congruence

g =r3(p. (9.142)

The polar tangential fluid perturbation is more intricate and involves a number of dependencies
2797 2 3 2
w=—4r*Hr —re¢pXr — 2r¥y + 57“ 3, (9.143)

though this is not particularly unexpected given the complexity of the constraint equation in the
242 formalism.

9.6 Linear Perturbations: Axial Sector

9.6.1 Introduction

The general form of axial metric perturbations in the RW gauge can be written as [106]

2

a _
ds? = —dt* + (1_7‘;742)# + a2 r2dO? + 2k 4 VydaAda?, (9.144)

with k4 = (k, k) the gauge invariant metric perturbation of GS. In the axial case, however, the
structure of the perturbations to the matter sector is significantly simplified and collapses down to

uy = (Tia, 0Yq), (9.145)

with ¥ being the gauge invariant matter variable of GMG that parametrises axial tangential fluid
perturbations. We also introduce the notation k. =k, /X for convenience, where X = ,/g,.

9.6.2 Correspondence

9.6.2.1 Axial Perturbations: Scalars

o) = oW (9.146)
3¢ = 0. (9.147)
0 = H +2H, (9.148)

00 = 0. (9.149)




r

9.6. Linear Perturbations: Axial Sector 318
0 _ 2
5O =2 |H) ~H. (9.150)
0 = 0. (9.151)
g0 2 8T _ (9.152)
3 adrd ’
0 = 0. (9.153)
1O = p+pa (9.154)
S =0. (9.155)
Q=9 (9.156)
1 1
50 = ey | LD 9.157)
2 2
¢ = (9.158)
16(0+1
5 = v [—2 ( - )3 (9.159)
1/0(0+1 ~ ~ ~
0H =Y [2 ( = ) (i + 00 (kv) + ko Hy = 2k, HL + thw)] (9.161)
9.6.2.2 Axial Perturbations: 2-Vectors
al® =0 (9.162)
_ | 1, ~ B B 1.~ 1
dog = €Y, |OW + §kt + k.H| — kW — gH, —gH, + 8tg — iatkr + 2]%«H|‘| (9.163)
Qa — 1 / ~ _ _ _ 1 ~ 1
=e¢— [VW + §kt + kerl — k‘tW — gHL — ng + Btg - iatk'»,- + §]€,«HH (9164)

Qg = a,(lo) + Aa,
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ar(lo)*()
Aaaera 7'1_)H‘|+g (9.165)
- ~/
S A (9.166)
T r
Y. =20 4 A%,
0 =0
1, 1.~ 1- 1, ) ) _ -
ASq = ¥y | 50 + S0k + Sk = Ski + kW — oW — gH) + gH L — kn H.y (9.167)
Qull, 1.~ 1- 1, o ) -
= 67 51} + iﬁtkr + EkTHH - ikt + kW — oW — gHH +gH, —k.H, (9.168)
E.=E0 4 Ag,
EW =0
o 1|10nk, 104k, 1 0k 1 Ak (1 1
080 = €Y, = | = - —-H — Ok W “H, +-H 16
ba=Yoglix ~1x dflix 28“+X<2“L4'> (9.169)
1 1. (ee+1) 1 1 1o, ) 1
“H Wk + ~k, - — —-H/,H - Hy—H, +H}—H Hj+ —
+gHLWhke + 4 ( a2 942 it |>+29<W+ | = HL A+ Hyp = HyuHy A+ oon
 Qa 1104k, 104k, 1 Ok 1 Dikr (1 1
—ET 5117 % 1Y 4H” X 28tl<:tW+ X 2HL+4H” (9.170)

00+1 1 1 1 . . 1
( )——HLH|>+9(W/+H—HL+H|2—HLH|+

1 1-
2 ke 4k’"<

A2 242 2 2 242
(9.171)
Q. = Q0 + AQ,
Q0 =0 (9.172)
AQ, = €Y, | — ;@’] (9.173)
19
= EQa — 5? (9174)

Ho = HO + AH,
HO =0
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1] -~
AHy = Yo 5 |ke (CHW + HLW + H1Q) + ... (9.175)
1|k,
=eQ, (—-HW+HW+H.Q)+... (9.176)
2| r2
9.6.2.3 Axial Perturbations: 2-Tensors
Sab = 50 + AV
5 =0
_ 1 ~
AEab = 6Y:lb - 5 (kt - (U)‘| (9177)
~ k v
= Qab l; - 2] (9.178)
T T
Cab =€) + Alap
Gy =0
_ 1 /-~
ACab = 6Yvab 9 (kr - g) ‘| (9179)
= Quy |~ 2 (9.180)
@2 2
gab = 5152) + A5(11)
29 =0
— 1 1~/ 1
A&y = €Yy Zatkt + Zkr - ZHHkt (9.181)
~ 1
10k 1k, 1 ky
_EQabl2ﬂ2r2+2H”r2] (9.182)
Hap = H') + AHy,
Hy =0
1, 1- 1. -
AHap = €¥Yop | — §kt + ikTHH — iatkT (9.183)
1k, 1k, 10k,
=eQu| — - +-=H —= .1
eQb[ 2r2+2r2 I 2r2] (©.184)
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9.6.3 Master Variables and Master Equations

Following [202], we first introduce the following scalar master variable

r2

I = A8 (kf‘) (9.185)
|B

such that the EFEs for k4 can be reduced to the following odd parity master equation:

r2

|A
[ ! (r4H)|A} —(t=1)(L+2)II = —167e* P Ly 5. (9.186)

In the LTB spacetime this explicitly reduces down to

(6 —=1)(l+2) ks =16mp a1 5 uys — eap (a‘ir‘lﬂ)‘B . (9.187)

Likewise, we can explicitly evaluate the scalar master variable for the perturbed LTB spacetime
giving us an axial master variable defined in terms of the gauge-invariant perturbations from
GMG

1 ) . )
= 5 [kt +2Whko + ks + Hyky = 2H_Fy - (9.188)

Using the 2+2 to 1+1+2 correspondence defined above, we immediately see that the master
variable II can be re-expressed in terms of the radial part of the magnetic Weyl tensor

IT = Hs. (9.189)

Clearly, the pre-factor does not propagate or evolve and is just a re-scaling of the scalar. As
such, we drop this pre-factor and see a covariant wave equation for a transverse-traceless tensor
constructed from the magnetic Weyl scalar

Map = 1r*8(,00H = H Qap. (9.190)
This equation can be shown to obey the following covariant wave equation

. 2 7 . ~ N
M{ab} — M{ab} — (22 — 3@) M{ab} — 3¢M{ab} — 62M{ab} + [21 — 2K] M{ab} =2K F{ab}-
(9.191)

where the source term is defined to be

Ty = 1" 160a0y Q2 = [r*19Q] Qap. (9.192)
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We can expand equation 9.191 into covariant harmonics, simplifying the expression to

My — My — (22 - ;@) Moy — 36Mrp + |21 — 6K + W%l) My = 2K (u02). (9.193)
As we can see from this equation, axial gravitational perturbations are sourced by density and
vorticity gradients. This covariant equation is a rather neat way of studying axial gravitational
perturbations and constitutes something of a generalisation of the Regge-Wheeler tensor to the
LTB spacetime [458]. Unluckily for us, this tensor is not a candidate for a tensor that unifies the
axial and polar perturbations as this tensor is purely axial in nature, the magnetic Weyl scalar H
vanishes in the even parity sector. It is interesting to note that this tensor will characterise axial
perturbations of vacuum (geodesic) LRS-II spacetimes with {3, 0, ¢,£} non-zero in the back-
ground. This will also extend to the case where 4 is non-zero but, naturally, this will give rise to
additional pre-factors in the wave equation that depend on A.

An ancillary observation that we can make is that the axial tangential perturbation v is simply
related to the radial part of the vorticity 2 as follows

r2

The evolution equation for this variable is trivial and we see that

= 4 f 2 2 2¢
U77£(6+1)TT Q+7€(€+1)r Q (9.195)
2 2 2 2
_ n_=2 204~ _(n-Z 20 1
W+ 1) ( 39) Ty ( 39) " (9:196)
-0, 9.197)

as we require from the 242 equations.

