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Abstract

The Covariant Galileon Model is an extension of General Relativity
constructed by adding an extra scalar degree of freedom to it. The
mathematical background of the model is therefore also found in

differential geometry. The equations of motion of the model can be

derived from its Lagrangian. Using the ADM formalism and tools from
differential geometry the EFT functions of the model are then found.

Numerical solutions to the model are given for two different sets of

parameters and for variations of the the present day matter density and
the Hubble constant at the start of the simulation. From these it is
concluded that a more thorough Monte Carlo simulation of the model is a
useful tool for further analysis of the model. Furthermore more research
is needed for a better interpretation of the found solutions to the model.
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Chapter

Introduction

Since the dawn of man, mankind has always looked up to the sky and
wondered about the contents of the cosmos, trying to unveil the myster-
ies of the universe. Our current understanding of the universe on these
grand scales is given by Einstein’s Theory of General Relativity. It posits
that space and time form one geometrical structure and that gravity is the
curvature of that structure. The inception of this theory meant a huge
leap forward in our understanding of the universe and it brought forth
many big technological advancements. Currently however challenges to
the theory have arisen. In particular the accelerated expansion of the uni-
verse can not be satisfactorily explained with standard General Relativity.
The cosmological constant can help solve these issues, but for theoretical
reasons this approach is not favoured by everyone. Therefore new models
of gravity have been sought to explain among others this accelerated ex-
pansion. One such model is the Covariant Galileon Model, which will be
discussed here. The goal of this thesis is to give an understanding of this
model and to show how this model can be falsified.

The Covariant Galileon Model is an extension of General Relativity and
thus cannot be understood without knowledge of General Relativity. As
such, this thesis will first dedicate itself to give a quick overview of the
mathematics involved in these theories, before moving to reviewing the
basics of General Relativity and then giving the details of the Covariant
Galileon Model. The thesis will end with a numerical investigation of the
Covariant Galileon Model. This numerical analysis will show how mea-
surements can be used to falsify this model.

Now a little bit of technical details about this thesis. Firstly, if not oth-
erwise specified, differentiable shall mean C*. Secondly, Einstein’s sum-
mation convention will be used throughout this thesis. This means that,
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unless stated otherwise, whenever in a term of an equation two indices are

repeated, one being a lower index and the other an upper index, then there

is a sum implied over all values of the indices. Greek indices will always

take values in {0,1,2,3}, while from chapter 3 onward Latin indices take
i

values in {1,2,3}. Note that the i in o, is considered to be a lower index.
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Chapter 2

Geometry

In this chapter the mathematical foundation will be laid for the physical
theories that will be discussed in the next two chapters. The mathemat-
ics discussed will involve differential geometry. This branch of mathe-
matics concerns itself with the properties of objects that exhibit a certain
type of smoothness. In particular differential manifolds will be discussed.
These objects are mathematical spaces that model certain types of smooth
shapes. They provide a rich mathematical structure that in the next chap-
ters will turn out to be fundamental to the description of Nature of the
physical theories discussed. This chapter will give an overview of the
properties of differential manifolds.

2.1 Manifolds

A differential manifold is a topological space that locally looks like R".
This notion of "local sameness” will be made precise in the following def-
initions, but the general idea will be sketched here first. A differentiable
manifold will be locally like IR” in the sense that around any point in the
differentiable manifold there exists a region that is homeomorphic to an
open subset of R"”. Such a local homeomorphism will be called a chart
and the set of all charts will be called an atlas. In this way there is a trans-
lation from the possibly complicated differentiable manifold to the simpler
space R" in the same way a chart in a ‘normal’ atlas, the one you can buy
in a store, gives a translation between the complicated structure of a part
of the surface of the Earth and the simple piece of paper on which the chart
is written. This translation can then be exploited to lift structure from R"
to the differentiable manifold. In particular a notion of differentiability can
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2.1 Manifolds 4

be defined this way, hence the name differentiable manifold.
Now in order to define a differentiable manifold, let M be a topological
space. First the charts and atlas need to be defined:

Definition 2.1.1. An n-dimensional differentiable atlas for M is a set
A={(U;,h;,V;):iel}
where I is an index set and:
1. {U;: i € I} is an open cover of M
2. ViCR"isopenforalli €]
3. h;j: U; — V;is a homeomorphism for all i € I

4. the gluing maps (h; o hi_l)|hi(u,~muj)3 hi(U; N Uj) — hi(U; NU;j) are
differentiable for alli,j € I

An element of an atlas is called a chart. Points 1. to 3. thus define
a chart. The fourth point will make it possible to lift the differentiability
from R" to M. Since there are multiple possible atlases available for a
given M, this can lead to multiple possible notions of differentiability.

To clear this ambiguity an equivalence relation can now be defined on
the set of n-dimensional differentiable atlases for M. Let A = {(U;, h;, V;): i €
I} and A" = {(U},h;,V/): j € ]} be two such atlases. They are called

equivalent, notated as A ~ A, if their union AU A’ is again an n-dimensional
differentiable atlas for M. This is the case if and only if for all i € I and
j € ] the maps

(o h;1)|hi(uimu;) (U N U — KU N UY)

(hj o h;_1)|h;(ulﬂll]’) : h;(ul N LI]’) — hy(U; N l,l]’)

are differentiable.
Now to single out a specific notion of differentiability arising from the
atlases, the following definition is made:

Definition 2.1.2. An n-dimensional differentiable atlas A for M is called
an n-dimensional differentiable structure in M if it satisfies:

A~vAd = ACA
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2.1 Manifolds S

The equivalence class of an atlas .4 thus contains a unique n-dimensional
differentiable structure in M

Si= U A
A~A

and a differentiable structure can thus be specified by giving an atlas of
the equivalence class of the differentiable structure.
The definition of a differentiable manifold is now as follows:

Definition 2.1.3. An n-dimensional differentiable manifold is a pair (M, S)
where M is a second countable Hausdorff topological space and S is an n-
dimensional differentiable structure in M.

Now also substructures can be defined:

Definition 2.1.4. Let X be an n-dimensional differentiable manifold. A
subset Y C X is called a k-dimensional differentiable submanifold of X if
for every p € Y there exists a chart (U, h, V) for X such that p € U and

hUNY)={x=(x1,...,%n) € Vixg 1 =---=x, =0}
Submanifold substructures turn out to be manifolds in their own right:

Proposition 2.1.5. Let X be an n-dimensional differentiable manifold and Y be
a k-dimensional differentiable submanifold of X, then Y is a k-dimensional differ-
entiable manifold.

Proof. Take the subspace topology on Y, then Y is also a second countable
Hausdorff topological space. For every p € Y take the chart (Up, hy, V))
for X as given in Definition 2.1.4 and let the set A = Upey {(Uy, 1}, V) )}
be given by:

Y
hy = 1o (hplyy)
V) =m(Vp)

where 77 : R" — R¥ is the projection on the first k coordinates. In this way
{U}; : p € Y} is an open cover of Y. Since the projection is an open map

and the V), are open, the Vr}/ are also open.

Now let : RF — R" be the inclusion map of R into the first k coor-
dinates of R". Since the topology on R¥ and the subspace topology on

5
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2.1 Manifolds 6

1(RF) agree, i is a homeomorphism onto its image, with inverse ﬂ‘l(]Rk).
It holds hy (Uy) = mo (hpluy)(Up NY) = 7(V, Nu(RF)) = V) by def-
inition of hy, so hy: Uy — V| is a bijection. Since the projection and
inclusion are continuous and /y, is a homeomorphism, hg = 7o (hp|,y)
p
and (h},f)_1 = (hy)~to (7T_1|V;3/) = (hy)to t|pr are continuous. Hence hg

is a homeomorphism.
Now for two p,q € Y the gluing map is:

hy © ()™ iy yruy) = (o hp o (hg) ™ o Dl uyeuy)

Since 7 and ¢ are differentiable and hy, o (h,) ! is differentiable by defini-
tion, the gluing map hy o (k) )| n (uynuy) is differentiable for all p, g € Y.
This shows that A is a k-dimensional differentiable atlas for Y. Taking the

associated differentiable structure S4 in Y (from the equivalence class of
A) makes (Y, S 4) into a k-dimensional differentiable manifold. O

Now an example:

Example 2.1.6. Consider a second countable Hausdorff n-dimensional topo-
logical vector space V. Take a basis (¢;); and let ¢: V' — R" be the map
given by ¢(v) = ¢(v'e;) = (v!,...,v"). Then it s clear that {(V, ¢, R")} is
an n-dimensional differentiable atlas for V. By taking the associated differ-
entiable structure of this atlas, V becomes an n-dimensional differentiable
manifold.

Using the atlas, coordinates can be defined on the differentiable mani-
fold:

Definition 2.1.7. Let (M, A) be an n-dimensional differentiable manifold
and let x! to x" be the coordinate functions of R", so for x = (x1,...,x,) €
R" it holds x’(x) = x; for all i. Choose a chart (U,h,V) € A. Then the
functions x! o i to x" o h are called a local coordinate system in U. Any
p € U can now be written as p = (py,..., pu), where p; = (x' o h)(p) is
called the i-th coordinate of p.

This local coordinate system transfers the coordinate structure of R” to
the differentiable manifold. Since the U cover M, a local coordinate system
can be found around any point of M.

There is more structure that can be carried over to the differentiable
manifold. The differentiable structure allows namely for the lift of differ-
entiability on R" to differentiability on manifolds. For this we have the
following two definitions:
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2.1 Manifolds 7

Definition 2.1.8. Let X be an n-dimensional differentiable manifold with
n-dimensional differentiable structure M = {(U;, h;, V;): i € I}. A func-
tion f: X — IR is called differentiable if for every i € I the function
fo hl._1 : V; = Ris differentiable.

With respect to a given coordinate system u! to u" defined by a chart
(U, h,V) the partial derivative of f with respect to u' at p € X is defined

0 dfoh—1
as 2 (p) = L (n(p)).

Definition 2.1.9. Let (X, M) and (X', M) be n- and m-dimensional dif-
ferentiable manifolds respectively and f: X — Y a map. Then f is called
differentiable if it is continuous and the function

(o f o™ Ylyunsrqry: HUNFHU)) =V

is differentiable for all (U, h, V) € M and (U, W, V") € M'.

With respect to a given coordinate system u! to u" defined by a chart
(U, h, V) on X and coordinate system ! to u"™ defined by a chart (U’, 1, V')
on X' the i-th coordinate of the partial derivative of f with respect to u/ at

p € X is defined as (1" o ﬁ)(p) = M(p) = M(h(p)), where

) ou/ oul ~ox
the x' denote the coordinate functions on V and x’* denote the coordinate

functions on V’. From this definition it is clear that the chain rule holds for
differentiable functions on manifolds.

Fortunately one doesn’t need to check differentiability on the whole
differentiable structure:

Lemma 2.1.10. Let A C M be an atlas for X and f: X — R a function. If
f o h; tis differentiable for all (Uy, hy;, V) € A, then f is differentiable.

Lemma 2.1.11. Let A C M and B C N be an atlas for X respectively Y and
f:X = Yamap. Ifhjofo h: 1 is differentiable for all (U;, h;, V;) € A and
(Uj, hj, V) € B, then f is differentiable.

Proof. These Lemmas both follow from the fact that the gluing maps are
differentiable. O

In the rest of this thesis every time the term manifold is used the ad-
jective differentiable is implied and the choice of a suitable differentiable
structure is assumed.
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2.2 Tangent spaces 8

2.2 Tangent spaces

Since a manifold in general is a topological space, it has no natural way
of comparing its elements, in contrast to for example a vector space. The
differential structure however gives a way to be able to make this compar-
ison locally. The concept needed for this comparison is that of the tangent
space. This section is dedicated to its construction.

The tangent space shall rely on the idea of the velocity of curves on the
manifold. To define this, the following definition is given:

Definition 2.2.1. Let M be a manifold. A differentiable curve on M is a
differentiable map y: (—€,€) — M for some 0 < e. A differentiable curve
through a point p € M is a differentiable curve oy on M such that y(0) = p.
The space of all curves through p is denoted by K,,.

Let p € M and let (U, h, V) be a chart around p. Now an equivalence
relation on K, can be defined by:

dho vy dhoq/
/ _
Y~y = g (0) = ———(0)

It is easy to see that this definition is independent from the chosen chart
and thus well defined. The equivalence class of an element y € K, will
be noted as [y]. This equivalence relation can be thought of as grouping
together differentiable curves on M with a common velocity vector at p.

Denote by F, the set of differentiable functions to R defined on a neigh-
bourhood around p. F, forms a real algebra under pointwise operations.
Given an equivalence class [y] with representative y € K, a map function
can now be defined by:

o}
Xy By = R, f s dfdtv(o)
This map is called the tangent vector to [y] at p. By the chain rule this
definition is independent from the chosen representative, so the function
is well defined. Note that the functions X|,; are linear due to the fact that
the derivative is linear and F, is a real algebra.
Having this the tangent space can now be defined:

Definition 2.2.2. Let M be a manifold and let p € M. The tangent space
TyM of M at p is the set T,M = {X|,;: 7 € Kp}.

An element X, of the tangent space can be thought of as a derivative
in the direction of -, tangent to the manifold at p. The tangent space itself

8
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2.2 Tangent spaces 9

can thus be seen as the set of all directional derivatives at p in directions
tangent to the manifold at p. This becomes more clear in the following
theorem:

Theorem 2.2.3. Let M be an n-dimensional manifold and let p € M, then the
tangent space T, M of M at p is an n-dimensional real vector space.

Proof. (Adapted from Kobayashi and Nomizu [1]) Since the functions X ]
are linear, T, M is a subset of the vector space Hom(Fp, R). Choose a local
coordinate system u! to u" around p. The functions % lp: F, — R are
linear for all i, so they are elements of Hom (F,, R). It is going to be proved
that these functions are a basis for T, M. Let y € K, and write +;(t) for the
coordinates of 7y(t) in the chosen coordinate system. For f € F, it holds:

(@] (@] 710 (@]
Xiyf = L0 (0) = U2l oo,
oh~1 xioho
- o>>>%<o>
df o™ 1

dyi of , \dvi
= L ) G0 = Do) GO
Hence every X|,) is a linear combination of the % |p- Now let ), ai% |pbea
linear combination of the % |p- Define a curve <y by setting its coordinates

to ;(t) = u'(p) + a;t for all i. The associated tangent vector is then given
by, for f € Fy:

0
Xof == <O>:;a—£ Zalaul

where the result of the previous equation was used. So ) ; ai% |p is indeed
an element of T, M. This means that all elements of T, M are linear com-

binations of the functions % |- Since the % |y are part of the vector space
Hom(F,,R), the %\ p induce a linear structure on TpM and T, M becomes
an n-dimensional real vector space with basis B = ( p:1<i<n)., O

The explicit vector space structure in terms of curves is now found as
follows. Let 7,7 € Ky and A, p € R, then, because T, M is a vector space,

there exists a € K, such that X,) = AX[,] + uX|,]. Let (u'); be a local
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2.2 Tangent spaces 10

coordinate system around p. For an f € F, it thus holds:

of . du;
—f(r))i(o) = Xyf = AX}y) + uXpy)

out dt
L, of Ay af . dn
= /\_aui(p)_dt (0) + V_aui(p)_dt (0)
_of dAyi+ uy;
= _aui(p)—dt (0)

Thus ¢ is a curve whose velocity vector is the sum, weighted appropriately
by A and p, of the velocity vectors of y and 7. This will also be denoted as
] = Aly] + pln]-

Since B = (%hg: 1 <i < n)is abasis of T,M, the explicit dependence
of the tangent vectors on the differentiable curve equivalence class [y] will
often be suppressed. Furthermore, note that for all X € T, M it holds for

f,8 € Fpthat X(fg) = f(p)X(g) +g(p)X(f)-

Now an example:

Example 2.2.4. Let V be a second countable Hausdorff n-dimensional topo-
logical vector space. It was shown in Example 2.1.6 that V is a manifold
with atlas {(V,¢,IR")}, for basis (e;);. Then ¢ gives a coordinate system
(u'); on whole V. Let p € V, then T,V is an n-dimensional vector space
with basis (% p)i- Hence V and T,V are isomorphic with isomorphism
given by (o) = p(o'e;) = o2 ,.