9.7 Weyl Curvature Perturbations

We now take a look at the Weyl curvature tensor and try to understand its dynamics. As we have
seen in previous sections x and ¢ are explicitly related to the electric Weyl curvature 2-tensor
E.p Whereas ¢ is related to H,,. In addition, the axial master variable IT is explicitly related to
the radial part of the magnetic Weyl tensor H. These relations suggest that the Weyl curvature
tensor plays a dominant role in describing gravitational perturbations of locally rotationally sym-
metric spacetimes. Naturally, in the non-vacuum case, we expect coupling terms to the energy-
momentum content of the spacetime. This motivates us to introduce the following variable

Ftaby = Eaby ey (9.198)

We can construct a wave equation for &,, by taking a time derivative of 9.65 and substituting




323 Chapter 9. Covariant Perturbations of the The Lemaitre-Tolman-Bondi Spacetime

for the radial derivative of 9.66, making use of the 2-tensor commutation relation defined in
7.208. Likewise we can construct a wave equation for H,, by taking a time derivative of 9.66
and substituting for the radial derivative of 9.65, again using the 2-tensor commutation relation
defined in 7.208. Combining these ancillary equations allows us to construct the concomitant
wave equation for .#,,. We can then calculate the wave operator j{ab} f:ﬂ{ab} and use the
evolution and propagation of %, to simplify the remaining terms. The resulting covariant wave
equation is given by

. 2 7 . o
j{ab} — j{ab} + (Q(b —2X + 3(“)) ]{ab} — (3¢ — 6%) j{ab} — Fia j{ab} = F{ab}. (9.199)
Where the source term is given by
1. 1 . 1 )
Diany = =50 aby = 50{aOby i+ 2 €ca0 Lty + Dany (%E tgOn—f- ¢u> (9.200)
and the zeroth-order background term Fp¢ by the messy looking
2 e+1) 8

Fig = —3¢% + 22@ — 200 + ¢? + 7Y% — 20 + 2K + 4 + e §@2, (9.201)

though this expression may be simplified by explicitly evaluating for the Gaussian curvature. Al-
though this expression is valid for both even and odd parities, it contains a forcing term arising
from the coupling of the energy density to the shear of the timelike congruence ¥, and the
shear of the spacelike congruence ((q). In the limit that 4 — 0, this quantity cleanly decouples
and defines a tensor that governs the gravitational perturbations for LRS-II spacetimes covariantly
characterised by {¢, 3, ©, £} non-zero in the background. In the vacuum limit we have therefore
found a covariant tensor that unifies the even and odd parity perturbations.

9.8 Conclusions

In this Chapter we have extended the framework of Chapter 7 and analysis of Chapter 8 to the
spherically symmetric but radially inhomogeneous LTB spacetime. We started out by providing
a brief overview and motivation for studying the LTB solutions in Section 9.2, emphasising the
philosophical point of view that the LTB solutions, whilst constrained observationally, are still
important as a first step towards an understanding of the dynamics and phenomenology of glob-
ally inhomogeneous spacetimes. Understanding the growth of perturbations will be important in
developing robust test and constraints on various cosmological spacetimes. In Section 9.3, we
introduced the LTB spacetime and discussed some of the key features. Section 9.3.2 provides an
explicit correspondence between the 1+1+2 and 2+2 approaches for the background spacetime.
In Section 9.4 then detailed the system of linearised equations in the LTB spacetime and provided
a complete set of gauge invariant variables along with the concomitant propagation and evolu-
tion equations. These equations are used when constructing the covariant, gauge-invariant and
frame-invariant wave equations.

We then proceed to systematically analyse the correspondence between the 2+2 formalism
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and the 1+1+2 formalism for the polar perturbations in Section 9.5 and axial perturbations in
Section 9.6. We identified a mapping from the 242 gauge invariants to combinations of 1+1+42
variables and started to construct a system of master variables and master equations in the 14+1+42
formalism.

Key identifications include the association of # to the axial gauge-invariant variable IT of [229]
and the polar relation &7 x (x + ¢). We provide a covariant master equation for axial perturba-
tions in Eq. (9.191), nothing that # is intrinsically an axial variable and hence vanishes in the polar
sector. The second tentative equation that we present is for the variable proposed in Eq. (9.198).
This leads to the wave equation given in Eq. (9.199) with the source term Eq. (9.200). Unfortu-
nately, as can be seen in Eq. (9.200), the variable couples to X, and (,; and therefore does not
close. However, as the wave equation is obeyed for both the polar and axial sectors, it is highly
suggestive that this equation may close once supplied with auxiliary variables. As can be seen,
when taking the vacuum limit ;4 — 0, this equation closes and becomes a well defined master
variable and master equation for the set of vacuum LRS-II spacetimes. This leads to the associ-
ation of Eq. (9.198) and Eq. (9.190) to master variables for gravitational perturbations of LRS-II
spacetimes. The covariant wave equation presented in Eq. (9.199) is valid for vacuum LRS-II
spacetimes covariantly characterised by the set of non-vanishing background scalars {X, ©, ¢, £}.
The generalisation of this equation to vacuum LRS-II spacetimes governed by {%, 0, ¢, £, A} will
be presented in a supplementary publication [439] along with a discussion of specific spacetimes,
e.g. Schwarzschild {A, &, ¢}, as limiting subgroups of the full solution. This should provide some
insights into the space of cosmological spacetimes and the structure of gravitational perturba-
tions in these vacuum LRS-II spacetimes and extend the studies of LRS spacetimes presented in
[572; 58; 105; 82; 83].

9.9 Summary of Key Points and Key Results

e In the introduction we outlined the motivation for considering spatially inhomogeneous
cosmologies as a means to relax the assumption of homogeneity. This allows us to slow
move towards genuinely inhomogeneous spacetimes, such as the real Universe. The ap-
proach taken is to detail and understand the structure of the master equations governing
gravitational perturbations of cosmological spacetimes. This is done by relating the master
equations for a specific class of cosmological models to the equations for specific sub-classes.
As an example, the Schwarzschild spacetime is the vacuum limit of the LTB spacetime. This
leads to many similarities in the structure of the equations in the covariant and geometrically
meaningful approach adopted here.

e We reviewed the 2+2 and 1+1+2 approaches to the unperturbed LTB spacetime, setting up
a correspondence between the variables. The LTB spacetime was shown to be covariantly
characterised by the following non-zero 1+1+2 scalars {X, &, ¢, ©, u}.

e The full system of 1+1+2 equations was explicitly written down along with expressions for

the evolution and propagation equations for the gauge-invariant variables §,X.

e First, we studied the general form of polar perturbations to the LTB spacetime and identi-
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fied a mapping between the 242 master variables and the corresponding 1+ 1+2 variables.
Important identifications include: £r « (x + ¢) and Hr o ¢. This leads to the association of
the 2+2 master variable ¢ to a truly relativistic degree of freedom, as H,;, has no Newtonian
analogue, characterising gravitational waves and frame dragging effects. The master vari-
able y was known to characterise polar gravitational waves, in complete agreement with the
role of the electric Weyl tensor in relativistic cosmology.

First we considered the general form of axial perturbations to the LTB spacetime. We intro-
duced a correspondence between the 242 perturbation variables and the 1+1+2 variables.
This allows us to outline the physical meaning of gauge invariant variables in the 242 form-
alism. The key results here are the association of the axial master variable II to the radial
part of the magnetic Weyl scalar H. This is intuitive as the magnetic Weyl tensor corresponds
to the axial part of the free gravitational field and encapsulates genuinely relativistic effects,
as discussed before. The fluid master variable 7 was shown to be proportional to vorticity of
the timelike congruence 2.

A covariant master equation for axial gravitational waves, of the form Mgy — M, Was expli-
citly written down. Similarities to the structure of the master equation for axial gravitational
waves in the Schwarzschild spacetime can be seen.

Finally, we discussed the role of the Weyl 2-tensors in describing a master equation for grav-
itational perturbations. We introduced a master variable %,y = Eapy + ec{aHb}c that was
shown to obey a wave equation coupled to a source term. Unfortunately, this source term
includes the 2-tensors ¥,;, and (,;, and therefore does not close as hoped. It is expected that
an auxiliary equation can be written for these 2-tensors allowing the equation to be closed.
It was noted that in the vacuum limit the equation closes, as anticipated. The structure of
this equation was related to the Weyl perturbations of the Schwarzschild spacetime and a
brief discussion was outlined as to how .7, can be generalised to vacuum LRS-II spacetimes
covariantly characterised by {4, &, %, O, ¢}. In other words, .7, is the master variable gov-
erning gravitational perturbations for LRS-II spacetimes and obeys a closed covariant wave
equation valid for both even and odd parities. This will be detailed in [438] and [439].

These results allows us to understand the connections between individual subgroups, such
as the Schwarzschild spacetime and the LTB spacetime, and the behaviour of gravitational
perturbations in the larger group of spacetimes as a whole. In this case, we seek to under-
stand the dynamics and the behaviour of perturbations to perfect fluid LRS-II spacetimes. In
brief, we want to understand the space of cosmological spacetimes.

This formalism can be used to study the propagation of gravitational waves in cosmological
spacetimes, such as a void model represented by the LTB spacetime, or to study the interac-
tion of gravitational waves with cosmological structure, e.g. modelling a dark matter halo
with the LTB spacetime. The aim here is to understand the effects of cosmological structure,
even if at the percent level, on a standard siren in gravitational wave physics [475; 571].
Does weak lensing of gravitational waves lead to non-trivial amplitude and phase modula-
tions that may introduce parameter biases? Does the presence of structure affect distance
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estimates leading to biases? It has been suggested that this will be the case for SN obser-
vations and we expect that similar effects may arise in upcoming gravitational wave physics
[108]. These questions could be treated in a more exact and fully relativistic approach using
the formalism outlined here.

e The 14142 formalism can also be used to study the behaviour of tensor perturbations in
non-standard cosmological backgrounds. This can then be used to analytically and numeric-
ally predict temperature and polarisation anisotropies in the CMB, thus extending the FLRW
results in the 1+3 formalism [335; 93; 199; 94; 95; 200; 320].
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Appendix A

A.1 Topology Primer

A.1.1 Topological Space

The following is extensively based on [315] where we summarise the key subjects of immediate
interest.

A topology on a set X consists of a collection U of subsets of X called open sets that obey:
e X and () are open.

e The union of a open sets is open.

e Intersection of finite family of open sets is itself open.

The pair (X, U) describes a set X and the topology U on X and is refered to as a topological
space. Consider a point p € X and a subset S C X.

e The interior of S is the union of all open subsets of X contained in the subset S.
e The exterior of S is the union of all open subsets of X contained in the coset X \ S

e The boundary of S is denoted 0S5 and is all the points that are neither in the interior or
exterior of S.

e A neighbourhood of p is an open set containing p.

Given two topological spaces X and Y we can define relationships between the spaces. In
particular the notion of continuity will be important.

e Amap F : X — Y is continuous is for every open set U C Y the inverse image F~1(U) is
open in X.

e A homeomorphism is a continuous 1 — 1 (bijective) map F : X — Y such that the inverse
mapping exists and is continuous.

e If 3 a homeomorphism from X to Y then the two topological spaces are homeomorphic.

Two important topological spaces are metric and Hausdorff spaces:
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A.1.2 Metric Space

A metric space is a set X equipped with a metric d : X x X — R such that Vx,y, 2 € X the metric
obeys:

e Positivity: d(x,y) > 0; x #y; d(x,z) =0.
e Symmetry: d(x,y) = d(y, ).

Consider a point z € X and a radius r. We can introduce the concept of an open ball of radius
r as the set:

By(z)=ye X :d(z,y) <.

Similiarly the closed ball of radius r is defined to be:

Bi(zx)=ye X :d(z,y) <r.

An open subset S C X is defined by requiring that for every point x € S there exists some
radius r > 0 such that the open ball B,.(z) is contained in the subset S. A topology can then be
induced on the set X by the collection of all open subsets of X. A sequence of points x; in X is
Cauchy if for every ¢ > 0 we have an integer n such that for a,b € n we have d(z,,zp) < €. A
metric space X is then said to be complete if every Cauchy sequence in X converges to some point
in X.

A.1.3 Hausdorff Space

A topological space is said to be Hausdorff if for very pair of distinct points a,b € X there exist
disjoint open subsets U C X containing ¢ and V' C X containing b.

A.1.4 Covers

An open cover of a topological space X is a collection U of open subsets of X such that X is a
subset of the union of sets in the collection. A subcover is a subcollection of U that is still an open
cover.

A.1.5 Connectivity

If X is a topological space then the separation of X is the pair of non-empty open subsets U,V C X
whose union is X. If a separation of X exists then the toplogical space is said to be disconnected.
If no separation exists then the topological space is connected. Alternatively X is connected iff the
only subsets of X that are both open and closed are the set X and the null set ().

A.1.6 Compactness

A topological space X is compact if all open covers of X have a finite subcover. Naively this just
means that our topological space can be covered by a finite number of r-balls for all r, i.e. itis a
generalisation of a space being closed and bounded.
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B.1 GMG Source Terms

6 I—1)(1+2

S, = —2 {2u2+8wp—7gl—2U(T—U) (X+¢)+(Z#X

+37X + 4T = U)p — (5v —2W)X' — 2270 = 2(7 — U)W + 7' = |¢
+ 21" =21 = U)ip + (8v — 6W)1/

a+1)+5

2
— [41/ + 2

+ 8uW 4 427U + U? — 4W? — 87rp)] n, (B.1)
Sp =1+ A)Ux+[AU + (1 +20)]¢p —W(l — )X — (v +2Wel)¢

— [2 <:2 - W2) + 87p — 2 (l(l; D +2U(2T 4+ U) — SWp)] (x+¢)

(-1 +2)

(14 A)x+2[-mW (1 =) + (v + W)U (1 + 2] + 87Cpo

272

—2Un +2Wn' + {W — 6W?2 4+ 167p — 2U (27 + U)ci} n, (B.2)
Se=2(x+¢)+27¢+ X —2n(v - W) — 27, (B.3)
Co = WX +UX — (1 —2U)¢ + % Z(HT# +2U (21 +U)

—2W Qv+ W) +8n(p—p)|¢ — 207, (B.4)
Ca = {l(l; ) +2U(21+U) — 87Tp:| (x+p)— WX +2[vU + (1 + U)W]C (B.5)
Co=21(x+9)+2vC+x+2p—2n(r+U), (B.6)
Sa = <1+];> K—l(l; D +87r(p—|—p)> a+<§+(T+U)n—T(x+<p)} + (1 +2U) (cﬁ—i) A

+C(r+2U)0 — c% |:S/C + (1 + i) (v — 2Wc§)] (w + g)
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ro(142) (0-5), ®7)
p 2

Sy = <1+‘Z) |:S0/+(C§(T+2U)—T) (w—g) —Tg—u(x+<p)+(u—W)n]

/ 2
_cgf_gc[HSaC_(” HP)H/) 18%}
s p

2
c2 Os

2 2
B _ 2 / _ Cs / iacs
—&—A{u (p cs)+s (C 65)—I—[u(p—l—p)—&—pCs]cg 8p} (B.8)
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C.0.1 Spin Raising 0 and Spin Lowering 0 Operators

Given the 2D Riemannian manifold S?, we can define a null tetrad {m,m} constructed from the
orthonormal basis vectors {¢;, é;} spanning 52

(6% + ie2) (c.1)

Hg\H
[N}

ma == ﬁ (Acll - Zég) (C.Z)
where m®m, = +1 and m®*m, = m®m, = 0. Using these results we can formally define the & and
O operators as totally projected convective covariant derivatives with respect to the null tetrad.
First, let 1,..4y.... be a tensor on S?, meaning that it has been projected into S? on every index
such that there are p indices in the first index and ¢ indices in the second. This means that we can

define spin s quantities as follows:

s = MNay...as m ... .m% (C.3)
—sTl = Nay...a me...mo (C4)
N by..= = [sn]m®...m° + [_en]m¥ .. .m°. (C.5)

These objects transform under rotations as ;i —, ne**¥, where s = p — ¢ denotes the spin weight
of 1. Now we are in a position to define edth & and edth bar 0 by

comPmY MmOV e by (C.6)

b

m®.
m*...m"mY...m" mcvc Na...by...z> (C7)

where V. is the covariant derivative defined with respect to S2. If ) has a spin weight of +1 then
0n has a spin weight of s + 1 and 97 a spin weight of s — 1. This is why 0 is known as a spin
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raising operator and 0 a spin lowering operator.

It is often most convenient to jump straight into a coordinate dependent definition for a general
spin-s field ¢n. We assume that we are dealing with the standard unit sphere in spherical polar
coordinates with a metric given by:

gab = diag (1,sin” 0) (C.8)

for which we have the following non-zero Christoffel symbols:

F(l)l = —sinf cos® (C.9)
Iy, =Ty = cot 6. (C.10)

In these coordinates, the natural null tetrad vectors are given by

(1,4csch) (C.11n)

-5l =
[N}

ma = (1,isin6) (C.12)
where the conjugate vectors are trivially defined. Using these definitions, we simply substitute
these into Eqn. (C.6) and Eqn. (C.7). This results in the following general formula for & and d
on the 2D sky

0sn=—sin®0 (9p +icschdy) (sinfs 9) 7 (C.13)

0sn=—sin""60 (9p —icschdy) (sin®6) 4n. (C.19)
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D.1 Lemaitre-Tolman-Bondi Spacetime

D.1.1 Metric Formalism

The non-vanishing Christoffel symbols in the LTB spacetime are given by:

Il — X9,X D.1)
Ffm = A0t AYaa (D.2)
0 X
I, =17 = — D.
rt tr X ( 3)
0r X
| — D.
rr X ( 4)
, A0, A
0 A
Tig =T4 =Tf, =Th =~ (D.6)
0, A
1 =T =1%, =19 = y (D.7)
I‘gg = —sin6 cos@ (D.8)
Iy, =T% = cotf. (D.9)

where 74, = diag(1,sin” §) is the metric on the unit sphere.