Since the tangent space is a vector space, it has a dual:

Definition 2.2.5. Let M be a manifold and let p € M. The cotangent space
T, M of M at p is the dual to T, M. An element of T, M is called a covector.
The basis of T;M dual to the basis B = (%hg: 1 <i<n)of T,Mis
denoted by B* = ((du'),: 1 <i < n),so (dui)p(% p) = 1ifi = j and zero
otherwise.

If there is a map between two manifolds, this induces a map between
the tangent spaces of those manifolds:

Definition 2.2.6. Let f: M — N be a differentiable map between mani-
folds. The push forward of f at p € M is the map:

Df(p): TyM = Ty()N, Xy = X[foq]

By the chain rule it is clear that this map is independent of the repre-
sentative of v and thus is well defined.
The push forward is linear:

10
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2.2 Tangent spaces 11

Proposition 2.2.7. Let f: M — M’ be a differentiable map between manifolds
and p € M. Let (U, h, V) be a chart of M around p and (U', 1/, V') be a chart
of M around f(p). The push forward of f at p € M is linear and its matrix is

given by J(W' o f o h=1) (h(p)).

Proof. Let (u'); and (u'!); be the local coordinate systems associated to
the respectively unprimed and primed charts in the proposition and let
Xy, Xy € TyM and A, € R. There exists app € K, such that [p] =

Al7y] + u[n]. For a function ¢ € FJ’((p) it holds:
DF(p)(AXpy + 1Xy)(8) = DF()(Xiy1)(8) = Xy = 822 2¥ 0)
= B (f(p)ui L (pyd (o))
= B (f(p)ui( Ly >>u1<A‘;—Z<0> 12 0))
_ % 2i of
= A28 (I (2L (p)u (% o)

P (F N L ()

_Adgod];oy(o)_i_ydgod];oq( 0)
= ADf(p)(X}5))(g) + uDf(p)(X[;)(8)

Thus the tangent map is linear. Furthermore it holds:

x/'o "o fohl
I ) = PSRy = 0 o f o) ()

So from the previous equations it also follows that J(h' o f o h=1)(h(p)) is
the matrix representation of Df(p). O

Since the tangent map is linear, it has a dual, called the pullback:

Definition 2.2.8. Let f: M — N be a differentiable map between mani-
folds. The pull back of f at p € M is the map f*(p): TN — T; M dual
to Df(p). Itis thus given by f*(p)(w)(X) = w(Df(p)(X)) for w € Tj;(p)N
and X € T, M.

A tangent space is a space assigned to a point of the manifold. This can
be done for all points on the manifold. If one tangent vector is picked from
every tangent space of the manifold, one gets a vector field:

11
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2.3 Tensors 12

Definition 2.2.9. Let M be a manifold. A vector field X on M is a map
X: M — pem TpM, where | | denotes the disjoint union, such that X, :=
X(p) € T,M.

Let f: M — R be a differentiable function and X a vector field on M.
Then X f denotes the function on the manifold given by (Xf)(p) = X, f.

Definition 2.2.10. Let M be a manifold and X a vector field on M, then X is
called differentiable if Xf is differentiable for every differentiable f: M —
R. The set of all differentiable vector fields on M is denoted by X(M) and
forms a vector space under pointwise operations.

With this in mind the following map can be defined:

Definition 2.2.11. Let M be a manifold. The map [-,-]: (M) x X(M) —
X(M) givenby [X,Y] = XY — YX is called the Lie-bracket.

Since Yf is a differentiable function on M, (XY)f = X(Yf) is well de-
fined. XY is thus again a vector field. Since X(M) is a vector space, it
follows that the Lie-bracket is well defined. With the Lie-bracket as mul-
tiplication, X(M) becomes a non-commutative algebra. Furthermore, if
(u'); is a local coordinate system and X, = X'=%;[, and Y, = Y/ =2, for all
p, then the coordinate expression of the Lie-bracket is, for all p:

. 0 d  d . 0
(X, Y]lp = XpYp = YpXp = X5 5pY o 5lp = Yoo p XM ol
QY 9 9X! 9 QY! 0X! 0
_ x99 9X 9 Y 9K O
X gl =Y g rgly = X le =Y 57l 5l

Summarizing the tangent space essentially encodes in which direction
the manifolds extends onward. Globally points on a manifolds cannot
be compared, but the tangent space makes it possible to do this on an
infinitesimally close range. Later on in this chapter this comparison will
be made clearer.

2.3 Tensors

The Laws of Physics shouldn’t depend on the particular coordinate sys-
tem chosen to describe the physical system. This means that a coordinate
change puts a restriction on the transformation behaviour the objects con-
sidered in the theory. Objects that obey these transformation restrictions
are called tensor fields. Before tensor fields can be discussed however,
tensors need to be introduced:

12
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2.3 Tensors 13

Definition 2.3.1. Let V be a finite dimensional vector space. A type-(k,I)
tensor T on V is a multilinear function:

T: (VH*x VI 5 R

with the V* and V not necesarilly in this order. The set of all type-(k, )
tensors is called T;‘( V) and forms a vector space under pointwise opera-
tions. A general tensor is an element of the direct sum T(V) = @y, T¥<(V)
of the vector spaces of tensors of all types.

Some examples:

Example 2.3.2. By definition a type-(0,0) tensor T is just a number T € R.
This is also called a scalar.

A type-(1,0) tensor T is a linear function V* — R. Since the (vector)
space of linear functions V* — R is isomorphic to V, if V is finite dimen-
sional, T is just a vector in V.

On the other hand a type-(0,1) tensor T is a linear function V — R,
which is by definition a covector in V*.

A type-(1,k) tensor T is a multilinear function V* x V¥ — R. The (vec-
tor) space of linear functions V* x V¥ — R is isomorphic to the (vector)
space of linear functions V¥ — V. So T is a multilinear map from V* to V.
In particular, a type-(1,1) tensor is just a linear map on V, which is often
represented by a matrix.

In analogy to the matrix representation of tensors of type (1,1), tensors
of other types can as well be represented by a set of numbers. To do this,
let (eq,...,e,) beabasis for Vand (e!,...,€") be a basis for V*. Then, with
respect to this basis, a type-(k,[) tensor T is uniquely determined by the
set of numbers Ti1---ik].1m].l = T(eil,. . .,eik,ejl, .. .,ejl), with1 <i,,j, < nfor
alll <a <kand1 < b <, due to its multilinearity. These numbers are
called its components. Often tensors will be given only in terms of their
components. To avoid ambiguity, it is customary to write the basis vectors
of V with lower indices and the basis vectors of V* with upper indices. In
this way the upper indices on a tensor component always refer to covector
entries and the lower indices refer to vector entries. The upper and lower
indices are also called contravariant and covariant indices respectively. A
tensor that only has upper or lower indices is also called a contravariant
respectively covariant tensor. A vector for example is a contravariant ten-
SOfT.

There exists a natural product on the set of tensors:

13
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2.3 Tensors 14

Definition 2.3.3. Let S € T(V) and T € T%(V). Then the tensor product
S® T of S and T is a tensor of type (k+r,] + s) defined by:

(S X T)(Dcl,. ey Oyp, a1, .. -ral+s) = S(Dél,. e, 0, a1, .. .,lll)
: T(Dék+1, .. .,0(k+r,al+1, .. .,al+s)

where &; € V* and a; € V for all i and j. With this multiplication T (V)
becomes a non-commutative algebra.

From this definition it is clear that every type-(k,[) tensor can be de-
composed as the tensor product of k type-(1,0) tensors and [ type-(0,1)
tensors.

Using the Einstein summation convention, the tensor product also gives
a new way to write tensors. Due to its multilinearity the evaluation of a
tensor T of type (k,I) can be written as, for ay,...,ax € V*¥and ay,...,a; €
V:

T(aq,...,ara1,...,4)

_ i i 1 Ji
=T(e",.. -,€k,€j1/---,€j,)0<1,i1 e QY
_ oqipede P o/

= Tk gy Ry e gy A e

_ 7iq.d j i
=T e (ar)-...ep (ki) -€(ar) ... €l(a)

— Tll...lkjlmjl(el.l ® .. ® eik ® 6]1 ® e ® e]l)(all . 'I“k! a, .. ',al)

The tensor T can thus be written as T = Til“'ikjl_“]-lei1 ®- Qe ® eh ®
+++ @ €ll. This shows that the tensors ¢;, ® -+~ ®¢;, ® €' @ - - - ® €/l form
a basis for T}(V). If V is n-dimensional, this shows that T¥(V) is n**+!-
dimensional. Moreover the previous calculation shows that an evaluation
of a tensor can be completely expressed in terms of the components of the
tensors involved. It is easy to see that the same holds true for the scalar
multiplication, addition and tensor product multiplication of tensors. This
means that any tensor equation can be solved completely in terms of com-
ponents.

The final basic operation on tensors often encountered is the contrac-
tion:

Definition 2.34. Let T € T5(V). The contraction C{ of the a-th upper

14
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2.3 Tensors 15

index with the b-th lower index of T is the type-(k — 1,1 — 1) tensor:
CZ(T) =elt (eia)Tilmiﬂmik]'l-'«]'b--']'leil Q- Qe Ve,
®"'®€ik®€h R---RENM T RN Q.- Rl
:555 TilMiumik]'l---]'b---]'leil Qe e,

®---®eik®€h®---®€jb*1 ReM ... @ ¢l

— Thedg—1Xigprnle, - . :
=T Jreefb-1Xfp 1160 ® ®ej,_ & Ciga

®"'®€ik®€h ® Q1 ®...xel
where (5; is the Kronecker delta.

Since the contraction also has a component expression, this means that
any tensor equation can be solved completely in terms of components.

If now the tangent space T, M is chosen as vector space, then a tensor
can be assigned to every point on the manifold:

Definition 2.3.5. Let M be a manifold. A tensor field T of type-(k,1) on
Misamap T: M = |lyem T;‘(TPM). By pointwise operations all tensor
fields of type-(k,[) form a vector space. A general tensor field T is a map
T: M — Upem(Dr, T;‘(TPM)). With pointwise multiplication ®, the set
of all tensor fields forms an algebra.

If one chooses a chart (U, h, V) of M, then, if (u'); is the associated
local coordinate system, a tensor field T of type (k,I) on U can be written

as T = Til"'ikh“_jl(p)%b ®- - ® %hg ® (du'), ® --- ® (dul'),, where
Tiv-ik j1...j i8 now a function on U.

In physics often a condition to check whether something is a tensor
tield is given in terms of a transformation rule:

Proposition 2.3.6. Let M be a manifold, p € M and (U, h, V) and (U', W', V")
two chart of M around p. Let (u'); be the local coordinate system defined by
(U, h, V) and (u"); the one defined by (U, h, V). Let T be a tensor field of type-
(k,1) on UNU'. Then the components of T transform as:

1i 1 b b
Tl (p) _ou™ o ou out o ou’ T ()
Ji--Ji oun ou Qu'i ou'l 1---01
Proof. The basis vectors of the tangent space associated to (u''); are %.

They transform as % = (%){%. The associated dual basis then trans-
forms as du' = ((%)_1);61111 = (%);duf. The desired property then
follows from the multilinearity. O

15
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2.4 Vector bundles 16

Since tensor fields are maps, a differentiability condition can be formu-
lated:

Definition 2.3.7. Let M be a manifold and (u); a local coordinate system
with coordinate neighbourhood U. A tensor field is called differentiable
on U if its components with respect to (u'); are differentiable on U.

By the transformation property of tensor fields and the differentiability
of the gluing maps, this notion is independent from the chosen coordinate
system.

Finally, a tensor is called symmetric respectively antisymmetric in the
indices 4 and b if switching the indices 4 and b leaves the tensor component
the same respectively flips the sign of the tensor component.

A tensor can be made symmetric as follows:

Definition 2.3.8. Let T be a tensor (field) of type (k, 1) with components
T"-%; , then the tensor (field) defined in components as follows is sym-
metric in the indices between the brackets:

eedn ) igatede . O (i1l ) i1 ool |
T (1m0 )in 1 k]l_ﬁZT(l )ins1 k]1
eSS,
where S, is the permutation group of n elements. The same definition is

made for lower indices.
A tensor can also be made antisymmetric:

Definition 2.3.9. Let T be a tensor (field) of type (k, 1) with components

T"-%; , then the tensor (field) defined in components as follows is anti-

symmetric in the indices between the square brackets:
T[zl...zn]zn+1...zkh _ m Z Sl-gn(0.)TU(zl...zn)an...zkh

‘T oEeSy,

where S, is the permutation group of n elements. The same definition is
made for lower indices.

2.4 Vector bundles

In the previous two sections constructions were given for defining a vector
space related to a point on a manifold, the tangent space and the space of
tensors. When the union of all these vector spaces is considered, an object
is created that turns out to have a manifold structure. This object is called
a vector bundle.

16
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2.4 Vector bundles 17

Definition 2.4.1. Let M be an n-dimensional manifold. A differentiable
vector bundle of rank r over M is a triple (E, 7, AF) such that:

1. Eisa (n + r)-dimensional differentiable manifold
2. t: E — M s a differentiable map

3. AE = {(UF,hE, U; x R"): i € I}, where I is an index set, is a bundle
atlas for E, meaning:

(@) {U;: i € I} is an open cover for M, the UFcover E and Uf =
7 L(U;) for all i

(b) hlE LIIE — U; x R" is a diffeomorphism for all i

() If p;: U; x R" — U; is the projection on the first factor, then
7'L’|UiE = p;ohf foralli

(d) The maps I’lﬂnq(p) o (hﬂnq(p))_l: {p} xR" — {p} x R" are
linear on the second factor forall p € U; N U; and all i and j

-1

To see that the map hf|n_1(p) o (h]-E|7-[—1(p)) is well defined, let p €

U; C M for some i. Then 7 1(p) C UF, so:
p=rlys((p) = pilhi (7' (p)))

Since p; is the projection on the first factor, it must hold that hf (=1 (p)) C
{p} x R". So the maps hiE|7.[—1(p) o (hﬂrl(p))_l are well defined.E More-
i)
from 71! (p) to {p} x R are bijections. Hence the maps hf|ﬂ_1(p) o (hf|n_1(p))*1
are isomorphismes.

Often the bundle atlas is implied and a differentiable vector bundle
(E, T, AE) over a manifold M is denoted as 7r: E — M. If the projection
is clear, then also E itself is called a differentiable vector bundle. The set
E, := 7t~ !(p) is also called the fibre of E over p. The bijection hF| g, defines
an r-dimensional real vector space structure on E,. This justifies the name
vector bundle. The vector bundle E is basically an addition of a vector
space to each point on the base manifold M.