The EFEs in terms of the metric components X (¢,r) and A(t,r) reduces to the following non-
vanishing components:

(6,47 1 XX A 8, X0,A _9%A
Gu=—"5yr — 7z (@A) +1] - 22— == —2=—=— + 255 (D.10)
L OX0A 0 A
Gir = 2=~ 2= (D.11)
024 1
Gyr = —2t7 -5 [(0,A) +1] (D.12)
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0X0A RA RX  BPA  9,X0A
AX A X XA X®A

Gag = G¢¢ = — (D.13)
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Appendix E

E.1 Additional Relativistic Cosmology Results

E.1.1 Useful Relations for Decomposing the 1+3 System of Equations

This section is identical to Appendix A in [105] and is a very useful reference to have on hand
when relating the 1+ 3 system of equations to the 14+142 equations. It is included in the Appendix
for completeness and reference.

Given any 143 vectors and tensors, we may decompose them as

¢ = Xn*+ X9,

y* = Yn®+Y“,
Yab = Viany =V (nany — 5Nap) + 29 (1) + Vap,
bab = Gar) = P (nans — 3Nab) + 2P (415 + Pas.-

Then we have the following expansions from 143 quantities —» 14142 variables:

Tt = X724 X, X
Nabe’y’ = (6 XY ) ng +eap (YXP — XY?),
Tayyy = 5 2XY = X.Y) (nany — 5Nap) + [X Y0 + Y X(a] my + X(a Yy,
bapr® = (XU 4 X0 n, — LUX, + XU, + U, X7,
Nea(@@Pyy’ = €caX U (nany — 5Nap) + [(X U — JUXC) ee(q + €caX “‘Ifdm} )
+Xec(aWyy — X ooy,
Y™ = 30?420, U 4 U, U,
Veatpy = (3904 30.0° W@ (ngnp — 3 Nap) + [3TD(, + 50T, + TP, + PV, ] 1y
—5UDay — 3OV, + Ui Py + U0 Py,
Nabet’y 3% = naep 0209 + 3c,y (G0 — W),
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For 1+ 3 derivatives we find:

.Cb(a> = (X—Xbozb) na+XOza+Xa,
¢<ab> = (\I/ — Q\I/cac> NaNp — %\ifNab + [3‘1’04((1 + 2\11(,3 — QOzc\I’c(a} np)
+2\I/(a04b) + \i/{ab},
Doz® = X+ X¢— Xea%+ 6, X9,
NapeD'2® = (2X€ + 400" X) 11g + EXu + £ap [—Xab +o0X - XP— loxt - gbCXC} :
Diaayy = §[2X = 6X = 2X.a® = 0.X°] (namy — $ Nuy)

+ {Xa(a + 00X + X — 20 X0 + X (20 — gc(a)} My + XCab + 010Xy,
D = (‘I’ + 500 — 2Wpa” + 50" — \IbeCb”) o+ Vo + 300, + 3Wa, — 16,0
_\Ilabab + [_fé'ab + Cab] \I’b + (Sb\I/ab7
(quj + 8cd(SC\I’d - Ecd\I/degce) (TLQN}) — %Nab)

n { [—gacqf + 3Wac 4+ BC 4 Lowe + Q\Pdgcd} Eota + 5EW (o + £ [WaCua + 00V (o] } -

ncd<aDc’(/)b>d

750{(156\1117} + 2gc{aac\I]b} + Ec{a\ilcb} + %(bsc{aqjcb} -
%\ch{accb} + gqjab + Z':(:{a‘ljb}dCCd'

E.1.2 The Lie Derivative

In addition to defining the covariant derivative, a more natural derivative operator may be intro-
duced by characterising the rate of change of a tensor field under the flow of a diffeomorphism. To
this extent we introduce a one-parameter family of diffeomorphisms ¢, that may be thought of as
some smooth map R x M — M for which each ¢ € R the diffeomorphism satisfies ¢s o ¢y = Ps1¢.
This last condition insures that ¢ will be the identity map.

As a brief side note we state that diffeomorphisms can be viewed as active coordinate trans-
formations whereas coordinate transformations are considered to be passive. As an example,
given an n-dimensional manifold M we can introduce coordinates z* : M — R"™. To change
these coordinates we could introduce a new set of coordinate functions y* : M — R"™ or we
could introduce a diffeomorphism ¢ : M — M after which the coordinate functions are given by
(p*x)* : M — R™. The first operation is akin to keeping the manifold fixed but changing the
coordinate map. The second operation, the active approach, is akin to moving the points on the
manifold and re-evaluating the coordinates of the new points. Both lead us to the same goal but
in different ways.

The diffeomorphism can be viewed as being generated by a vector field. If we associate to
¢ a vector field v, then for fixed p € M, ¢:(p) : R — M defines a curve called an orbit of ¢,
passing through p at t = 0. Let v|, denote the tangent to this curve at ¢ = 0. Associated to a
one-parameter group of diffeomorphisms of M will be a vector field v, the infinitesimal generator
of these transformations. In essence, we define a vector field v#(z) as the set of tangent vectors to
each of the curves at every point evaluated at ¢ = 0. Given a vector field v*, the integral curves of
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the vector field are the set of curves «z#(t) that solve

ddi; = vH. (E.1)
The diffeomorphisms therefore represent the flow down the integral curves, as for each point
p € M we define ¢, (p) to be the point lying at a parameter ¢ along the integral curve of v starting
at p.

Given a vector field v*, we can introduce a family of diffeomorphisms parameterised by ¢ and
calculate how the tensor changes as we flow down the integral curves. This amounts to calculating
the difference between the tensor at a point p and the value of the tensor at ¢(p) pulled back to p
is denoted by A,

AT () = 67 [Ty (6())] = T _4(p). (£:2)

The Lie derivative is then simply the defined with respect to this infinitesimal change

a...c : AtT‘amCd...g
LT = %1_13% <t) . (E.3)
In practice we will simply use the following functional form

‘C’UTU....Cd”.g — vTvrTaqu (E‘4)

— (vrva) Trb...cdmg (ES)

— (V)T g = (E.6)

+ (Vav") T (E.7)

+ (Ve )T, o+ (E.8)
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Lie Derivative

Figure E.1: Schematically, a Lie derivative is defined as the rate of change of a tensor along the integral
curves associated to a one-parameter diffeomorphism ¢;. We compare the original tensor 7'(p) at a point p
to the value of T" at a point ¢.(p) by pulling back T"(¢+(p)) to the point p. This is a recreation of Figure B.3 in
[891.
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F.1 Cosmological Random Fields

In this appendix we collect a number of useful and important definitions in the description of
cosmological random fields. Elements of this appendix should be considered standard reference
material.

F.1.1 Random Fields

We begin by first making an explicit definition of what we mean when we talk about a random
field. This will be used to define several ancillary terms and will lay the foundations for our
discussion of random fields in both Fourier space as well as the spherical Fourier-Bessel space.

Definition F.1. A random variable f (x) is the assignment of a real value to an element x € R
according to a probability density function P[f (x)]. Consequentially, the probability that the
random variable lies in the infinitesimal cube with boundaries set by f (x) and f (x) + d f (x) is
denoted by P [f (x)] df (x).

Definition F.2. A random field f is formed from a set of N random variables f (x;) for which
x; € R™ according to a joint probability distribution.

Definition F.3. A joint probability distribution generalises the probability density function to a
random field:

Plf(xi1), ..., f(xn)] YN €N. (F.1)

Definition F.4. A realisation of the random field f is simply one assignment of the values of the
random variables f(x;), which we denote by f;.

Definition F.5. The random variables f; are independent if the joint probability distribution factor-
ises into a product of individual probability density functions for each random variable. Intuitively,
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this means that a realisation of one random variable will not affect the other random variables.

Plfi, ..., fn]=P[fi]... P[fn] (F.2)

In addition, a random field can be further constrained by imposing symmetries on the field. Invari-
ance under spatial translations and invariance under spatial rotations are the two most commonly
imposed symmetries.