It is very useful to define maps M — E as follows:

over, since the hf are diffeomorphismes, it follows that the maps h

Definition 2.4.2. Let 71: E — M differentiable vector bundle. A section s
isamap s: M — E such that s(p) € E, for all p € M. If s is differentiable,
then s is called a differentiable section. The space of all differentiable sec-
tions on E is denoted by I'(E). It is a vector space under pointwise opera-
tions.

17
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2.4 Vector bundles 18

Since a vector bundle E is in particular a manifold, it carries all the
structure of manifold. In particular it has a tangent space. This leads to
the following definition:

Definition 2.4.3. Let 7: E — M differentiable vector bundle of rank r and
let v € E. Ej ) has a natural r-dimensional vector space structure and
using the subspace topology it is a second countable Hausdorff topological
space. This means that E;( is a manifold by Example 2.1.6. The vertical
space V,E of E at v is now defined as V,E = ToE 1 (0)-

The vertical space is part of the tangent space of E:

Proposition 2.4.4. Let 7t: E — M be a differentiable vector bundle of rank r
and let v € E. The vertical space V,E is a linear subspace of tangent space T, E.

Proof. Let A = {(UF,hE,U; x R"): i € I} be a bundle atlas for E and
A = {(U;,h;, V;): i € I} be an atlas for M. Then it is clear that {(UF, (I; x
idgn) o hE, V; x R"): i € I} is a differentiable atlas for E, (UF is open in E
since 7t is continuous.) Take E to be a manifold using differentiable struc-
ture associated to this atlas. Let v € E and let (UE, (h x idgn) o hE, V x R")
be a chart around v. Let (u'); be the local coordinate system defined
by this chart. It holds hE(En(U) NUE) c {n(v)} x R’, since rt(v) =
7| ye (En(p) NUF) = p o hE(E ) N UF). This gives:

U (Eq(py NUE) = (x'o (h x idgn) 0 hE)(E () N UF)
C (x' o (h xidgn))({m(v)} x R") = x'({h(7(v))} x R")
which shows that on E; () only the last r coordinate functions u' vary.

Moreover E,) is a r-dimensional vector space, so by Example 2.2.4 T, E
is also a r-dimensional. This means that V,E = T,E(, has as a basis the

r vectors au{j — o to augﬂ |». Since T,E has (% o)/ as a basis, this shows
that V,E is a r-dimensional linear subspace of tangent space T,E. O

Furthermore one can define a complement of vertical space:

Definition 2.4.5. Let 7t: E — M be a differentiable vector bundle and let
v € E. A horizontal space H,E is a linear subspace of T, E such that T,E =
VuE & HyE.

Let M be an n-dimensional manifold. Here are some important exam-
ples for vector bundles over M:

18
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2.4 Vector bundles 19

Example 2.4.6. The trivial bundle

Consider E = M x R". If E is given the product topology, it is second
countable and Hausdorff, since M and R" are. There is a natural pro-
jection t: E — M onto the first factor. Now take a differentiable atlas
{(Uj, hi, V;): i € I} for M. Then consider the set {(U; x R", h; x idgr, V; X
R"): i € I}. Itis clear that this is an (n + r)-dimensional differentiable
atlas for E. With the associated differentiable structure it is also clear that
7 becomes differentiable. Finally take AF = {(E,idpxrr, M x R")}. Tt is
clear that this is a bundle atlas, hence (E, 7, .AE) is a vector bundle. E is
called the trivial bundle.

Example 2.4.7. The tangent bundle

(This construction is an extension of the one shown in Liibke [2] and Tu
[3].) Consider the disjoint union TM = | |,y Ty M. There exists a natural
projection w: TM — M, namely for all v € TM there exists a unique
p € M such that v € T,M. 7 is then given by 71(v) = p. Now take a
differentiable atlas A = {(U;, h;, V;): i € I} for M. Then this defines a
local coordinate system (u}, ... ul') on U; for each i. Define for all i the
sets UMM := 71 (U;) = Lyey, TyM, the map ¢: M x R" — TM given
by ¢(p,x) = xf %h,, where x¥ is the k-th component of x in R", and its

restrictions g; = glu,xri: U; X R" — g(U; x R") = UIM. Because A is
an atlas for M, {U;: i € I} is an open cover for M and by construction it
holds TM = |J; LIZT M Given the fact that TyM is an n-dimensional vector
space with basis (ﬁh,) x (see Theorem 2.2.3), it follows that g, and thus
also the g;, are bijective. By construction of U™, it holds o g; = p;,
where p;: U; x R — U; is the projection on the first factor. This gives

Topology of the tangent bundle:

Now a topology on TM is going to be created. Take for all i the product
topology on U; x R". Since the g; are bijective, this induces a topology on
U™ by setting X C U™ open if and only if g; '(X) is open in U; x R™.
Now suppose X; is open in UM and X; is open in LI].TM . Then X; N U].TM
and X; N UM are open in UM nU™. Ttholds X; n X; < ufMnu/™,
so X;NX; = (X;nX;) nUuMnu™) = (Xnu™)n(x;nuM.
This means that X; N X; is open in UZ.T Mn U].TM. From this it follows that
the set Bryy = {X C TM|3i: X C UM open} is a topological basis.
Take on TM the topology generated by Bry. The maps g; are now by
construction homeomorphisms. Now suppose another compatible atlas

19
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2.4 Vector bundles 20

A" = {(U], K, V]):i € I'} was chosen, which gave rise to another basis
Brum- Then for p € U; N Uj it holds:

J ou'l 9
k k ]
: , = _ = _ h - —_
si(py) =y au;<|;9 y auf( i(p)) au,§|p
oxloh oh ! o
= yk#(}li@)) ' Wlp = g}(p,](h} Ohi_l) ‘Y)
j

where the x' denote the coordinate functions on R” and J(f) denotes the
Jacobian of f. This thus gives g'j_1 ogi(p.y) = (p,J(H} 0 hi1)-y). Since
hio h: 1 is differentiable, because of the compatibility of the atlases, | (i} o

hl._l) is an isomorphism and thus a homeomorphism. This implies that

g’]-_1 ogi = idy x J(hjo h:1) is a homeomorphism, since U; x R" and
U]’ x R have the product topology. Moreover, by the same token it is then
found that gj_l og;i = idpy X ](hj o hl._l) (without prime) is linear on the
second factor for all p € U; N U; and all i and j. Going back to the primed
case, the map g} o ( g’].’l 0gi)og; !, from U™ with topology induced by

Brp to U’ ].TM with topology induced by B, is then a homeomorphism.

This implies that the topologies induced by Bry and B/, on TM are the
same. The topology is thus independent from the chosen atlas. This also
means that ¢ is a homeomorphism.

Topological properties of the tangent bundle:

First note that if Y C M is open, then the triples (Y N U;, h;|ynu,, hi(Y N
U;)) are charts for M for all i and they are compatible with the atlas A
for M. Hence the differentiable structure contains all such charts for M.
Now take p,q € TM with p # q. Because M is Hausdorff, if 7(p) #
7t(q), there exist open P,Q C M such that r(p) € P, m(q) € Qand PN
Q = @. Moreover there arei and j such that 7(p) € U; and 7(q) € Uj.
Therefore the charts given by the restriction to the sets P N U; =: U, and
QNU; = U, are part of the differentiable structure of M. Since the g;
are homeomorphisms, U, = ¢,(U, x R") and U;™ = g,(U,; x R") are
open in TM, it holds p € U; Mand g € U,;‘r M and, since g is bijective,
U;;r Mn UqT M = @. Because the topology is independent from the chosen
atlas, this means that TM is Hausdorff.

Since M is second countable, it has a countable basis By;. This means
that for all i and p € U; a B,; € By can be picked such that p € B,; C U;.
The set By of these B, forms a subset of By that covers M and hence

20
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2.4 Vector bundles 21

is a countable basis for M. Moreover, since each Bp,i is open, it forms a
chart as a restriction of the chart of U;. The set of all these charts then
forms a compatible atlas. M thus has a countable basis {Uj, }; consisting of
coordinate charts. Since M is second countable, the U}, are second count-
able and, because also R” is second countable, the U, x R" are second
countable. Since the g, are homeomorphisms, also the UbT M are second
countable. Therefore the basis of TM given by the union of the bases of
the U/M is countable. Since the topology is independent from the chosen
atlas,TM is second countable.

Manifold structure of the tangent bundle:

Now TM has a topology, a manifold structure can be defined. For this
purpose, define h!™ := (h; x idgn) 0 g; 1 : UT™ — V; x R" for all i. Since h;
and g; are homeomorphisms, the 7™ are also all homeomorphisms. For
alliand jand all (x,y) € hIM(UT™ N U]TM) it holds:

™Mo (™M) (x,y) = ((hj x idre) 0 g7t 0 gio (B X idgn) ) (%, y)

= (hj x idgn) (b (x), J(hjo i ") - )

= ((hj ol 1)(x), J(hjo b ) - y)
Since the gluing maps h; o h;l for M are differentiable, it follows that the
gluing maps h].TM o (hM)~=1 for TM are also differentiable. This means
that { (UM, hIM, V; x R"): i € I} is a differentiable atlas for TM and TM
is thus a 2n-dimensional differentiable manifold. If another compatible
atlas A" = {(U/,h,V!): i € I'} for M was chosen, then in the same way
as the h].TM o (hIM)~1 are differentiable, the functions ' ].TM o (M)~ are
differentiable. This means that the atlas {(U'TM, 1'TM V! x R"): i € I}
found for TM is compatible and the same differentiable structure would
have been defined on TM. So the differentiable structure on TM is inde-
pendent of the chosen atlas.

Using the trivial bundle structure on U; x R", it is clear that with the
defined manifold structure on TM the maps g; become diffeomorphisms.
The set { (UM, g1, U; x R"): i € I} is thus a bundle atlas for TM. Finally,
foralliand all (x,y) € h]M(UTM N LI]TM) it holds:

hiomo (thM)fl =hjomogjo (h:l X idRn)
=hjop;o (hl_l X idgn) = pi© idVixIR”

Since the projection p; is differentiable, it follows that 7t is differentiable.
Thus it can be concluded that TM is a vector bundle of rank n over M. TM
is called the tangent bundle.
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Version of 29 August 2018- Created February 26, 2019 - 05:31



2.4 Vector bundles 22

Example 2.4.8. The tensor bundle

Consider the disjoint union T¥M = Lpem TF(T,M). There exists a
natural projection 7: TFM — M, namely for all v € TXM there exists a
unique p € M such that v € T}(T,M). 7 is then given by 7(v) = p. Now
take a differentiable atlas A = {(Uj, h;, V;): i € I} for M. Then this defines

a local coordinate system (u},...u!") on U; for each i. Define for all i the

ire

k
sets UZ.T’M = (U) = Upeu, T¥(T,M) and the maps g;: U; x R"
k

TAM . b
U; "™ given by gi(p,x) = oy _aphy b3 lp @ ® o lp @ duy © - @

1

du?l |p, where, if x is represented as a (k 4 I)-dimensional array of num-
bers, x;, . a.p,..b, 18 the entry of x at place 41 in the first dimension, 4; in the
second dimension, b; in the (k + 1)-th dimension and so on. Given the fact
that Té‘(TpM) is an nf*!-dimensional vector space with basis given by the

b . ..
vectors au%hg ®: - ® a;%]p ® ﬁluﬁ71 lp ® - @du.'|, (see right after Defini-

tion 2.3.3), it follows that the g; are bijective. Then, completely analogous
to the case of TM, it is found that T¥M is a vector bundle of rank n(k + 1)
over M. TfM is called the tensor bundle of type (k,I).

Example 2.4.9. The vertical and horizontal bundle

Let 7r: E — M be a differentiable vector bundle of rank r with E having
the differentiable structure as prescribed in the proof of Proposition 2.4.4.
Now consider the disjoint union VE = | ],cg VpE. As the previous two
examples show, if a vector space is added to every point on a manifold in
such a way that a basis can be given in terms of the coordinate functions of
a local coordinate system, then the structure obtains a differentiable vector
bundle structure. Precisely this has been done in the proof of Proposition
2.4.4. This means that VE becomes a rank r vector bundle over E. If for
all p € E a horizontal space HyE is chosen, then in the same way HE =
LIpee HyE becomes a vector bundle of rank n called a horizontal bundle,
by definition of the horizontal space and the fact that T,E has a basis in
terms of coordinate functions on E.

This shows that (differentiable) vector fields and tensor fields can be
reinterpreted as (differentiable) sections of the tangent bundle and tensor
bundle respectively.

22
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2.5 Differentiation & integration

There is no obvious way to take a derivative of a tensor field on a mani-
fold. A tensor field namely gives a tensor on each point on a manifold, but
these tensors are incomparable since they live in different vector spaces.
To make the comparison, a way is needed to relate the vector spaces at
neighbouring points on the manifold. To solve this problem the covariant
derivative is called into being. It however needs additional structure to be
defined in the form of a vector. There however turns out to be a way to
define a notion of differentiability that not suffers from this problem called
the exterior derivative.

To define the exterior derivative, the k-th exterior power AKV of the
vector space V has to be defined:

Definition 2.5.1. Let V be a vector space. The sets AV are defined in-
ductively. Set A%V = R and A'V = V. Then define inductively the
map A: AFV x A'V — A¥V for all k,I € N as the alternating bilin-
ear map given by A(v,w) = v A w, where for k = 0 it is defined as
Aa,w) = aANw = aw and for | = 0 as A(v,b) = v Ab = bv. Then
AV is a vector space. The map A is called the wedge product. If V is n-
dimensional and has a basis (¢;)"_;, then AV is (})-dimensional and has
abasis (e;, A~ -+ Aej )1<ij<...<iy—n-

Since A is alternating, it holds A¥V = {0} for all k > n. Furthermore
A"V is 1-dimensional with basis vector ey A - - - A ej,.

Now let M be an n-dimensional manifold. Take V' = T M and consider
the set AKT*M = Lpem AkT;M. Since T;M has a basis in terms of the
coordinate functions of a local coordinate system on M and A* T, M has a
basis in terms of the basis vectors of T; M, this defines a rank (}) vector
bundle structure on A¥T*M, analogous to Example 2.4.7. Then:

Definition 2.5.2. Let M be a manifold. The vector space of differentiable
sections of A*T*M is denoted as OFM. An element of QfM is called a
differential form of degree k, or just k-form in short.

Letk > n, since AFT*M = {0}, OFM contains only one section, namely
the zero section, thus QM = {0}. Similarly, since A°T*M = R, Q°M
is just the space of differentiable R-valued functions on M. Moreover,
for f: M — R a differentiable function and w a k-form, the k-form fw
can be defined as (fw)(p) = f(p)w(p) € AkT;M. The wedge product
A can be extended to differential forms by pointwise application, thus if
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w € OFM and ne O/ M then w A 7 € Q! M. With this as multiplication,
OM = @i, ' M becomes an algebra, called the exterior algebra of M.
The pull back can now be extended to (OM:

Definition 2.5.3. Let f : M — N be a differentiable map between mani-
folds and (u'); a local coordinate system of N. Let w € QFN for some k,
then w can locally be written as w = a - dut A - - - A du'* for some function
a on N. The pull back of w by f is now defined as:

FH@)(p) = F(a-dult - Adu)(p) |
= (a0 f)(p) - f*(dut|p,)) A= A fo(du| ) € AFTIM

The pull back f*: QN — QM is then defined as the linear extension of
this map.