Definition F.6. A random field is homogeneous if all the joint probability density functions are
invariant under spatial translations

P[f(Xl-I-I'),f(XQ-l—I‘),...,f(XN-}-I')}:P[f(Xl),f(X2)7...,f(XN)] VI‘GR”, (FB)

meaning that the probability depends only on the relative positions.

Definition F.7. The random field will be isotropic if all the joint probability density functions are
invariant under spatial rotations

Plf(Rx1),f(Rx2),....,f(Rxn)|=P[f (x1),f(x2),...,f (xn)] VR. (F.4)

For the most part we will assume that cosmological random fields are statistically homogeneous
and isotropic, though this is not always the case. For example, redshift space distortions introduce
non-trivial deviations from statistical homogeneity and isotropy in the redshift-space density field.

Definition F.8. The moment of a random field is given by the expectation value about a value c:

o = (f (%) — ¢) = / df (x) [ () — " P[f (x)]. F5)

The two most common implementations of the moment are for ¢ = 0, known as a raw moment, or
for ¢ = pu (x), known as a central moment.

Definition F.9. The raw moment, also known as a moment about zero, of a random field g with
probability density function P is defined by the ensemble average (...) over products of evalu-
ations of the random field. Implicitly assuming a continuous field, we have:

i fo ...fN>:/df1df2 ol fi o IN P far e fy]. (F6)

The order of the raw moment is simply given by the sum of the powers: m = Z n;. This is a
crucial concept as the statistical properties of the random field are completely described if we have
knowledge of all m-order moments for all m € N. This does not, however, uniquely specify the
distribution. The hierarchy of moments can be thought of as something of a quantitative measure
of the shape of the distribution.

Definition F.10. The expectation of a random field f is defined to be the zeroth order moment.
From the definition above we see that

p(x) = (f(x)) = /df (x) f(x) P[f (x)]. (F.7)
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Definition F.11. The second type of moment that is commonly used is the central moment, defined
as the n-th order raw moment about the mean u:

([f () = (F ") ={(f (%) = n(x)") = /df x) [f(x)—p&]" PIf].  (F8)

Definition F.12. The variance is defined to be the second-order central moment and is equal to
the square of the standard deviation. This is given by:

7 () = (1 0~ ) = [ df () 17 60— (0 P1F (). F.9)

Definition F.13. The covariance is defined by calculating the second-order central moment of a
random field at two different locations x,y € R

o (xy) =([f ) = (SN [f ) = SN - (F.10)

We can see that the variance is a subset of the covariance for which o (x,x) = ¢% (x). Intuitively,
the covariance provides a measure of how correlated the the random field is at the two locations
x,y € R. In addition to correlating a single random field we will often construct a cross-correlation
between two different random fields. This will be discussed in more detail later.

Definition F.14. The reduced n-point correlation function can be defined in terms of cumulants (or
connected moments) and expresses the part of the n-point correlation function that may not be
obtained from lower order reduced correlation functions. The n-th order reduced correlation func-
tions are defined as follows, where we have explicitly written out the first three n-point correlation
functions,

(fi)e = (f1) (F.11)

(fif2), = (fifa) — (f1). (f2), (F.12)

(fifafs)e = (fifafs) = (fi)e (fa)e (fs)e = (fr)e (faf3). — (f2) (f1fs) (F.13)
—{f3). (frf2),

(fifeo o fn)e=(fif2-.)
—(f1)o (f2)e- - (IN)e — (f1)c (f2... fN), + permutations
—{(fif2), (fs... fn), + permutations

—{(f1..- fn-1), {fn). + permutations.

In the case of a Gaussian random field with zero mean, the above relations signify considerably.
The 3-point correlation function vanishes identically and the 4-point correlation function factorises
into products of the 2-point correlator. Generalising to higher order moments, all even correlators
are described by the 2-point correlation function and all odd correlators vanish identically. This is
why the power spectrum completely defines the statistical properties of a Gaussian random field,
all higher order correlators are related to products of the power spectrum. The definitions above
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can be defined in either real space or Fourier space, as we will introduce shortly. In this thesis we
will focus on the Fourier space definition. Any time we refer to an n-point correlation function, it
should be assumed that we are referring to an n-point correlation function defined in the Fourier
domain in terms of the Fourier coefficients f(k;).

F.1.2 Random Fields in Fourier Space

The vast majority of our work will be completed in the Fourier domain. It is therefore important
to outline the conventions adopted.

Definition F.15. The Fourier transform F of the random field g : R™ — R is defined by

FII&))=Fo) = / dm f (x) e (F.14)

The inverse Fourier transform F~1 of the function f : R” — C is defined by

FF00] = £ = [ e P9 (F.15)

The Fourier transform is a very powerful tool due to the properties of its transformations. The
Fourier transform is linear in its arguments:

Flaf () +bf ()] = aF [f ()] +bF[f (x)]. (F.16)
The Fourier transform of the n-th order derivative of a function f simply becomes
FL 0] 1) = = @)" £ k). (F.17)
This leads to the following useful identity
F[V?f(x)] = —k*f(k). (F.18)
Finally, the Fourier transform of a convolution between two functions reduces to a product

FU )+ ] =FIF&)] - FIf )] (F.19)

Analogous to earlier, we can define a hierarchy of statistical moments in Fourier space. The lowest
order moment of significant interest is the 2-point correlation function or power spectrum P (k).
The power spectrum for an n-dimensional homogeneous random field can be defined as:

< Fk) fx) > = (2m)" 6p (k — K') P (k). (F.20)

The power spectrum quantifies the correlation of structure on a given scale. Enforcing homogen-
eity gives rise to the Dirac delta function and translates into the statement that different Fourier
modes are not correlated. An important result in Fourier analysis is the Wiener-Khienchin the-
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orem stating that the two-point correlation function of a random field can be directly related to

the power spectrum as follows:
P(k) = / 3z € (x) e, (F.21)
where we are implicitly assuming a 3-dimensional random field. Polyspectra for higher order

correlators can be defined in an analogous manner.

Definition F.16. Assuming homogeneity of the random field, the 3-point correlation function or
bispectrum is defined in 3 spatial dimensions by

() J (k) [ (ks) ) = (2m)° 6 (ki + K + Ks) B (ki ke, k). (F.22)
Definition F.17. The 4-point correlation function or the trispectrum is defined by

(F (1) (ko) £ (ks) f (ki) ) = (2)° 0 (i + ko + ks + ko) T (ki o Kakea) . (F.23)

We could proceed to construct real space counterparts to the polyspectra but these will not be
needed in this thesis and are therefore not included.

F.1.3 Gaussian Random Field

One of the most important types of random field in cosmology and statistics is that of a Gaussian
random field (GRF).

Definition F.18. The multivariate joint probability distribution function of a Gaussian random field
has the form:

Plfi,..., fn) dfs ... dfy = S S exp [—;Z faoy) fb] dfy ... dfn, (F.24)
ab

2m)Y deto

where o, is the covariance matrix constructed from (f, f3).

If the random variables are independent then the covariance matrix diagonalises, as there should
be no cross-correlations between the variables, and the multivariate probability distribution func-

tion simplifies significantly:

N

_g?
PRl Pl dfy .. dfy = [ L@ o [ gz}.

(F.25)
] V2mo? 207

Definition F.19. One of the most important results relevant to Gaussian random fields is the Wick
theorem. This states that the moments of a Gaussian random field may be factorised into products
of the two-point correlation function with odd moments being equal to zero:

(fi-.- fon) = Z (fif2)e---(fan—1fon). (F.26)

permutations

(fi... fan—1) =0. (F.27)
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As a consequence, we can see that the bispectrum is the lowest order correlator for which a non-
zero measurement signifies a deviation from Gaussianity. This is important as non-Gaussianity is
an ill-defined concept beyond the fact that somehow the statistical distribution fails to be Gaussian,
as an infinite hierarchy of moments would allude to. In a cosmological context the higher order
moments are significantly suppressed and the bispectrum and trispectrum are natural candidates
for tests for non-Gaussianity.

F.1.4 Characteristic Function

The characteristic function of a real-valued random variable will completely define the probability
distribution, it is a very powerful tool in statistics. If a random field has an associated probability
density function, the characteristic function is its Fourier dual. Even if a distribution does not
have a probability density function or moment generating function, the characteristic function
will always exist. The function is defined to be equal to the expectation value of the exponential
random field:

6(t)= (") = F[Plgl| ) (F.28)

where ¢t € R is just the argument of the characteristic function, y/, is the n-th moment about
zero and we reserve y,, for the n-th central moment. Using the Fourier transform we obtain the
Inversion theorem:

Theorem F.20. Given a characteristic function ¢ of a random field f, it will uniquely determine the
probability density function and vice versa.