Now the exterior derivative can be defined. Let M be a manifold and
f: M — R be a differentiable function, then the 1-form df € Q'M can
be defined as df (p)(X) = Xf forallp € M and X € T,M. Since f is
differentiable, df is also differentiable and thus well defined. The 1-form
df is called the total differential of f. Then:

Definition 2.5.4. Let M be a manifold. The exterior derivative d is a linear
endomorphism on QM such that:

1. for f € Q°M a differentiable function df is the total derivative of f

2. forw € OfFMand 7 € Q'Mitholds d(w A7) = dw A+ (—=1)kw A
diy

3.42=0

Let (u'); be some local coordinate system on M and write w = fdu't A
- A dufor some differentiable function f. Then w € QM. Now it holds
dw =df Ndu'" A+ Ndu + fd(dut A - Adui) = df Adult A - A du
by properties 2 and 3, so dw € QO 1M. Since d is linear and QM is a
vector space, this implies d(Q*M) C Q1 M for all k.

It may feel a bit strange to call d a derivative, so here is an clarifying

example:

Example 2.5.5. Let f: M — R be a differentiable function, then df(p) (% p) =
%(p) = %(h(p)) is the derivative of f in the direction of u', ie. the
derivative of foh~1: V — R in the direction of x'. This means that df
can be thought of as the gradient of f. In particular if f = u/ is taken, one

gets duj(p)(% p) = g—i‘j(p) = g—’;],:(h(p)) = &]. This clarifies the notation of

(du'],); being the dual basis of (%|p)i of T, M.

24

Version of 29 August 2018- Created February 26, 2019 - 05:31



2.5 Differentiation & integration 25

Furthermore, d commutes with the pullback. For a proof see Liibke [2].
The exterior derivative does not need any extra structure to be defined.
The other type of derivative, the covariant derivative, does need that:

Definition 2.5.6. Let M be a manifold and X € T, M a tangent vector for

some p € M. The covariant derivative Vx with respect to X is a map
Vx:T(TM) — T'(TM) such that:

1. for f a differentiable function it holds (Vxf)(p) = Xf

2. for Y a vector field (VxY)(p) is a vector linear in X and additive in
Y

3. for T and S tensor fields it holds (Vx(T ® S))(p) = (Vx(T)® S +
T® Vx(S))(p)

4. Vx commutes with contractions

From this it follows that for a covector field w, a vector field Y and a
vector X, it holds:

Xw(Y) = Vx(w(Y)) = Vx(Cl(waY")) = CH(Vx(waY"))
= C}(Vx(wa)Yb +anX(Yb)) = (VX(,U) (Y) +(U(VXY)

Hence Vxw is a covector field given by (Vxw)(Y) = Xw(Y) — w(VxY).
For A € Ritalso holds Vx(AY) = X(A)Y + AVxY = AVxY, since A can
be seen as a constant function on the manifold. It now follows that V is
R-linear. Moreover, since Xf is a function for f a function, VxY a vector
tield and Vxw a covector field, it follows that Vx preserves the tensor
type. Furthermore, the symbol V can be thought of as a covector acting
on the vector X to give a function that acts as a derivative, since V is
tensor type preserving. This is why Vx is called the covariant derivative
along X.

Now let (u'); be some local coordinate system around p and write X =
Xiz% p, Y = Yf%h,and w = wj'du]'(p) for the vector X, the vector field Y
and the covector field w (the Y/ and w; are thus functions). By applying
the properties one then finds:

9 . ) . 9
= ) T = X! Ty — lyJ -
oY/ 0 ik O Yk i 0
=X — yirk _~_ | = (XIZ=— ky
= X0 ) Ly xivin 2, = (O )+ xivIr) 2,
(2.5.2)
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and thus also:

Qw:Y/ Yk .
(Vxw)(Y) = Xaw(Y) —wVxY = X’ a; (P)—Wk(X’aui(P)JrXZY]TZ)

dw; o
= Xlwa—ul?(p) — weX'YIT,

where Tk is the k-th component of the vector V 201,50 |p The Pi-‘]- are called

Connectlon coefficients. They determine the covariant derivative. There
is thus not one unique covariant derivative. The components of Vx are
thus (Vx)¥ = X'5% [0 + X'Tj; = X'V;, where V; = 52,0 + T}, in the
case of a vector entry and (Vx)f = X'5; 9 % |pof — X'Tl, = X'V;, where V; =

3 2| pék I“i‘], in the case of a covector entry. Using the decomposition of a
tensor field in tensor fields of type (1,0) and (0, 1) and the product rule for
the covariant derivative gives the components of Vx for a general tensor
field entry. For a type-(1,1) tensor field T, with decomposition T = A ® B

with A € T(T{M) and B € T(T{M), e.g. it holds in components:

(VxT)% = (Vx(A® B))" = ((VxA) ® B+ A® VxB)%
= By(Vx)]A + A*(Vx),B

= Bb(xi%Ws]@AJ’ + XTHAT) + AY(X —\p(sz X', B;)
. QA” 9B,

= X'(5 7 (P)By + A" 5 (p)) + X' (T, A/B, — I}, A%B))
.aTab .

= XIZL(p) + X (YT, — T,T)

The connection coefficients don’t form a tensor, even though they have
indices! That’s why they are called coefficients. For a proof of this see
Carroll [4].

The connection coefficients can be thought of as being those coefficients
that compensate for the non tensorial nature of the partial derivative is
such a way that the resulting object is tensorial. A geometric interpretation
of the covariant derivative V x in the direction of X is then that it describes
the change of the coefficients of the tensor in the direction of X whereby it
compensates for the change of the basis by use of I".

Given a vector field, all three defined derivatives act the same on func-
tions on the manifold, giving the partial derivative of the function in the
direction of the vector field. The exterior derivative stands out because it is
only defined on k-forms. The Lie-derivative and the covariant derivative
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2.5 Differentiation & integration 27

on the other hand are defined on all types of tensor fields. The difference
between those two is that the covariant derivative along a single vector
is well defined, as opposed to the Lie-derivative. The Lie-derivative can
only be taken with respect to a full vector field around the point of dif-
ferentiation, because it also involves the change of the vector field along
which the Lie-derivative is taken. Furthermore, the covariant derivative is
the only one that is not unique.

Functions on manifolds can be integrated. The next part of this section
is devoted to defining this integral and stating the Theorem of Stokes for it.
The integral will however not be completely atlas independent. To make
this precise the following definition is given:

Definition 2.5.7. Let A = {(U,, h;, V;): i € 1} be an atlas for a manifold M.
Ais called oriented if forall i, j € I and p € U; N U; the gluing maps satisfy

det(J(h;o h: 1) (hi(p))) > 0. If such an atlas exists, M is called orientable.

Let M be a manifold with differentiable structure S. Define the set of
all compatible oriented atlases A = {A C S: Ais oriented}. Then define
the relation ~ on A by A ~ A’ if and only if AN .A" € A. This relation
is clearly reflexive and symmetric. By the chain rule and the multiplica-
tive nature of the determinant it is also transitive, and thus an equivalence
relation on A. There are only two equivalence classes in A/ ~. An orien-
tation of M is a choice of equivalence class in A/ ~. M is called oriented
if it has an atlas that is an element of the chosen orientation.

The integral makes use of the charts of a manifold. The integral must
therefore be cut into pieces along the charts. Since charts in general over-
lap, something is needed to not overcount these regions:

Definition 2.5.8. Let X be a topological space with open cover i = {U;: i €
I}. A partition of unity of X subordinate to ¢/ is a set of continuous func-
tions {7;: X — [0,1]|i € I} such that:

1. supp(7;) C U; forall i

2. for every p € X there exists an open neighbourhood U of p in X for
which supp(t;) N U # @ holds for at most finitely many i

3. Yicrti(p) =1forallp € X

If X is a manifold, a partition of unity is called differentiable if the 7; are
differentiable. Such a partition of unity always exists for a manifold:
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Lemma 2.5.9. If M is a paracompact manifold with open cover U = {U;: i €
1}, then there exists a partition of unity subordinate to this cover. Moreover, if
K C M is compact, then there exists a partition of unity subordinate to a finite
open cover of a subset U C M, such that K C U, given by charts of M.

Proof. For the first statement see Kobayashi and Nomizu [1] and for the
second statement see Liibke [2]. O

Now let A = {(U;, h;,V;): i € I} be an atlas for the n-dimensional
manifold M and let w be an n-form. Then locally w can be written as

wlu, = widu} A --- Adul’, where (i}); is the local coordinate system de-

fined by (U;, h;, V;). Locally w can then be pulled back to an n-form on V;
as:

(1Y (@lu) = (@i o B Y () (dul) A- - A (B (du)
= (wjo h;l)dxl-l A Ndxf
(b1 (dul) (p)(X) = dul(p) (Dhy  (hi(p)) X) = dul(p)(IX) = dx)(p)(X)
The integral of w is then defined as:

Definition 2.5.10. Let M be an oriented n-dimensional manifold with ori-
ented atlas A = {(U;,h;,V;):i € I}, A C M open and w € Q"M an
n-form. Let {U;: j € ] C I} be an open cover of supp(w) and {7;: j € |}
a partition of unity subordinate to this cover. The integral of w over M is
then defined as:

A I (tna)
= ((1j-wj)o h].*l)alx]1 A Ndxy
1€ wina)
= ((1j-wj) o h]._l)d”xj
1 (uina)

where the last integral is just the standard Lebesgue integral.

This definition is independent of the chosen atlas and partition of unity,
hence this integral is well defined. For a proof see Liibke [2]. Moreover,
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if w has compact support in M, the integral of w is finite. This follows
from Lemma 2.5.9. Furthermore, this integral is also well defined for non-
differentiable n-forms. The only real requirement is that the functions w;
are Lebesgue integrable.

Often one also wants to define the integral of a function on a manifold.
Since the product of a function and an n-form is again an n-form, this can
be done by choosing a particular n-form.

Definition 2.5.11. Let M be an oriented n-dimensional manifold. A vol-
ume form on M is a particular choice of Vol € ()"M such that it differs
from the n-forms du! A - - - A du”, defined by the charts, only by a positive
function. If f is a function on M its integral over an open A C M is then

defined as:
/f = /f-Vol
A A

Note that in general there is no natural choice for a volume form. Since
A"V, for V an n-dimensional vector space, is one dimensional, different
choices of volume forms differ only by a function. In particular this defines
the volume Vol (M) of the manifold M, if it is compact, as:

Vol(M) = /Vol

M

To state Stokes Theorem, the boundary of a subset of a manifold has to
be defined:

Definition 2.5.12. Let M be a manifold, A an open subset of M and dA the
topological boundary of A in M, then A is said to have a smooth boundary
if for every p € 0A there exists a chart (U, h, V) for M around p such that
hUNA) ={(x,...,.x") € V:x! <0}

Lemma 2.5.13. Let M be an n-dimensional manifold and A an open subset of
M with smooth boundary. Then 0A is a (n — 1)-dimensional submanifold of M.
Moreover, an orientation of M induces an orientation of dA.

Proof. Take charts as given in Definition 2.5.12. Suppose now that there
exists a p € A N U such that h(p) € {(x},...,x") € V: x! > 0}. Since h
is an homeomorphism, U is open and V is Hausdorff, there exists an open
neighbourhood P C U around p such that i(P) C {(x!,...,x") € V: x! >
0}. On the other hand PN A # @, since A = A\ A, by definition of the
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closure. This contradicts the assumption that the chart is of the form given
in Definition 2.5.12. It thus holds h(dANU) = {(x!,...,x") € V: x! = 0}.
By definition dA is thus an (n — 1)-dimensional submanifold of M (the
coordinates can be rearranged such that x* = 0 in stead of x! = 0).

For the proof of the fact that M induces an orientation on dA see Liibke
[2]. O

Now the Theorem of Stokes can be stated:

Theorem 2.5.14. Let M be an oriented n-dimensional manifold and A an open
subset of M with smooth boundary dA. Fix on dA the orientation induced by M.
Let 1: 9A — M denote the inclusion map. Then for every w € Q"M with

compact support it holds:
/ dw = / M (w)
A

0A
Proof. See Liibke [2]. O
In terms of covariant derivatives Stokes’s Theorem can be restated as:

Theorem 2.5.15. Let M be an oriented n-dimensional manifold and A an open
subset of M with smooth boundary 0A. Fix on dA the orientation induced by
M, giving rise to the normal vector n of dA. Let g be a metric on M, let y be
the induced metric on A and let V be the covariant derivative associated to the
Levi-Civita connection. Then for every vector field X with compact support it
holds:

/VQX” gldut A Adu" = /naX” lyldut A - Adu™!
A IA

where du® A - - - Adu™ is the n-form locally given by the chart under consideration
when evaluating the integral.

Proof. See Wald [5]. For the definition of the metric and the Levi-Civita
connection see next section. [

2.6 Curvature

One of the most important features of manifolds is that manifolds allow
for a general definition of curvature. That is also the reason manifolds are
often used to model physical theories. They do not restrict the shape of the
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space to have some particular type of curvature. The notion of curvature
on a manifold will be made clear in this section.

There are two independent ways of defining a curvature on a manifold.
The first is by way of a metric:

Definition 2.6.1. Let M be a manifold. A metric ¢ € T(T9M) on M is a
non-degenerate symmetric type-(0,2) tensor field. In a local coordinate
system (u'); it is given by ¢ = g;jdu’ ® du/. This is often also written as
ds? = gijduiduj . The inverse of g is the tensor field ¢g~! € T(T3M) such
that ¢7!(w,g(X, ")) = w(X) for w a covector field and X a vector field,
thus in components, (¢§71)"?¢,. = 6%. Usually the inverse sign ~! is left
out in component notation, since there is no confusion because the indices
are in an other spot.

Since the metric gives a symmetric bilinear map on every tangent space
that takes two vectors and outputs a number, it gives rise to an inner prod-
uct on those spaces. In this way it defines for example lengths and angles
on the manifold.

Example 2.6.2. Lengths and angles
The length L of a curve oy on a manifold M with metric g is given by:

- / e (X (8, X ()t

Where X['Y] (t) = X['y(-—t)]‘

The angle 6 between two curves 7y and 1 on a manifold M with metric
g intersecting at p € M is given by:

§(Xp (v 1)), Xy (17 (p)))

= c0s(0)(X1) (v (1)), Xy (v (P)))8 (X1 (1™ (), Xy (7~ (p)))

An important way to characterise the metric is with the following con-
cept:

Definition 2.6.3. Let g be a metric on an n-dimensional manifold M. The
signature (p, q) of g is the amount p of positive eigenvalues and g negative
eigenvalues of ¢ when viewed as a matrix when it is expressed in some co-
ordinate system. The signature is clearly basis independent and the same
on whole M, since g is differentiable and non-degenerate, so it is well de-
fined. A metric is called Euclidean if its signature is (1,0) and Lorentzian
ifitis (n —1,1).
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When the metric is Lorentzian, vectors can be categorised into three
different types:

Definition 2.6.4. Let ¢ be a Lorentzian metric on a manifold M and p € M.
A vector v € T,M is called spacelike/timelike/null if g(p)(v,v) is re-
spectively positive/negative/zero. Similarly a vector field is called space-
like /timelike/null if it consists of spacelike/timelike/null vectors and a
hypersurface is called spacelike/timelike /null if every possible vector field
tangent to it is spacelike/timelike /null.