The characteristic function can be used to generate the n-th moments about zero by taking the
n-th order derivative of ¢(¢) around the point ¢ = 0:

d’nd)
dtn

e (0):[ ] — iy (F.29)
t=0

Alternatively, we can use the series expansion of the natural logarithm of the characteristic func-
tion to generate the cumulants of the random field:

oo

e (t) =Y kn % (F.30)
n=0
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Appendix E

G.1 The Halo Model for Large Scale Clustering

G.1.1 Introduction

An important and challenging area of modern cosmology is the statistical characterisation of large
scale structure and the detailed modelling of its distribution throughout the Universe. There are
many different approaches to this problem ranging from analytical perturbation theory through
to the numerical N-body simulations. The aim of these studies is to provide accurate descriptions
of cosmological models that allow us to test comsological models with observational evidence.
A detailed modelling of these observables will be all the more important given the accuracy and
survey size of the next Generation of telescopes. In this Section we want to introduce a particular
analytical technique, known as the halo model, that is reasonably straightforward but has proven
itself to be robust, powerful and flexible.

The halo model is based on the proposition that galaxies are clustered in halos distributed
throughout space with a set of basic properties such as their size, their mass, internal density pro-
file and spatial position with respect to other halos. Such clustering arises from the gravitational
collapse of primordial perturbations to the highly Gaussian dark matter distribution. The halos
grow and evolve through hierarchical formation [593] such that the galaxies that form inside a
halo have characteristics that are related to those of the parent dark matter halo.

Recent simulations have suggested that most of the baryons are at low overdensity regions
d < 10 at high redshifts z but are within collapsed halos at low redshifts z < 1. This implies
that baryons with overdensities < 10 track the underlying dark matter distribution. These baryons
have temperatures on order that of the photoionisation temperature of hydrogen and helium. In
this section we will follow [125; 126; 127; 456] and calculate the SZ effect due to the baryons
within collapsed virialised halos at low redshifts using the halo model for large scale clustering.
This is expected to be valid beyond the range of validity of the linear biasing scheme that we
implemented in the previous sections. We will compute the 3D cross-spectra in this formalism and
compare the results to those form the linear biasing scheme above. First, however, we wish to
provide a detailed introduction to the halo model and its ingredients.

347
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G.1.2 Spherical Collapse
G.1.2.1 Closed Universe

The growth and formation of non-linear structure is one of the leading areas of reasearch in mod-
ern cosmology. Understanding the structure of non-linearities induced by gravitational collapse is
vital for our understanding of how large scale structure forms and evolves. As the statistics of dark
matter halos necessarily deals with non-linear objects, it can be very tough to find robust analytic
models. For more complex scenarios it is not atypical to use numerical simulations to generate
phenomenological fits to halo statistics. However, if we assume a high degree of symmetry then
there are special configurations that can be solved explicitly to yield the non-linear evolution of
the density contrast. This analytically tractable model is based on the evolution of a spherical mat-
ter overdensity embedded in a homogeneous and isotropic Universe. This was the case studied
by [230] who considered the collapse of an initially top-hat density perturbation, i.e. with sharp
boundary. This is known in the literature as the spherical collapse model.

Assuming a flat, matter dominated Universe, such that K = 0 and Q,; = 1, we wish to consider
the evolution of a spherical overdensity. A consequence of Birkhoff’s theorem is that the exterior
and interior of the spherical shell of matter will evolve independently. At an initial time, the
spherical perturbation will have a radius of a; and an average density of p(a;,t;) = p[1 + d]. Our
spherical shell of matter will therefore evolve as if it were a closed Universe of density 2, = 1+§

. In such a closed Universe the Friedmann equation reduces to

. B 1/2
b (Qm L a Qm)) , (G.1)

a3 a?

This permits a rather neat paramteric solution to the Friedmann equations (see [117], or other
Cosmology textbooks, for an introduction) defined over the interval 6 € (0, 27|

a(f) = “77" (1 — cosf) (G.2)
£6) = ™ (6 — sing) . G.3)
T
where we have introduced
Q'"L
Am = Qg Ql\l 1 (G4)
by = oS G.5)

B 21{0 (Qm - 1)3/2 .

This solution describes an initial growth of the expansion parameter, in accordance with an expan-
sion velocity equal to that of the background, which slowly decelerates until it reaches a maximum
radius a,, at a time ¢,, for which § = 6,,, = . After this point, the structure begins to collapse
reaching a singularity ¢ — 0 at a maximum time of ¢ = 2t,,, for § = 27 (see Fig. G.1).

We can perform a series expansion of the trigonometric functions in order to study their behaviour
in a given limit. Expanding to second order we see that

' _m (L 1 6
lim a(0) = 2 (29 0+ 0(0 )) G.6)
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Spherical Collapse
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Figure G.1: This is a plot showing the evolution of the radius and time in the simple spherical collapse model
using the given parametric solution.

lim ¢(0) = ud (
7r

1 15
—03 — —0° + 0(97)> . (G.7)
6—0

6 210

At leading order, we recover a  t?/3 as anticipated in an Einstein-de Sitter Universe. At next-to-
leading order we can substitute #(6) into the expression for a(f) to recover

a(@) 1 £ \2/? 1 t\*? t\%?
am—z(G”tm) 1‘2()(6%) (m) | &

From our expression for the density, p = 3M/4ma®, and the definition of the overdensity we can

+0

acquire an expression for the linear theory overdensity
-p 3 t\/3
=Ll 2 <67r) . (G.9)

As per the discussion earlier, this overdensity becomes collapsed at ¢ = 2t,, leading to a prediction
for the threshold overdensity of spherical collapse

5. = 0(2tm) =~ 1.686. (G.10)

We can also re-introduce the redshift dependence of the density contrast by evolving the contrast

using the growth factor

1.686
142

de(2) = G(2) de(2. = 0) = (G.11)
As we have stressed throughout, this result corresponds to a highly simplified scenario. We do not
expect an overdensity to be perfectly spherical nor homogeneous. In practice, the simplicity of this
result is powerful and allows us to quickly analyse a number of interesting relationships that are
of immediate use. As an example, we can derive the overdensity of collapse which is defined to
be the overdensity at the time of virialisation. Spherical collapse does not proceed to a point but
rather it reaches a virial equilibrium with the kinetic energy being approximately half the potential
energy. For our EdS Universe, the time scale on which this occurs can be approximated by the free
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fall time of a uniform sphere with a density defined at ¢ = ¢,,. The density of virialisation will be
given by scaling this quantity by a factor of 23, as the radius has simply halved,

p(tcoll) = 8p(tm) (G.12)
3
= Gtg . (G.13)

We then compare this quantity to the background density p = 1/(167Gt?) which tells us the
overdensity of collapse at the time of virialisation

Ayir = (G.14)

More realistic and more recent treatments have gone beyond this result, extending the calculations
to non-spherical and elliptical mass distributions [380; 522] as well as cosmologies beyond EdS
[250].

G.1.3 Halo Mass Function
G.1.3.1 Press-Schechter Formalism

The next key ingredient that we require to implement the halo model is a description of the mass
distribution of the dark matter halos. Remember, the halo model assumes that all dark matter is
distributed in spherical halos. The total number of halos of mass M per unit comoving volume
and per unit mass at a redshift z is given by a halo mass function, written schematically as

dn _ p dv
ant ~ a7 (G.15)
The parameter v is defined by
V(M z) = —2 (G.16)
2T oM, 2) '

with o(M, z) the linear rms mass fluctuation in a sphere of radius R given by M = 4npR3/3
at a redshift z. This quantity may be evaluated from the linear power spectrum P, (k, z). The
approach we take to define our mass function is that of Press and Schecter (PS) [443] who derived
a simple model based on the spherical collapse formalism presented earlier. In the PS approach,
we consider the density field at some initial time ¢, or redshift z; such that the density field §(x, ¢;)
may be described as a Gaussian random field. This field is assumed to be smoothed d(x, t;) with
the smoothing kernel given by a top-hat window function. The probability distribution for the
smoothed density field is given by

0%

—) . (G.17)

1
P =
(0r, R, 2) 270 (R, 2) exXp ( 202(R, 2)
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where 02(R,z) = (6%) is the variance of the density field smoothed with a window function
Wg(k). We can associate a mass to the smoothing scale by equating it to the mass enclosed in a
volume of radius R, for a top hat filter this simplifies to M = (47/3)pR3. Given these relationships,
we can conveniently characterise the halos by the smoothing scale R, the variance o2 or the mass
M. According to the PS prescription, an object of mass M will be collapsed if the density contrast
exceeds the threshold, i.e. § > .. The cumulative probability function for regions of scale R to
have a density contrast g above the threshold is given by [443]

F(R,z) = /OC dé P(6R; R, 2) (G.18)
d,

c

1 e
= ierfc <202(R, z)) .