Furthermore note that a metric defines a natural volume form on an
oriented manifold as follows. The inverse metric can be extended to Y*M
by setting g7 1(ag A -+ Aag, by A+ Aby) = T1;9 (a;, by) for all a;,b; €
[(T{M). The natural volume form defined by the metric is then given by
¢ 1(Vol,Vol) = 1. This condition fixes the volume form up to sign. The
sign however is determined by the orientation, so this means that the vol-
ume form is uniquely determined. Given a local coordinate system (u');
Vol can be written as Vol = Voldu! A - - - A du™ where Vol is a function. It
holds:

1 =g Y(Vol,Vol) = V~012|g*1(du1 Ao ANdu®, dut Ao A du™)|
> 2 T -2 _ > 20 > 20
= Vol”| det((");)| = VoI”| det(((g;)ij) 1) = Vol '|g™"| = Vol |g| ™!
where (A;j);; is the matrix with at position (7,j) the element A;; and g is

the determinant of the matrix representation of the metric. The fact that
(87)ij = ((gij)ij) " follows from ¢°l¢y. = 8%. This thus gives:

Vol = Voldu' A --- Adu™ = \/|g|ldu’ A --- A du”
The pullback can be extended to general covariant tensors:

Definition 2.6.5. Let f : M — N be a differentiable map between mani-
folds and (u'); a local coordinate system of N. Let T € I'(TYN) for some k,

then T can locally be written as T = a - du' ® - - - ® du'k for some function
a on N. The pullback of T by f is now defined as:

FOp) = £ (a-dut @ - @ dut) (p) |
= (a0 f)(p) - £ (@) @+ & f(du| ) € TUT;M)

The pull back f*: T(@ TYN) — I'(®y TYM), where @ denotes a fibrewise
direct sum (it is clear from Example 2.4.7 that this is a vector bundle), is
then defined as the linear extension of this map.
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Given a manifold with a metric, there is a natural metric on any sub-
manifold:

Definition 2.6.6. Let M be a manifold with metric ¢ and X be a subman-
ifold of M. Let 1: X — M be the inclusion map. Then g induces a metric
on X defined by v = 1*(g). This is called the induced metric.

The metric is often used to change the tensor type:

Definition 2.6.7. Let M be a manifold and T € T(TfM). Thena (k— 1,1+
1)-type tensor field can be defined by:

T(wl,. . '/g(Xi/')/' . .,wk,Xk+1,. . 'er+l)

for wy,...,wy € T?M and Xj, Xxi1,..., Xk € T(l,M. In components this
tensor field is given by g, T"1%;, 5. This is called lowering an index.
Conversely a (k + 1,1 — 1)-type tensor can be defined by:

T((Ul,. . .,wk,Xk+1,. . .,gil(wi, '),. . '/Xk—i—l)

for wy,...,wy, w; € T?M and Xjy1,..., Xk € T(l)M. In components this
tensor is given by gd’i T, .- This is called raising an index.

Because g is non-degenerate it is clear that these operations are isomor-
phisms on the fibres of the tensor bundles.

Another way to characterise curvature on a manifold is by way of a
connection:

Definition 2.6.8. Let 71: E — M be a vector bundle over M. A connection
V on E is an bilinear map V: X(M) x I'(E) — T'(E) satisfying V (X, fs) =
foS = fVXS + (Xf)S

The covariant derivative can thus be seen as a particular connection
on the tensor bundle. In the same way as for the covariant derivative, a
connection can be expressed in terms of connection coefficients Fi‘] If (u');

is some local coordinate system of M and (e;(p)); is some basis of the fibre
Ep, then X = XI% and s(p) = s'e;(p). In the same way as equation 2.5.1

one finds:
k
i aS

= (X'—
Vxs = ( ou!

(p) + X's'Tf)ex(p)

where the connections coefficients are defined as Fi.‘j =V a ei(p).
ou?

Curves on manifolds extend to curves on vector bundles:
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Definition 2.6.9. Let 77: E — M be a vector bundle and y: (—¢,¢) - M a
curve. Acurver: (—€,€) — Eon Eiscalled a curve above vif 77(t) € E,y)
for all t.

The connection then defines a notion of parallel transport of an element
of E along a curve in M:

Definition 2.6.10. Let 7: E — M be a vector bundle, V a connection on
Eand v: (—€,€) — M acurve. A curve 17: (—e€,€) — E is called parallel
along v if Vyyn(t) = 0 for all t € (—¢,€), where (t) = X[, (._y €
T, M. A section s € I'(E) is called parallel along 7y if V(s o y)(t) =0
forallt € (—¢,€).

Proposition 2.6.11. Let 7t: E — M be a vector bundle, V a connection on E,
v: (—€,€) = Macurveand ey € E, o). Then there exists a unique curve 1
above <y that is parallel along «y and has 1(0) = eo.

Proof. See Kobayashi & Nomizu [1]. H

In this way all fibres of the tangent bundle can be connected to one
another:

Definition 2.6.12. Let 7t: E — M be a vector bundle, V a connection on E
and 7: (—e€,€) — M a curve. Parallel transport along y from time f to t;

is the map Téo’tlz E,t) = Eqyt) given by T,';O't1 (eg) = n(t1) where 7 is the
unique curve above vy that is parallel along v and has #(ty) = eo.

Pro.position.2.6.13. The parallel transport map Tfyo’tl P Eqhy)
ear isomorphism.

Proof. See Kobayashi & Nomizu [1]. ]

— E(4)) is a lin-

A connection thus gives a way of relating one fibre to the next in a vec-
tor bundle. It can be thought of as defining the direction of the normal to
a fibre and thus it gives a way to make a directional derivative for sections
of the fibre bundle. This directional derivative for sections is what is called
the covariant derivative associated to the connection.

A connection on the tangent bundle has two properties, a torsion and
a curvature:

Definition 2.6.14. Let t: TM — M be the tangent bundle and V a connec-
tion on TM. The torsion T of V is a map T: T(TM) x T'(TM) — I'(TM)
given by:

T(X,Y) = VxY — VyX — [X,Y]
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The curvature R of V is the map R: (I['(TM))?> — I'(TM) given by:
R(X,Y)Z =Vx(VyZ) - Vy(VxZ) = VixyZ
Both the torsion and the curvature are C*(M)-linear:

Lemma 2.6.15. The torsion and the curvature are C*(M)-linear in all their en-
tries.

Proof. Let M be a manifold, let X,Y,Z € T(TM) and let f € C®°(M). Then
it holds:

T(fX,Y) = VxY = Vy(fX) = [fX,Y]

= VXY — (Vyf)X — fVyX — FXY + Y(fX)

— FVXY — FVyX — Y(F)X — FXY + Y()X + fYX

= f(VxY = VyX = [X,Y]) = fT(X,Y)

R(fX,Y)Z = Vx(VyZ) = Vy(VixZ) = Vx| Z

= fVx(VyZ) = Vy(fVxZ) = Vixy_y(rx)Z

= fVx(VyZ) = (Vyf)VxZ — fVy(VxZ)
= Vixy-v(f)x—fxyZ

= fVx(VyZ) = (Yf)VxZ — fVy(VxZ)
—VixyZ +Y(f)VxZ

= f(Vx(VyZ) = Vy(VxZ) = VixyZ) = fR(X,Y)Z

R(X,Y)(fZ) = VxVy(fZ) = VyVx(fZ) = Vix,y|(fZ)

= Vx((Vyf)Z) + Vx(fVyZ) = Vy((Vxf)Z)
—Vy(fVxfZ) = (Vixyf)Z — fVixyZ

= Vx((Yf)Z) + Vx(fVyZ) — Vy((Xf)Z)
- Vy(fVxZ) = (X, YIf)Z - fVxyZ

= (Vx(Y))Z+ (Yf)IVxZ+ (Vxf)VyZ + fVx(VyZ)
— (Vv (Xf))Z = (Xf)VyZ — (Vyf)VxZ
— fVy(VxZ) = ([X,Y]f)Z - fVxyZ

= (X(Yf)ZfVx(VYZ) = (Y(Xf))Z - fVy(VxZ)
—([X,Y]f)Z - fVxyZ

= f(Vx(VyZ) = Vy(VxZ) = VxyZ) = fR(X,Y)Z

Furthermore it holds T(Y,X) = —T(X,Y) and R(Y,X)Z = —R(X,Y)Z.
This means that T and R are C*(M)-linear in all their entries. O
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From this it follows that T and R can be seen as giving multilinear maps
Tp: T,M X T,M — TEM ancAi Rp: (TyM)® — T,M smoothly varying in
p. By Example 2.3.2, T and R give rise to tensor fields T € T'(T3M) and
R € T(TiM).

Definition 2.6.16. The tensor field R € T'(T3M) is called the Riemann cur-
vature tensor. Itis given by R(w, X, Y, Z) = w(R(Y, Z2)X).

The components of these tensor fields are in some local coordinate sys-
tem (u');:

0 0 0 0 0 0
a  _ 3.4 R S I R
Tpe = du <T(8ub'8uc)) du (Vai e~ Vs g [aub'auc])
= du” (FII;C - rf:b) = Zc - gb
0 0 0
R%eq = du”(R(ﬁ,ﬁ)W)
— (Y, (V i)_v (v i)_v i)
auc aad au al% a?TGMb [ﬁ'ﬁ]aub
0 0
= du ((8 + I )rdb - ((a - +T))Th,)
0 0
= du’ (5 ¢ Lo + Tl — 5 5 iler — TirTs)
0 0

_ a a a a 1l
= acta ~ 3 ate T Teelay = Tl
where the [a i3 ] vanish because partial derivatives commute on C*-

functions. The contractlons of the Riemann tensor are also often encoun-
tered:

Definition 2.6.17. Let M be a manifold with metric g. The Ricci tensor is a
tensor field Ric € F(TgM) given in components by Ric,, = Ri, ;. Since the
amount of indices of the Riemann tensor and the Ricci tensor is different,
the components of Ric are often just written as R;;. The Ricci tensor is
also known as the intrinsic curvature. The Ricci scalar R € T(T)M) is a
differentiable function whose value is given by R = ¢" Ric,;,.

Curvature can also be defined on a submanifold. Note that if M is a
manifold with submanifold N, then it is clear that TN is a subspace of TM
in a natural way. Using this fact two notions of curvature can be defined
for a submanifold.

36

Version of 29 August 2018- Created February 26, 2019 - 05:31



2.6 Curvature 37

Definition 2.6.18. Let M be a manifold with connection V. Let N be a
submanifold of M and let ;: N — M be the inclusion map. The induced
connection V on N is a connection on N defined by, for v,w € T'(TN):

vvw - vDL(U) (DL(ZU))

Definition 2.6.19. Let M be a manifold with metric ¢ and connection V.
Let N be a submanifold of M with induced metric 7y and induced con-
nection V. The intrinsic curvature of N is the Ricci tensor Ric on N with
respect to the induced connection on N.

Note that if the submanifold N is one dimension smaller than M, then
there clearly exists a differentiable vector field n normal to N, meaning
that T,M = T,N @ Span(n(p)) holds for all p € N, and that its restriction
n|n is unique up to a scalar. This allows for the definition of the second
kind of curvature.

Definition 2.6.20. Let M be an r-dimensional manifold with metric ¢ and
connection V. Let N be a (r — 1)-dimensional submanifold of M with
inclusion map (: N — M. Finally let n be a unit vector field normal to
N, so its restriction n|y is unique up to sign. Then the extrinsic curvature
K € T(TON) is the type-(0,2) tensor field given by, for v,w € T(TN):

K(v,w) = g(Dl(U)/ le(w)n|N)
In physics often a special connection is chosen:

Definition 2.6.21. Let M be a manifold with metric g. The Levi-Civita
connection V is a connection on the tangent bundle of M such that its
torsion vanishes for all vector fields and it is compatible with the metric,
meaning Vxg(Y,Z) = 0, where g(Y, Z) is a function, for all X,Y,Z €
I'(TM), or in components V,gp. = 0.

The connection coefficients of the Levi-Civita connection are called Christof-
fel symbols.

Proposition 2.6.22. Let M be a manifold with metric g, then there exists a
unique Levi-Civita connection on T M.

Proof. See Kobayashi & Nomizu [1]. O
Christoffel symbols can be expressed in terms of the metric.

Proposition 2.6.23. For Christoffel symbols it holds:

i _ 1 il(agﬂ 98k _agjk)
T 28 \ouk T aui T ol
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2.6 Curvature 38

Proof. See Carroll [4]. ]

For the Levi-Civita connection the following relations hold:

Proposition 2.6.24. Consider the Levi-Civita connection on a manifold with a
metric. For this connection it holds:

LxY =VxY—-VyX

Zc = Zb
Raved = —Rpacd
Rabed = —Rapdc
Rapea = Redap
Raped = —Rpaca
Rabed + Ragve + Raeap = 0
Ru[bcd] =0
R[abcd] =0
VixRap)ea =0
Rap = Rypg
Proof. See Carroll [4]. H
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Chapter 3

General Relativity

The current understanding of Nature at her biggest scales is given by the
theory of General Relativity. General Relativity is namely the theory that
describes the origin of gravity. Since at galactic scales, ranging from the
solar system to the entirety of he universe, the other three fundamental
forces play a negligible role, General Relativity alone can predict the evo-
lution of Nature at these scales. It does this by describing the universe
as a four dimensional manifold and relating its curvature to the energy-
momentum content of the universe. Gravity is then just the physical effect
of this curvature on objects inhabiting the universe. Though the predic-
tive power of General Relativity is great, especially in smaller scale regions
about the size of the solar system, it has its known limitations. The search
for a sound theory with greater predictive power, of which this thesis is
a part, is thus ongoing. However, since General Relativity offers such a
good description in smaller scale regions, it should be a limiting case for
any new theory. It is therefore fruitful to investigate the theory of General
Relativity.

3.1 Geometry of the Universe

General Relativity thus describes the universe as a four dimensional man-
ifold. This section will explain why this description was chosen and what
it looks like.

In Special Relativity, space is modelled by the vector space R*. There
are three spatial dimensions defined on it and one temporal one and an in-
ner product is defined on R* by the matrix diag(—1,1,1,1), given in a basis
such that the first basis vector spans the temporal dimension. Moreover,
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3.1 Geometry of the Universe 40

gravity is thought of as just a force F given by some potential ®. Each ob-
ject then has a "gravitational charge" m; associated to it, i.e. a measure of
how much it is affected by the force of gravity, analogous to electric charge
for electromagnetism. Newton’s Second Law then states that:

mpa = PG = vaq)

where 4 is the acceleration of the object and V is just the gradient for dif-
ferentiable functions on IR*. Moreover, mj, called the inertial mass of the
object, is a property of the object defined as the constant in Newton’s Sec-
ond Law. It thus measures the objects accelerations reaction to a force. The
quotient an_(,; is therefore a measure of the effect of the force on the motion of
the object. There is a priori no relation between m; and mg other than the
one given. From experiments however it is concluded that m; = mg, thus
that a = V@, for all objects. This means that locally there can be made no
distinction between gravitational acceleration and acceleration stemming
from another source. This leads naturally to the following assumption:

Assumption 3.1.1. Locally physics reduces to special relativity. In particular it
is impossible to detect a gravitational field by means of local experiments. This
assumption is called the Einstein Equivalence Principle.

This however raises a problem. Suppose you want to measure some
force in a local experiment. To do this you have to measure the accelera-
tion of the object in question. Any gravitational field will also contribute
to the acceleration of the object. However, since locally the gravitational
field is undetectable, it is completely unclear what part of the accelera-
tion of the object stems from gravity and what part stems from the force
you wanted to measure. Hence under Einstein’s Equivalence Principle it
becomes impossible to measure forces locally. The problem encountered
here is that it is not possible to find a frame of reference in which the mo-
tion is unaccelerated, since it is unclear what the acceleration of the object
due to gravity is. This is because the acceleration due to gravity can in
turn not be defined well since all objects are always subject to gravity in
the same way, i.e. have the same quotient "rzl—f = 1, so there is no frame
of reference to measure it against. The concept of gravity as a force which
gives rise to acceleration thus is very problematic in this setting. In stead
of keeping to try to find a way to find unaccelerated motion, Einstein gave
the following solution:

Solution 3.1.2. Unaccelerated motion is defined as that motion that an
object exhibits in a gravitational field (free from other forces).
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3.2 Principle of Least Action 41

As a consequence this solution imposes a curved manifold structure
on the space in which the object moves, i.e. the universe. Firstly the Ein-
stein Equivalence Principle states that physics locally reduces to Special
Relativity. This means three things, that the universe locally looks like IR*,
that velocity comparisons can only be done locally and that there exists a
Lorentzian metric on the manifold. The first point leads to the idea of a
manifold and the second to that of the tangent space. The Lorentzian met-
ric arises from the fact that there is a Lorentzian inner product in Special
Relativity which is used to measure lengths and angles. So the universe
can be described by a manifold with a Lorentzian metric. The definition of
unaccelerated motion as motion in a gravitational field then gives a unique
set of curves on the manifold given by paths of unaccelerated test parti-
cles. These curves then naturally give rise to a covariant derivative along
them and thus a connection on the manifold, defined by parallel trans-
port along the curves. By choosing the Levi-Civita connection, the parallel
transport becomes dependent on the metric and the metric can therefore
be used to model gravity, i.e. the change of the curves as the gravitational
field changes. Gravity is thus represented as the curvature of the manifold,
via the metric and thus the connection and thus also the curvature tensor
and the Riemann tensor. This is the setting in which the theory of Gen-
eral Relativity in formulated. The equations of motion given by General
Relativity then dictate the evolution of the metric and thus gravity.

3.2 Principle of Least Action

In physics it is often difficult to obtain the equations of motion, that de-
scribe the behaviour of the system, directly. Luckily the equations of mo-
tion can be derived from the Lagrangian of the system, which, most of
the time, is a lot simpler to do. The method of obtaining the equations
of motion of a system from its Lagrangian is called the Principle of Least
Action.

The Principle of Least Action is an algorithm that, if you input the La-
grangian of the system, outputs the equations of motion of that system.
For classical mechanics it works as follows. In classical mechanics the ob-
ject of study is the path that a particle or object takes. If M is the manifold
of possible positions of the object, then its path in a finite time interval is
described by a curve y: (—€,¢) — M for some € > 0. Let L be the La-
grangian of the system, not dependent on time. Then L is determined by
the position and the velocity of the object, thus L can be thought of as a
function from TM to R. The action S of the system between two events A
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3.2 Principle of Least Action 42

and B with coordinates (x4, f4) respectively (xg, t5) is then defined by:

tp

s— [ L

ta

The only requirement made here is that the object moves from event A
to event B, thus from position x4 at time t4 to position xp at time ¢g.
The way it does this is arbitrary, hence the value of S is dependent of
the path 7 of the object. In general the action can thus be seen as a map
S: C®((—e,e), M) — R given by:

—€

where §(t) € T,;M is the velocity of the object along its path. The
Principle of Least Action now states that the path taken by the object
is the path that is a critical point for the action. To find this path con-
sider a parametrised family of curves ® = {vs:s € (—a,a)} for some
a > 0 depending differentiably on s and a differentiable map ¢: (—¢,€) %
(—a,a) — M given by ¢(t,s) = 7s(t). Then for this family the action can
be viewed as a function S®: (—a, &) — R given by S®(s) = S[ys]. The
path taken by an object in this system can then be found by setting the
derivative of this function to zero:
€

dsgs] - %/L((Mt,s),%w,s)))dt —0

—€

Manipulation of this expression will result in obtaining a differential equa-
tion that describes all paths that an object in this system can take. If there
are multiple independent variables, this procedure is repeated for each
variable. The resulting set of differential equations are the equations of
motion of the system.

This procedure is generalisable to General Relativity. There are how-
ever a couple of important differences. To make these precise, the notion
of infinite dimensional manifolds is necessary. This however is beyond the
scope of this thesis, so only a sketch of the ideas will be given here. For a
more detailed description of infinite dimensional manifolds see Kriegl &
Michor [6]. In General Relativity the variable of study is the metric, which
describes gravity. The metric is a section of the tensor bundle TI9M. The
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3.2 Principle of Least Action 43

space of sections I'(T9M) is a vector space by Definition 2.4.2. It is clear
that in general it is infinite dimensional. Choosing an appropriate topol-
ogy (see Kriegl & Michor [6] for the specifics), T (T9M) becomes an infinite
dimensional manifold, analogous to the case of Example 2.1.6.

Where as the position and velocity of a particle can be specified by giv-
ing a particular time and path, the metric depends on its position of eval-
uation on the whole space-time manifold. To specify a metric, its value
on the whole manifold must be given as well as its path. Therefore the
integral in the action is taken over the complete space-time manifold in
stead. Since the whole manifold is taken as integration domain, General
Relativity considers the Lagrangian density of the system in stead of the
Lagrangian. The Lagrangian density is then a map L: TYM — R. Fur-
thermore, to guarantee that the integral exists the action is given by not
a single map but a family of maps {Sk: T(T9M) — R|K C M compact}
given by:

Sk(g) = [ Li(xg@))Vol = [ L(Gxglx))Vol

K Ke

whereK® = K\0dK is the interior of K and Vol a volume form on M.

Consider now a differentiable map ¢: M x (—a,a) — TIM for some
a > 0 such that ¢(-,s) € T(TIM) for all s. This map gives thus a family of
metrics ® = {¢(-,s): s € (—a,a)} depending differentiably on s. For this
family the actions can be viewed as a functions S§: (—a,«) — R given by
S¢(s) = Sk[¢(-,s)]. The Principle of Least Action then again states that
the metric of the system can then be found by setting the derivative of this
function to zero:

W _ %/L((x,gb(x,s)))Vol —0

K

for all K. Manipulation of this expression will give the equations of motion
of the system for the metric. It is clear that the same procedure can be
applied to any kind of tensor field on the manifold.

In order to simplify the expressions when manipulating the integral,
the following operator is introduced. Let 77: E — M be a vector bundle of
rank r. Suppose g € I'(E) and ¢: M x (—a,«) — E a map for some & > 0
such that ¢(-,s) € T(E) for all s and ¢(-,0) = g. The operator J acting

on g is then given by (dg)(x) = %kzo for all x € M. Note that this
operation is well defined because for fixed x € M the map ¢(x,-) isjusta
map from (—a,a) to E,, which is a vector space, so the derivative in the
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3.3 The Einstein-Hilbert action 44

standard vector calculus sense can indeed be applied. Since ¢(+,s) € T'(E)

for all s, this defines a curve on T'(E). Hence 6g = % |s—0 can be thought
of as a tangent vector of I'(E) at g in the direction of ¢. This function ¢ is
therefore called a variation of g. Moreover it follows that ¢(p,s) € E, for
all s. This means that for all x:

Jdp(x,s
(o)) = | € T B = Vi
Hence more specifically d¢ is a differentiable section of the pullback bun-
dle g*VE. Using this notation the requirement of the Principle of Least
Action can be stated as:

6SP =0

for all K C M compact.

Since ¢ is basically given by a ‘normal’ derivative and I'(E), where E
is a vector bundle, is a vector space, it follows that J is linear. Moreover,
from the definition of the tensor product and the Leibniz property of the
‘normal” derivative, it follows that J also satisfies the Leibniz property, i.e.
J(S®T)=05S® T+ S®JIT. This makes computations a lot easier.

As a final remark, when performing computations, one typically wants
to apply the Theorem of Stokes and then neglect the boundary terms.
When integrating over the whole manifold this can be done by choos-
ing the variations to be become zero as they approach the boundary of
the manifold. The integration however is not over the complete manifold,
but just over (the interior of) a compact subset K. Therefore the variations
shall in general not vanish on the boundary of K and the boundary terms
cannot be neglected. However it turns out that the all variations possible
are always compactly supported, if I'(E) where to become a differentiable
manifold. See chapter 42.2 of Kriegl & Michor [6] for more information.
A K can thus always be chosen such that the support of the variation is
contained in K and the boundary term can be neglected. The only real
boundary terms therefore come from the boundary of the manifold itself,
which also can be chosen to be zero as stated earlier.

3.3 The Einstein-Hilbert action

Using the Principle of Least Action, the equations of motion of the theory
of General Relativity can now be found from the Lagrangian. This section
is dedicated to obtaining this result. It follows the derivation of Carroll [4].
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3.3 The Einstein-Hilbert action 45

In General Relativity the universe is described by an oriented 4-dimensional
differentiable manifold M with metric ¢ and corresponding Levi-Civita

connection V. The Lagrangian of the system is given by L = %R + L,
where c is the speed of light, G the gravitational constant, R the Ricci scalar
and Ly, is the Lagrangian of the matter. The corresponding action is then:

4

pu— pu— C 1 DY 4

SK_/LVOI_/(167TGR+LM) \gldu* A+ Ndu
K K

ct 1 4 1 4
—167IG/R lgldu” A - - Ndu —i—/LM lgldu* N - Ndu
K K

where the natural volume form defined by the metric is chosen. The left
integral after the final equality is called the Einstein-Hilbert action. Given
now a family of metrics ® = {¢(-,s): s € (—a,a)} depending differen-
tiably on s such that ¢(-,s) = g. The Principle of Least Action now states
that:

A

0:55%:16”

G(S/R \g\dul/\---/\du4+5/LM gldut A -+ A dut
K K

To obtain the equations of motion, first the first integral is manipulated. It
holds:

§/R ]g]dul/\-u/\du‘lzé/g”"l{w gldut A - A du?
K

K

K
+Réy/|g))dut A+ Adu?

So the integral splits in three parts. The goal is to express everything that
is under the integral as a function times a variation of the inverse metric.
The first term in the integral is thus already of the correct form.

The Ricci tensor is given by a contraction of the Riemann tensor. The
variation of the Ricci tensor can therefore be obtained from the variation
of the Riemann tensor. The Riemann tensor is given by:

3 o, 0

— P 0 0
pr/\v = ery - WFAP‘ + FATF@[ — Iﬂm—r};#
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3.3 The Einstein-Hilbert action 46

as shown under Definition 2.6.16. Since the Christoffel symbols I’ij are
just functions on the manifold, they can be considered as sections on an
appropriate vector bundle (specifically M x RR¥"). Therefore the variation
of the Riemann tensor is:

d d
SRP 0y = W(srﬁy = 5 50T, + (OTY)T,

— (OTh)T, 4 TH 0T, — TU.oTS,

Now since I'( M x 1R43) is a vector space and a variation (SFf/’y can be thought

of as an element of the tangent space of I'(M X R¥), by the infinite dimen-
sional analogue of Example 2.2.4 it then follows that 5F§ﬂ can be thought

of as an element of [(M x R¥’). Since I'(M x R¥) is a vector space it
follows that (SF% is the difference of two Fﬁy. Thus it holds:

‘u: auV+FVV—W—FW:VV—VV
where the V are the connections associated to the connection coefficients.
Since the connections are tensorial objects, it follows that 5F§ﬂ is also a

tensor. Its covariant derivative is therefore well defined and is given by:

6Ty, =T"), — T

0

6TY,
VoI, = =i+ h.ory, —T3,0T%, — 7,600,

which follows from the component expression of the covariant derivative
given after Definition 2.5.6. Note that from this it follows that:

SRP = a%&rﬁy — %51‘% + 7,0 . — T3, 0T, + T 6Ty, — T1.0T,
= %MV + T80T, — 5,010, — (%5% +T§.0TF, — 7,07 )
= a%(srﬁy + 6T, — 5,00, — 5,000,
- (%Mﬁ# +T0.0TF, — 7,675, — 7,67 )

_ P p
= V0T, — V,6T%,

where the fact that the Christoffel symbols, i.e. the connection coefficients
of the Levi-Civita connection, are symmetric in the lower indices is used.
The variation of the Ricci tensor is thus given by:

SRy = 6R*py = V20T, — vv(srgﬂ
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Since the connection is compatible with the metric it follows that:
/g“”((SRW) gldut A - A du?
K

K
— /VA(gHVgrl/}y _gll)\él—'%l) |g|du1 /\---/\du4
K

By the Theorem of Stokes this equals a boundary term which can be taken
to be zero by considering appropriate K as discussed at the end of Sec-
tion 3.2. Note that since I}, contains derivatives of the metric, also the
variations of the derivative of the metric need to be chosen zero on the
boundary of K.

For general matrices M it holds that In(det(M)) = Tr(In(M)). Varying
this gives det(M) 15 det(M) = Tr(M~'6M). Now taking as M the matrix
representation (g, ),y of the metric, this gives g~10g = Tr(g"ég),) =
§"5gu, where ¢ = det((guv)uv). Now varying the identity g#'g), = 4l
gives:

0 =106 =5(g"gn) = (68"")gr + &8

since the Kronecker delta &), is constant. Plugging this into the previous
equation gives:

1 g
61/ 8] = sgn(g) ——=0dg = sgn(g) gM'sg
2,/1g] 2/Igl® "
g

1
= —5gn(g) -~ r=gudg"" = —51/18gudg"
2v/1gl 2
The result of these manipulations of the three terms in the integral is thus:

(S/R gldut A - A dut

K
1
= [ (08" Ruer/ 15l = 5/ slguRog™)aut -

K

= /(RW — %gWR)(Sg?“’ |g|du1 Ao Adu?
K
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3.3 The Einstein-Hilbert action 48

Now as a last step the energy-momentum tensor Ty, is defined by the
relation:

—ZTW(Sg’“’ = Lyy/ 8]

Its precise form thus depends on the dependence of the matter Lagrangian
on the metric. For different types of matter this dependency is in general
also different. The energy-momentum tensor is thus dependent of the type
of matter considered.

Given this definition the Principle of Least Action states that:

4
167G

0=0S% = (S/R |g|du1/\---/\du4+(5/LM lgldu A - A du®

K K

c* 1
K

Since this equation must hold for all variations §g*" it follows that:

1 8nG
Ryv = 58w R = A T

This equation is called the Einstein Field Equation and is the equation of
motion of General Relativity. Since the Ricci tensor consists of derivatives
of the metric, the Einstein Field Equation consists of a set of 16 coupled
differential equations. Given a specific matter Lagrangian, the solution
metrics to this differential equations describe the force of gravity in the
universe according to the theory of General Relativity.
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Chapter

The Covariant Galileon Model

Observations show that General Relativity does not describe our Universe
correctly. On smaller scales, of the order of the solar system for example,
General Relativity gives a good description, but on very large scales the
theory deviates from the observations. A new theory is therefore needed.
The Covariant Galileon model gives such a new theory. The conception of
this model starts with the observation that on very large scales the matter
densities are nearly completely homogeneous and isotropic. The spatial
part metric of the Universe giving rise to this matter distribution must
therefore be also homogeneous and isotropic. The metric on these large
scales is therefore of the form:

ds* = —dt* + (a(t))*(dx® + dy?* + dz?)

where t denotes the temporal coordinate, x, y and z the spatial coordinates
and the function a: R — R is called the scale factor. Moreover the scale
factor is positive.