From this cumulative probability we can calculate the number of newly collapsed regions dF
when the enclosed mass is increased by dM. This quantity can be converted to a number density
by weighting with 5/M. Enforcing that all mass should be contained within the halos motivates
us to incorporate a factor of 2 in the analysis. Press and Schechter [443] argue that this correction
corresponds to the fact that half of the total mass that was originally unaccounted for, corres-
ponding to initially underdense regions, and will accrete onto the collapsed objects and result in
an approximate doubling of the mass [443]. The number of newly collapsed regions is typically
re-written in terms of a shape function f(v) such that

dF(M)  dv
M —mf(l/)-

(G.19)

By inspection with the original probability distribution function Eq. (G.17) we see that the shape

flv) = \/z e 2, (G.20)

Finally, for halos of mass M, the mass function according to PS is given by

function f(v) is now taken to be

C
202

(G.21)

art ~ Namozam 7P

dn 2 p 6. do [_ (52}

Fig. G.2 shows the PS mass function as a function of redshift, where the dependency on redshift
is primarily due to the redshift dependence of the variance o2 (R, z).

G.1.3.2 Sheth-Tormen Formalism

The Press-Schechter function is known to overestimate the abundance of high mass halos whilst
underestimating the low mass halos. It was this observation that led to the introduction of the
Sheth-Tormen mass function [522] as an improved and upgraded approach to the Press-Schechter
formalism. The Sheth-Tormen mass function is derived via a fitting to numerical simulations. Note
that Sheth and Tormen [522] use a different definition of v, namely v = (6./0r)>.

As before, we start with the total number of halos of mass M per unit comoving volume per




G.1. The Halo Model for Large Scale Clustering 352

Press-Schechter Mass Function
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Figure G.2: This is a plot showing the evolution with redshift of the Press-Schechter halo mass function.

unit mass at a redshift z

dn _pdv o, (G.22)

however, unlike Press-Schechter, the functional form for the shape function is given by

[av? 1 av?
fvy=A4A 5 [1 + W] exp (—2> (G.23)

The normalisation is defined such that [ ngr(m)mdm = p and the coefficients a and p are fit to
the numerical data. Typical values of these coefficients are A ~ 0.322, a = 0.7 ~ 0.75 and p = 0.3.
The original Press-Schechter formalism is recovered fora = 1, p=0and A = 1/2.

This can be extended again to completely empirical fitting functions, such as the study by
[278]. A more detailed and careful treatment of the dependency of the tSZ-WL cross correlation
on the underlying mass function and halo biasing prescription would be a good future project.

G.1.4 Halo Bias

Another crucial component is that the dark matter halos themselves are taken to be locally biased
tracers of linear density perturbations. Cosmological biasing can occur in several different forms.
For example, the non-linear dark matter density field will be biased with respect to the linear
dark matter density field due to the non-linear nature of gravitational collapse. If halos form
without regard to the underlying density field and undergo normal gravitational collapse, then
halos would be an unbiased tracer of the dark matter density field. The spherical collapse toy
model, however, states that the formation of halos is necessarily dependent on the initial density
field. This means that the large scale dark matter density, acting as a background, can lead to
an enhanced probability of a halo forming. This leads to the peak-background split pciture of
[379]. In essence, this tells us that baryonic clustering that sits around dark matter overdensities
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are more likely to collapse to form halos due to the lowered effective threshold. The halos will
therefore be a biased tracer of the underlying dark matter distribution.

Following [379], we can introduce a Taylor series expansion that allows us to relate the over-
density of halos to the linear density fluctuations

1
O (%, M5 2) = bo + b (M5 2)1in(x; 2) + b2 (M5 2)0i(x52) + .. (G.24)
where bg(M; z) denote the set of halo bias parameters that will be dependent on model specific

details, such as the mass function. As the halos are biased tracers of the density perturbations, the
number density of halos will fluctuate according to

) = (02 o, M 2) (6.25)
dn 1
:d;}(M;z) bo+b1(M;Z)5lin(X;2’)+§b2(M;z)612m(x;z)+... ) (G.26)

The bias parameters are defined as follows [379]

bo(M;z) =1 (G.27)
v3(M;z) -1

bi(M;z) =1+ .

(G.28)

v3(M;z) -3

L7 (G.29)

bay(M;z) = % by (M;z) — 1]+

with v defined in Eq. (G.16). We neglect bias terms of cubic order or higher as these will make
contributons at a level less than 1% [127].

Following a similar argument as above, the bias parameters in the Sheth-Tormen approach are
given by [522; 499]

bo(M;z) =1 (G.30)
2 _ -1
bi(M;2) =1+ “”5 Ly zi’ [1 + (aﬁ)p} (G.31)
8 au24— 1 4 2p av? 9
bQ(M7 Z) = ﬁ |: 50 + 50 [1 T (ay2)p]:| + 67?. (GV — 3) (G32)
2 142 2 (av? -1
N p__ +2 (av? —1) 7
Sp[L+ (av?)’] | oy df

where 65 = 0.D(z0)/D(z1). If the observing redshift z; is the same as the formation redshift z;
then §; = J.. These can be shown to reduce to the expressions derived in [379] in the Press-
Schechter limit, i.e. a — 1, p — 0 and §; — 4.

G.1.5 Dark Matter Density Profile

The spherically averaged dark matter profiles ps(x) for collapsed halos are given by the Navarro-
Frenk-White (NFW) [402] density distribution. The NFW profile assumes that the profile shape of
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halos is universal and can be characterised by a scaling radius xs and scaling density p;

Ps
x/rs)(1+x/x5)%

psl@) = 7 (G.33)

The mass of the profile within the virial radius «x, can be calculated integrating the NFW profile to
yield

Cs
14 cq

My = 47ps :vg’ log(1+¢s) — (G.34)
Here we have introduced the concentration parameter ¢; = z, /s, telling us how centrally peaked
the profile is. Assuming the spherical collapse model, the virial mass M,;, within the virial radius
x,, can be expressed as

M= TS AP o) = pE() (G35)
A(z) = 1872 4+ 82[M(2) — 1] — 39[Q(2) — 1]%; Ou(z) = QM% (G.36)

Where A.(z) is the overdensity of collapse defined earlier and E?(z) is the function introduced
in Eq. (3.116). By evaluating the overdensity of collapse for our given cosmology we can obtain
the virial radius z,, for a given mass M,;,. The concentration parameter c, for a halo of mass M
can then be re-expressed in terms of a characteristic mass scale M, defined by o(M,;z) = ¢, or,
equivalently, » = 1. Using fitting formula calibrated to ACDM simulations, the concentration-mass
relationship is taken to be given by

—b(z)
M]fz)} i a(z) =103(1+2)7%%  b(z) =0.24(1+2)" " (G.37)

(M.2) = al2) |
This correspondence between the two mass definitions allows us to eliminate the scaling density
ps by equating the virial mass M,;, computed in Eq. (G.35) with the virial mass computed using
the NFW density profile in Eq. (G.34).

-1
Cs

1+c

63, Mvir
pe= o g (1 )

(G.38)

Once we have determined the concentration parameter for a given virial mass, we can explicitly
evaluate ps and hence explicitly determine the NFW halo profile. The halos in a given cosmological
background can therefore be characterised with just two parameters: the halo mass M and the
concentration parameter c¢,. Remember, the virial radius is determined by the halo mass and the
background cosmology dependent overdensity of collapse and is therefore not an independent
parameter.