From the form of this metric it is now clear that the time coordinate ¢
plays a special role. It is set apart from the other three coordinates. This
means that the general symmetry in the four coordinates of General Rela-
tivity is broken for the temporal direction. There is no temporal symmetry
any more, just spatial symmetry. Goldstone’s Theorem now states that
there is a scalar field ¢ associated to this symmetry breaking. The Covari-
ant Galileon Model takes this as a starting point. It introduces an addi-
tional scalar field to the theory of General Relativity in order to amend
for the discrepancies found between General Relativity and made obser-
vations. This additional field can be thought of as being some kind of
strange not yet observed form of energy, a ‘dark energy’ if you will. This
makes the Covariant Galileon Model part of the wider range of a dark
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energy models.

In this Chapter the Covariant Galileon Model shall be set up, its equa-
tions of motion on the background will be given and solved and values
for different parameters of the theory shall be discussed.

41 The model

The Covariant Galileon Model is a theory of gravity. As stated before it
takes General Relativity as a basis and adds an additional scalar field ¢,
called the Galileon field. The mathematical basis of the theory is thus the
same as that of General Relativity. The Universe is still described by a
manifold with curvature such that the metric gives rise to gravity, only
now the Galileon field gives rise to additional dynamics. The Galileon
field can however not be any scalar field. The Covariant Galileon model
imposes three conditions on the scalar field:

1. The equations of motion of the theory remain invariant under trans-
formations of the form d,,¢ — 9,,¢ + a,,. This comes down to the idea
that under everyday circumstances, i.e. objects having speeds much
lower than the speed of light, the theory is invariant under Galilean
transformations. Hence also the name of the theory.

2. The equations of motion arising in the theory are at most second
order. This is to exclude the possibility of getting negative energies
and other instabilities.

3. The equations of motion on small scales reduce to the case of General
Relativity. This means that the effect of ¢ on the dynamics of the
system is negligible on small scales.

These conditions heavily constrain the possibilities for the Lagrangian of
the theory. To meet these constraints, the action that defines the Covariant
Galileon Model is given by:

c* 1 .
S_/(167TGR_§;CiLi+LM)\/§dx

where c is the speed of light, G the gravitational constant, R the Ricci
scalar, the c; constants, Ly the matter Lagrangian and the Lagrangians
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L; are given by:

L1 = M3¢
I, =X
2X
Ly = WDQ’
L = 5 2(00)2 ~ 2(V"V'9) (Vo) — 5RX)

Ls = +15((09)° = 3(09) (V*F"9)(V, Vo)

+2(Vy Vi) (Vi VP) (Vo VEP) — 6(V ) (VEP) (VIVIP)Gyp)

where ¢ is the Galileon field, V is the Levi-Civita connection, X = V,¢ V¥ ¢,
O¢ = V, V¢, R is again the Ricci scalar and Gy = Ry — %gWR is the
Einstein tensor. M is just a constant given by M> = Mle(z) where H is the
present day value of Hubble’s constant and M, is the Planck mass given
by M 87TG

The Covariant Galileon Model is thus a theory of gravity that describes
the Universe as a 4-dimensional oriented manifold M with metric g and
associated Levi-Civita connection V and with a function ¢: M — R asso-
ciated to the Universe. Moreover the Galileon field is such that its deriva-
tive V¢ is nowhere vanishing. The action that then further defines the
Covariant Galileon Model is the one given above. Now note that if the
L; are considered part of the matter Lagrangian, then the action takes the
same form as the action in the Theory of General Relativity. The dynam-
ics of the system are thus given by the Einstein Field Equation only with a
energy-momentum tensor modified such that it includes the Galileon field
addition. Therefore the Galileon field can be thought of as a form of yet
unknown energy, the ‘dark energy’ of the Covariant Galileon Model.

To solve the dynamics of this system in general is really hard. To sim-
plify calculations only the background of the system will be considered.
The background of the system is the spatial average of the system. Here
the dynamical variables ¢ and ¢ are thus replaced with their spatial aver-
ages. As stated in the introduction of this chapter it follows from observa-
tions that the metric on this scale is of the form:

ds? = —dt* + (a(t))?(dx* + dy? + dz°)

So the whole dynamics arising from the (16 components of the) metric
on the background reduces to the dynamics arising from just the scale
factor a. Since the scale factor is not directly observable, Hubble’s constant
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H, which is directly measurable, shall be used as a variable instead of it.
Hubble’s constant is defined by:
H="1
a

This switch of variable is not problematic since the scale factor can be re-
covered from Hubble’s constant via:

a= exp(/ Hdt)

Moreover the Galileon field ¢ can on the background effectively be seen as
just a function of time, since it is constant in space by definition of consid-
ering only the spatial average. The Galileon field on the background is de-
noted by ¢p: R — R and on the background it thus holds ¢((¢,x,y,2)) =
$o(t) given a point p € M with coordinates p = (t,x,y,z). Note that on

the background the covariant derivative of ¢ reduces to V¢ = at = ¢o.

Using the Principle of Least Action the equations of motion for the Co-
variant Galileon Model can now be found. On the background they are
given by:

0—R+3H1—W

0=3H+3H>+ @+3m

Ozc(%+3H%%HM{HH%%+JQF%+6H%)
+WWMW%%HMM%+MW%)

+ - (45H* ¢ + 60H> 3o + 45H>Hepg)

M9 ol
where R is the Ricci scalar, p and p are respectively the energy density and
the pressure of the matter in the Universe, the c’s are the ones from the
action and « is a constant given by xk = M _12.

Considering the Galileon field as dark energy, four types of energy can
be distinguished in the Universe as described by the Covariant Galileon
Model. Those are the energies associated to normal matter, radiation, neu-
trino’s and the Galileon field. Their energy densities and pressures are on
the background given by:

Pm :% pm =0
_Pro 1 pro
pv =0 pv =0
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and

1 . Cc3 . 45
Pg =529 + 67 5 HEE + 7 WH2¢0+21 Lo Ho#0

1 .
p¢=—cz¢% 2 o — 2 2 (BHo + 2H + 3H29f)

—35 9 2 (5H? o + 2HHG] + 2H$3)

where a subscript m denotes normal matter, r denotes radiation, v denotes
neutrino’s and ¢ denotes the Galileon field and the additional subscript 0
in the energy density and pressure denotes the present value.

The derivation of the equations of motion and the energy density and
pressure of the Galileon field can be found in Barreira et al. [7] and the
derivation of the energy density and pressure of the other energy types
can be found in Carroll [4].

4,2 The ADM formalism

It turns out to be numerically very difficult to solve the general (i.e. not on
the background) equations of motion, without choosing a particular set of
coordinates. This particular choice of coordinates and the setting which
it creates, in which the numerical calculations are relatively easy to per-
form, is called the Arnowit-Deser-Misner formalism or ADM formalism.
In this formalism the manifold is sliced up in hyperspaces and the coor-
dinates are chosen to align with the hyperspaces. The idea is then that
the hyperspaces are chosen in such a way that the equations on the hy-
perspaces become easier to work with. This approach will be used in this
thesis in order to be able to incorporate the results later on in a more gen-
eral scheme used by many other theories as well which facilitates making
comparisons.

So the Covariant Galileon Model describes the Universe as a 4-dimen-
sional manifold M with metric ¢ and scalar field ¢. Since the derivative
V¢ is nowhere vanishing, the Galileon field can be used to slice up the
manifold. This happens in the following way. First notice that given
a local coordinate chart the Galileon field can be decomposed locally as
p(t,x,y,2) = ¢o(t) + 6¢(t, x,y,z) where ¢ is the average in the spatial co-
ordinates of ¢, i.e. the background value of ¢, on the coordinate patch and
d¢ its deviation around that average. The coordinate patch can then be
split up in level surfaces of ¢y which are by construction spacelike. Such
decompositions of ¢ also exist globally.
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As an example consider the following. The metric, viewed as a matrix,
is diagonalisable at every point, since it is diagonal in normal coordinates
(see Kobayashi & Nomizu [1]). therefore there is a basis of eigenvectors
of the metric for the tangent space of the manifold at every point. Since
the metric is Lorentzian, 3 of those eigenvectors are spacelike and one is
timelike. Moreover this basis of eigenvectors can be chosen to change dif-
ferentiably, since the metric is differentiable. This thus constitutes 3 space-
like vector fields and one timelike vector field all linearly independent
from each other. The integral curves of the 3 spacelike vector fields form a
spacelike hypersurface ¥;. By letting the start point of the integral curves
change with a parameter ¢ along the integral curves of the timelike vector
field, a splitting of the manifold in spacelike hypersurfaces ¥; is created.
One can then take ¢y(t) to be the average of ¢ on X;. This shows that
there indeed exists a such decomposition of ¢. Note that this decomposi-
tion is not unique. Moreover, since V¢ # 0, the ; can be reparametrised
such that ¢o(po) = t for all p = (po, p1, p2,p3) € X¢. Furthermore, if the
manifold is globally hyperbolic, then it follows that ¢t € R - and not some
smaller interval contained in IR - for such a decomposition (see Gourghoul-
hon [8]).

The level sets of this decomposition are submanifolds:

Lemma 4.2.1. % is a 3-dimensional submanifold of M.

Proof. Let p € M and (U, h, V) be a chart of M around p with associated
coordinates (f, x,y,z). Then the rank of ¢ at p is given by

since V¢ # 0 everywhere. This holds for all p € M, so by the Rank
Theorem (see Liibke [2]) there exists for all p € M a chart (U, 1, V') of M
around p such that:

poh' Y(x1,x0,x3,x4) =x1 ER
Choosing this chart around p € X; for some ¢t € R gives:

WU NZy) =1 U Ny (1) = {(x1,x2,%3,x4) € V' x1 =t}
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Since the function given by f((x1, x2,x3,x4)) = (x2, X3, x4, X1 — t) is a dif-
feomorphism, there exists a chart (U, /1, V) of M around p such that U =
U’ and:

RUNZ) = fol' (U N (1) = {(x1,x2,x3,x4) € V: x4 =0}
This means that ¥; is an 3-dimensional submanifold of M. [

Since the X; are submanifolds they have their own intrinsic and extrin-
sic curvature tensor fields denoted respectively by?R and K (the subscript
3 to distinguish from the intrinsic curvature of the whole manifold.) They
also have an induced metric & and a corresponding Levi-Civita connection
D.

Furthermore this means that the whole manifold can be given as a
union of submanifolds:

M=%
teR

such that ; NY, = @ if t # r. This is called a foliation of M and each
hypersurface ¥; is called a leaf.

From now on we will consider the only the background case, so d¢ = 0,
and we will identify ¢ with ¢y.

Now a normal vector to 2 can be defined as follows. Since ¢ is a scalar
function, V¢ = V¢ is a covector field, so Vo = ¢ 1(-, V) = Vi is
the associated vector field given by index raising. Let V be a vector field
tangent to the X;. Then it holds:

gV, 64’) = ngyvv(l, = gWVVgWVU(p
= (SZV”VUqb =VIV,up =Vyp =0

since ¢ = ¢ is constant on I; by definition. So V¢ is normal to X.
The lapse function N: M — R can now be defined as:

N = (—g(Ve,V¢)) 2

Since V¢ is timelike it follows that the lapse function is real. This defines
a unit normal n as n = NV¢. It is clear that n is normal to %;. It is a unit
vector because:

S0 NG S Ve, V9)
(n,1) = §(NV9, NT) = N2g(T, V) = SVEVE) 4
g g(NV¢, NV gV, Vo (%0, %)
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This offers a physical interpretation of the foliation of M. Since  is a time-
like unit vector it can be thought of as a velocity vector of some observer.
Such observers are called Eulerian observers. The world lines of these ob-
servers are thus orthogonal to the leaves X; of the foliation. This means
that the X; are locally the set of events that occur at the same time as seen
from the perspective of the Eulerian observer. The acceleration a of the
Eulerian observer is given by a = V;n. It holds:

1 1
gla,n) =g(Van,n) = 5Vug(n,n) = 5Vu(-1) =0

So a is tangent to the ;.
Now also what is called the normal evolution vector m can be defined.
It is given by m = —Nn. It holds:

Vg = (V) (m) = dp(m) = —Nd¢(n)
= —N%dp(Vg) = ~N?g(V¢, V) =1

This means that the flow generated by m lets the ¥; flow into each other.

Now a specific coordinate system is going to be introduced on M. Let
(ul); = (u},u?,u?) be some local coordinate system for &; with coordinate
neighbourhood U; such that it smoothly varies with ¢, meaning that the
map f: Ujer Ur — R® with I C R givenby f(p) = (uj (pr), uf (pe), ui (p1)),
where p; is defined by p = (¢, p;), is differentiable w.r.t. the whole space
M. Such coordinate systems exist at least locally, i.e. for I = (a,b) for
some a,b € R witha < b. Then (u"), = (t,u},u%, u‘?) constitutes a local
coordinate system for M. The subscript t is from now on dropped from
the u’s.

This particular coordinate system thus defines a basis:

o221 2 )
ot'P oul'P’ 9u2'P” 943 'P

for TyM for all p € U (qp) Ur- The vector %|p is called the time vector.
Note that it is not necessarily timelike. Since ¢(p) = t and ¢ can be seen as

a scalar field and ¢ and t can be identified with each other. In particular it
thus holds:

Vap= (V)(S) = dg(2) =1

so the flow of generated by % lets the % flow into each other in the same
way as m does. In general these vectors are however not equal. Their
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difference is called the shift vector denoted by p = % — m. It holds:

$(n,B) = Ng(V9, ) = Nap(B) = N(dg( ) — dp(m)) = N(1 1) = 0

so B is tangent to the leaves X;. Since % points along curves of fixed u', the
shift vector B can thus be interpreted as the shift of the coordinate system
as it is pushed along m.

Note that:

$(o, 3y = g+ Nn,p+ Nn) = g(B, ) + Ng(n,m) = g(B, ) -

thus % can be spacelike, timelike or null.

This completes the description of the ADM formalism. The goal is now
to describe tensors on M in terms of ADM quantities, i.e. in terms of the
unit normal 7, the lapse function N, the normal evolution vector m, the
shift vector B and tensors on the leaves %;. This will be done for the metric
g, the intrinsic curvature R and the extrinsic curvature K.

To do this it is helpful to make the following observation. The tan-
gent bundle TM can be decomposed as TM = (| |;cr TXt) ® Span(n),
where the direct sum is taken fibrewise and | | denotes the disjoint union.
This decomposition gives rise to a projection y: TM — | |;cg T2t given by
v(v) = v+ g(v, n)n. This is the orthogonal projection onto the %;. Its dual
v Uper T*E: — T*M is given by 7*(w)(v) = w(7y(v)) for allv € TM.
For all k this can be extended to tensor bundles of type (0, k) by entrywise
application. 7* can be used to extend tensors defined on the leaves X to
the whole manifold M.