G.1.6 Gas Density Profile

In order to describe large scale pressure fluctuations, and hence the SZ effect, we will assume
a hydrostatic equilibrium between the gas distribution and the dark matter distribution in halos




355 Appendix G. Appendix E

[343]. This enables us to relate the gas density profile to an underlying dark matter halo profile
in a reasonable and physical manner [514; 126; 299]. The equation of state is assumed to be well
modelled by a polytropic fluid with polytropic index ~. Hydrostatic equilibrium implies that we
have

kpTe dlogpy(x) _  GM(< x) (G.39)

2

1y, dz x

where M (< z) is the mass inside a radius «. The above relationship implicitly assumes that the gas
distribution obeys an isothermal temperature distribution. As the dark matter profile is assumed
to obey a scaling relationship, the gas density profile will also obey a scaling relationship in terms
of a physical parameter b and scale radius x:

bxs/x 2
x ArGumppsxs

pg(T) = pgo et (1 + x) ; b= %. (G.40)
S e

The physical parameter is intrinsically related to the virial temperature of the gas 7,
1
kT, = BT'yGumpM(;(xv). (G.41)

In this work we adopt a polytropic index of v = 3/2 and a mean molecular weight of ;1 = 0.59 to
accompany the proton mass m,. The total mass of the gas in a dark matter halo within a virial
radius z,, will be given by:

My(x,) = 4mpgo et xi/ dq ¢*(1+ q)b/q. (G.42)
0

The final ingredient we need is a prescription for the calculation of the galaxy-pressure power
spectrum. In order to do this we need to specify an average occupancy of galaxies in halos. This
is simply assumed to have a general form given by

M 0.6
<Ng> = (Mmin) for M > Muin;

=0 for M < Myin- (G.43)

The minimum dark matter halo mass is taken to be M,,;, = 10°h~* M. Consequentially, the mean
number density of galaxies 7, and the average density weighted temperature 7, can be expressed

as

dn = M dn
Ng = M(Ny,)—(M,z); T.= M——(M, 2)T.(M, z). .
o= [y ErOne: T [au S E0n T (.44
When studying the correlations between power spectra and cross-spectra it will be useful to intro-

duce the bias by (k,r) and cross-spectral coefficient rpp (k, r)

[P P
b“(k)_:ﬁe Pss(k) (k) = Prss (k) Prn (k) (G-43)
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These coefficients will encapsulate the dependencies between the dark matter, pressure and dark
matter-pressure power spectra. Finally, it is important to note that halo model, as presented here,
does not incorporate non-thermal pressures, such as that caused by turbulence, gas cooling or star
formation. This is a topical area and has been the focus of recent studies (e.g. [525]). Detailed
modelling of such non-thermal pressures could be of interest for future studies of the tSZ effect
and its cross correlations with other external tracers.

G.1.7 Halo Model: Power Spectra

We are now in a position to put all of our various ingredients together in order to construct
physically interesting quantities such as the power spectra of our various components. Following
the literature [128; 126; 127], we introduce a general integral over the halo mass function that
contains terms related to the dark matter, gas pressure and baryon density fields

MN\* dn ] (N} v
Bimyy Y — P 9
IM,il,iz.-.iu(k17'"’k:u"z) f/dlnM ( p) 7In (M,z) bg(M) < 7, ) (G.46)

X [Te(Mvz)]n yi1(k17M) "-yiu(kwM)'

The above integral contains the bias parameters bg(M, z), telling us how the halos trace the over-
density field, the halo mass function [di/dM](M, =) giving the number density of halos at a given
virialised mass, the electron temperature T, (M; z) to account for clustering properties associated
with baryons and the 3D Fourier transform of the density profiles y; , (k,, M). The Fourier trans-
form is explicitly given by

1
yi(k, M) = i / dx x? 47 pi(z, M) jo(kx). (G.47)
0

where the subscript ¢ represents the density ¢ or gas g. The Fourier transform has been norm-
alised such that it approaches unity as k¥ — 0, as can be seen in Fig. G.3. The power spectra are
decomposed into contributions from the single halos Pl-f;’ P (k) and contributions from the halo-halo
correlations Rﬁ-h(k). Here we explicitly write out the various definitions for the power spectra and
cross-spectra that we consider in this Chapter (Fig. G.4):

(i) 06 : Pl =Pir 4Py PRP(k) =I5 (kk) 3 PI(k) =[1)3°]* Pin(k)
(G.48)
(i) I : Phy =Ph+Piy sPEP (k) =1020(kk) 5 PR =[110 "1 P (k)
(G.49)
(iii) O : Phy =P + Py iPhy (k) =10 (k k) 5 Phy(k) =1, )1y %) Pin (k)
(G.50)
(i) gl : Ph; =Pif +Pig Py (k) =I5 (k k) 5 Phr(k) =[10, )1y Pin (k)
(G.51)

We now gather all the various ingredients to construct the halo model power spectra. We take
Moy = 10107 Mg and My,i, = 10°h~1 M, In Fig. G.4 we present the numerical results for the
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Fourier Transform of Dark Matter Density Profile
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Figure G.3: This is a plot showing the Fourier transform of the NFW profile for a range of halo masses.

density-density, pressure-pressure and density-pressure spectra along with the bias and spectral

correlation coefficients.

G.1.8 Uses of the Halo Model

The halo model is a flexible and useful framework from which we can study the statistical proper-

ties of a wide variet of astrophysical and cosmological phenomena. In this brief section we discuss

and introduce a number of potential applications of the halo model. We focus on three applica-

tions: galaxy clustering, weak lensing and the thermal Sunyaev-Zel’dovich effect. We could also

consider additional observables such as the non-linear integrated Sachs-Wolfe effect and a detailed

review is given in [130].

e Galaxy Clustering It was early work by [593] that introduced to concept of galaxies existing

in a parent halo whose properties are intrinsically linked to the formation and evolution of
galaxies. The halo model is particularly suited to the study of the distribution of galaxies and
the study of large scale clustering of galaxies. On large scales, it is thought that gravitational
collapse is the dominant mechanism but at smaller scales significant non-linear behaviour
kicks in along with a plethora of baryonic processes that introduce feedback mechanisms.
One of the key inputs into the halo model was the mass function describing the abundance
of halos with a given mass. Using these functions we can infer the distribution of galaxies
within a halo hence allowing us to calculate the cross-correlation of the galaxy distribution
with a parent halo as well as the auto-correlation. The physical inputs into the halo model
allow us to investigate how the distribution of dark matter within a halo relates to the distri-
bution of baryonic material. It is hoped that by investigating such clustering properties, we
can study the detailed nature of the formation and evolution of galaxies and the concomitant
feedback mechanisms.

e Weak Gravitational Lensing Once we have a model that allows us to construct a power spec-
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trum in the halo model, there are immediately a number of interesting observables that may
be constructed. As we discussed earlier, weak gravitational lensing traces the underlying
dark matter distribution as the gravitational mass induces small perturbations to the path
of a photon along the line of sight. The halo model allows us to construct both a matter
and pressure power spectrum based on reasonable physical assumptions, such as the dark
matter and gas density profiles. Such detailed modelling is then fed back into the spectra
themselves as well as the cross-spectral coefficients that measure the correlations between
the baryonic and dark matter sectors. This means that weak lensing observables are likely to
be dependent on this detailed modelling and procedures such as a cross correlation between
weak-lensing and the tSZ effect may be a very interesting probe of the baryonic and dark
Universe. Alternatively, we could choose to cross correlate the weak lensing observables with
the galaxy distribution. In this case, the galaxy distribution acts as a biased tracer of the dark
matter distribution. Such correlations may help to shed light on biasing and any scale de-
pendence of biasing [379]. Finally, we could go further than the halo model presented here
and introduce sub-structure effects, such as clumping, into our calculations [524].

e The Sunyaev-Zel’dovich Effect As we discussed in the introduction, the tSZ effect traces ba-
ryons within virialised halos at low redshifts with temperatures on order the photoionisa-
tion temperature of hydrogen and helium. The procedure for extending the halo model to
incorporate the tSZ effect is sometimes a little cumbersome but in practice is reasonably
straightforward. To describe pressure fluctuations on large scales, we assume that hydro-
static equilibrium between the gas and dark matter distriubtions holds such that we may
relate the dark matter density profile to the gas density profile in a physically plausible
and reasonable manner. This necessarily involves some calibration via the polytropic index,
mean molecular weight and an accurate measure of the virial temperature of the gas. Once
we have these we can reconstruct the the gas pressure power spectrum as well as the cross-
correlated spectra. This extension forms the core of the resulting WL-tSZ cross- correlation
analysis in the halo model. As expected, this effect is dependent on the detailed modelling
that enters our calculations. This includes the halo mass function, gas and matter density
profiles and biasing scheme.
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Halo Model Power Spectra: Contributions from Halo Terms
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Figure G.4: We show the various power spectra with single halo (1h), double halo (2h) and total (t) con-
tributions. As can be seen, the 1-halo contribution dominates the various spectra. The virial temperature
describes the electrons allowing us to construct the pressure bias bri(k) and the correlation coefficient rr (k)
between the dark matter and baryonic distributions. Most of the contribution to the SZ effect arises from
massive clusters of galaxies whereas the smaller mass halos and structures at low electron temperature do
not contribute as significantly.
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