Consider now the induced metric & on the leaves | |;cg 2t Lett: Uier Z¢ —
M be the inclusion map, then h = 1*g by Definition 2.6.6. Let u,v €
Ler T2 C TM, then:

(V") (u,0) = h(y(u),v(v)
=h(u,v) = (I

) =h(u+g(u,n)n,v+ g(v,n)n)
g)(u,v) = g(Dw, Div) = g(u,v)

Now letv € TM and A € R, then:

(Y*h)(An,v) = h(y(An),v(v)) = h(An + g(An, n)n,v + g(v, n)n)
=h(An—An,v+g(v,n)n) =0

From this it follows that:

Y'h=g+g(,n)®g(,n)
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The induced metric gets now redefined as this extension, i.e. i := 7*h. In
components this gives:

hyv = Quv T+ nymny

On the other hand the metric ¢ can be written in terms of the lapse
function and the shift vector as follows. First note that, since p is tangent
to the leaves X, it holds B = ,BZ%. This gives:

9 9 i
800 = 8(5.,5.) = 8(B. B) — N? = BB’ — N?
Moreover:
0 d 0 0
g0i = g(g, ﬁ) = g(B, ﬁ) — Ng(n, ﬁ)
0 .0 ;
$(B o) = (Bydu) () = 0] = B
and
0 od 0 od 0 0
8ij = g(ﬁ,ﬁ) = h(ﬁ’ﬁ) _g(W’n) ®8(ﬁ/”) = hjj
Thus:
Bip' — N? .Bj>
v = 421
gll ( ,Bi hl] ( )

The metric inverse is then given by:

1 p
gW:<_W ..mij)

Now for the extrinsic curvature K. For u,v € TM it holds:
7 K(u,0) = K(y(u),7(v)) = &(Di(v(u)), Vi(y(0))1)
= gu+g(u,n)n, Vo o) = g(u+gu,n)n, Von + g(v,n)a)
=q(u, Von) +g(u,n)g(n, Vyn)
+g(v,n)g(u,a) + g(u,n)g(v,n)g(n,a)
= g(u, Von) +g(v,n)g(u,a) = g(u, Vn)(v) + g(v,n)g(u,a)

From this it follows that, if K gets redefined as its extension, i.e. K := y*K:

K=g(,vn)() +g(,n)@g(a)
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In components this gives:
Ky = Vyny +nya, = Vyn, +n,n’Ven,
For the intrinsic curvature it holds in components:
R+ 2Ryyntn’ = 3R + K — K, K"

This relation is called the Gauss equation and its derivation can be found
in Gourghoulhon [8]. Moreover it holds:

Ryyn'n” = R ypyntn’ = (V,Vyn" =V, Vyn®*)n"
=V (n'Vyn*) = Vyn*Ven' — V,(n"Vn*) + Vyn*Vvyn"
= Vua* = V'n*Vyn, — V,(Kn") + K?
= Vaa* — Ky K" — V,, (Kn") + K?

So the Gauss equation can also be written as:

R+2V4a" — 2V, (Kn') = °R — K* + K;,, K"

4.3 The EFT formalism

The EFT formalism is a general way to treat a physical theory. This allows
for easy comparison of different theories describing the same phenomena.
The idea behind the EFT formalism is to Taylor expand the Lagrangian
of the theory around some commonly agreed upon base case, called the
background, of the theories, e.g. a low energy limit of the theories. The
different theories can then be compared by comparing the coefficients of
the variations of the various orders. These coefficients are also called the
EFT functions. Here the formalism will be applied to dark energy theories.

The dark energy theories considered are all extensions of General Rel-
ativity and thus all abide to the basic mathematical theory behind General
Relativity. Therefore they can all be cast into the ADM formalism. Follow-
ing Frusciante et al. [9] the general Lagrangian of such a theory is of the
form:

L=L(N,%R,S,K,Z,U,Z1,Z5,a1,...,a51)
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where the variables are defined as:

S = Kuwk™

Z =Ry, RM

U =R, K"
71 = DRD®R
Z, = DRy D"*R*
a = aiai

Ny = aiDijui

= 3RD;d’

Ky = a,'(D]'Dj)Z(Zi
a5 = D;D®RD;a/

The base case around which this Lagrangian will be varied is the FLRW
metric, i.e. the case when the metric is of the form:

ds* = —dt* + a(t)zéijduiduj

where a: R — R is the scale factor. By comparing this to equation 4.2.1 it
follows that on the background it holds N = 1, § = 0 and hjj = a(t)?5j;.
This means in particular that n = (1,0,0,0) and that a = 0, since its a
derivative of n. Furthermore note that on the background it holds °R;,, =
0, since h is flat. For the extrinsic curvature the following holds:

an a o 0
K][V — Vyny _'_ a‘unv - a v r — —FUMT[U - —FV‘u

since 7 is constant on the background. This gives:

Kty = ' Koy = —g" Tyt = —g"gPTpyanty = Ty, nP = —T,

Bv
which in turn gives for the scalar extrinsic curvature:

1 ag 0 ag « agO

K=Ky = —Tf, = —5¢" (=5 R =F
H 2 (8uP‘ oud  Jux )
_ 1 W(agyo 9up agou) _ 1 ,98u
2 out ~ oud  Jut 2°  oud

. 3 72(1&2 . a -
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4.3 The EFT formalism 61

where there is made use of the fact that the FLRW metric is diagonal. Fur-
thermore it also holds on the background:

S = Ky K" = rgygmrga = gWrgyrg‘U
1 o dgav agﬂlx agvﬂ up agﬁO agvﬁ o050y
B SN i vl A e v e )
_ 1 w00 980V agﬂo _ agW Hp agy() ag‘/ﬂ o dgov
- 4g 8 (auﬂ + ouV auo) (auv + oul auP‘)

gy Iguu 1 5,08 3, da®
— 00 ,up “SVHE P _ HEN2 2 N2 2
4g '8 ou® oud 4( "V (G ou? ) = 3H

4" (dt)

Now following Frusciante et al. [9] the action of the theories in the EFT
formalism up to second order variations is then given by:

5= [y 3 ("Ba R+ @) o + 2O gy

Mf;( )(5g00(5K M%Z( ) Méz(t)
+ w5g00531{+m (t)h"0,8%9,8" + ( M5(1) 53 R sk

+ (5 (°R)? + Ao (£)8RF LRV, + As(t >53Rh“”wavg0°
+ A (D" 9,8°V,VF0,8% + As(t)h*'V,°RV,*R
(t)
(t)

(6K)% — 6K, 0K,

+ Ae(H)R"'V PRV RY 4 A7 (1)1 9,8"(V,VFP)?9, g%
+ As(H)h"V VPRV ,9,8% )

Now let a subscript denote a partial derivative, i.e.Lx denotes the deriva-
tive aL Then the following functions are defined:

A = Lgx +4H?Lgg — 4HLgx
B = Lgy —2HLgn

1
C = Lygsg — 2HLgs + 5Lu — HLgu + 2H?Lgy

1.
D = Lysg + 5Lu —HLyu

3 1.
5 — L3R - EHLU - ELU

F =Lg—2HLg
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Then Frusciante et al. [9] shows that the following EFT functions are given
by:

M3(t) = —A—2€
3 1 1. 1. . 1. ..
4 P — — —_—— —_—— —
My(t) = JLn + ;Lnn — g F = SHE+ 5+ EH
M3(t) = —B—2€
M3(t) = —2Lg +2&
1
m%(t) = ELM
Wl5(t) =2C
M?(t) =D

These are the EFT functions of that will be discussed further on in the the-

sis. The expressions of the other EFT function can be found in Frusciante
etal. [9].

4.4 The mapping

In this section the EFT functions for the Covariant Galileon Model on the
background will be derived. In order to do this, the Lagrangian of the
model will be written in terms of ADM quantities and then compared to
the EFT action. By immediately making the comparison with the EFT ac-
tion, it follows that only the functions L; to Ls need to be expressed in
terms of ADM quantities. The first term is namely already a part of the
EFT action and the matter Lagrangian can be disregarded in this process.
The functions are given by:

Ly = M3¢
L, =X
2X
L3 — WD(P
X 1
Ly = W(Z(Dﬁb)z —2(VIV ) (Vi Vye) — ERX)

Ls = = 5((09)° = 3(09) (V'9"9) (7, V.9)
+2(VuVi) (Vi VFE) (Vo Vi) = 6(Vyu) (VD) VIV $)Gyp)

Looking at Ly, it already is written in terms of ADM quantities, since
the only variable is the Galileon field. Since ¢ is the only variable of L1, it
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follows that L1 does not contribute to the EFT functions under considera-
tion.
The only variable of L, is X, which, when identifying ¢ with ¢g, can be
written as:
v 00 2 ¢
X =VipVup = g""VypVyup = g™ (Vop)” = N2
in terms of ADM quantities. From this it follows that L, also has no non-

zero contributions to the EFT functions that are considered.
For the L3 and L4 cases the following relations are needed:

N\»—l

V,N!=-N"2V,N=-N?2V,(-X)~
1
“ane

= —X)"V,X = —ENVVX
which gives:

_ 1

= N~ (Kuy = nyay) = EN”ny(V PVag)

= N~ Y(Kyy — nyay) — Nn, V* chAVch

= N_l(KW —nyay) — NnyVAchA

= N_l(KW — Nyuly) — 1, VA <pV;Ln], NnVVAq)nHVAN_l

= N YKy — nyay) — N tnyn*Vn, + ;NZnV(V ¢)n, VX
= N YKy — nyay — nyay) + lNZ(VAfpv AX) iy,

2
and its contraction:
1
O¢ = VIV,p = N"K - iNZV)‘chAX

where there is made use of the fact that n and a are orthogonal. Further-
more, using the fact that:

Kyn' = Kyyn' = Kyynt =0
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this gives:

1
- ((NTYKM — nta’ — nVal) + %N2(VA¢VAX)nVnV
1
=N"2(S —2a"a,) + ZN‘*(V%W A X)?

For L3 the following relation then holds:

2X 2X 1 b
-2
A
A _— X = X ——D
M X XK—I—MSV [AVEY M?’( ) K ¢
1 2 3
= —3la— (- XK

where there is made use of partial integration to move the covariant deriva-
tive from X to ¢ (and the boundary terms are neglected.) Hence in ADM
quantities:

4 4 3
Ke_ % 9

3M3 (=X) 3M3 N3

NI

Ly=—

The nonzero contributions to the EFT functions given by L3 are thus:

3 1 1.
M;3(t) = ZLL3N + ZLSNN — ZLSK

3 ¢° 4 ¢° 1 ¢*. 1 ¢

e N T N T e N T N
3(1) — 4 ¢
M;(t) = —Lakn = 8 NA
On the background they are thus given by:
VA — 9 pgs 12
2(t)__W <P+WH<P+ <P<P H‘P +M3<P<P

- 4 .
Mi(t) = —ch?’
Now for L4 consider a function f of the form:

£(8,¢) = Ga(¢p, X)R — 2Gsx (¢, X)((O9)* — V, Vo p VI V')
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65

where G4 is a differentiable function and Gyx is its derivative w.r.t. X.

Noting that:

A"V, X = a'V, (VIV ) = 2a" V¢V, V¢ = 2a" VPV, V
= ZaVN_ln/\VA% = Za”N_ln)‘(n,,V)\N_l + N—lvw)
= 2a"N"2n*V,n, = 2N %a"a,

f can be written as:

1
f(8:¢) = GiR = 2Gax (NT'K = SN*V*¢V, X)?
— N7%(S —2a"a,) — jIN”f(vA(vax)z)

= G4R + 2G4x(NKV ¢V, X + N~ %(S — K* — 2a"ay,))

= G4R + 2Gyx ((Kn* —a" )V, X + N72(S — K?))
= G4R + 2XGyx(K? — S) 4 2Gyx (Kn* — a™)V, X

Now, using VG4 = G4y V¢ + Gyx 'V, X, this gives:

f = G4R +2XGyx(K? — S) +2Gyx (Kn* — a*)V, X
= G4R +2XGyx(K* — S) +2(V Gy — Gayp V) (Kn' — a*)
= G4R +2XGyx(K* — S) +2(V Gy — GapN " 'np) (Kn' — a*)
= G4R +2XGyx(K* — S) +2(VGy) (Kn* — a) + 2G4y N 'K
= G4R +2XGyx(K? — S) — 2G4V (Kn* — at) + 2G4 N 'K

where in the last line partial integration was used. Using the Gauss equa-

tion gives:

f = G4sR+2XGCyx (K> — S) — 2G4V (Kn" — a") + 2G4 N 'K
= G4(R =2V (Kn" — ")) + 2XGyx (K* — S) + 2G4y N 'K
= G4(°R — K* + K K") + 2XGyx (K* — S) + 2G4yN 'K
= G4°R+ (2XGyx — Gg)(K* — S) + 2GgyvV— XK

If Gy = —3M~°X? then f equals Ly. This means that Ly can be written in
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terms of ADM quantities as:

1 2 3 2 2 1 2 2
- __Xx2. S X2y XD(K2-S
Lo = =X TR (=X + 23X )

I Y '
=~ XPCR+3(KE - 5))

1 ¢t
= e %(3R+3(K2 _5)

The non-zero contributions from L4 to the EFT functions are thus:
_ 3 4')4 1 ¢4 4 (")4
2 _ _
M= ~haac=2bor = 36 @t s NE T M NE
M3 = —Lyxn +2HLysn — 2L 35

12 ¢ 12 ¢* 4 . 4

M6 N5 M6 N5 M6 N4AT T M6 N5

M§=—2L5+2L3R=——-———-—:——-—

M2:L4N3R:%'i’]_45
and
% :ZLN+31LNN_;LL4K+%(HL4S+HL4S) - %HL43R+%T;43R+L43RH
:;W-%(3R+3(K2—S))—2iw-%(3R+3(K2—S))+%-£—ZK¢
” " - ”
_%% N+ﬁ.%‘+%(%.%mﬁ—%-%m§f
4 3 v >
3 3 3 4
t NS N e
4 4
t xN
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So on the background these contributions are given by:

M3 = 16
W} = S HG — 2 HY 0 = S HE
WG = — ot
M22W¢
and
4 9 2 2\ 15 2 2\ 4
M; = 2M6(9H —3H )4> 2M6(9H —3H?)¢
1,6 3 4.
H§p — 4> 1+ (3 HPP + 53¢ H)
2 2M
1 ...
o HOP — b — 0% — 0t

18 2 4. 3 5. 1 .,
== e - 6H¢3¢—W¢4H VA Ay U,

Since the total Lagrangian of the system is givenby L = 167rG -5 1y? aLi+
Ly, the individual contributions can be summed to give the EFT functlons
of the system:

2C4

L
M= e

; 1.,5.
ME =~ CHE + 2 §9)

L ORP + TH+ §UH 4 S+ 1 9%)
_ 2
N = $23¢° — & (12H§* +24%)
- 2
M5 = gt
m5(t) =0
ﬁ’l5(t> =0
N2 — _%454

in the case that c5 = 0.
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Chapter 5

Simulations

In this chapter the the Covariant Galileon model, as explained in the previ-
ous chapter, will be solved numerically and the corresponding EFT func-
tions will be given.

5.1 The equations

As shown in Barreira et al. [7] the equations of motion of the model at the
background are:

0=3H?—xp

0 = 3H +3H>+ > (p+3p)

0 = ca(¢po + 3Heo) + %(UH%% +18H? + 6H{y)
+ 4 (4R + 6HH] + 54H})
+ 25 (45H G + 60H> o + 45H2 Hiy)

Note that R = 0 on the background since the metric is flat. This is a system
of three equations in the variables ¢ and H as a function of time. As such
the system is thus overdetermined. To fix this the first equation will be
used as a means to constrain one of the parameters of the model in stead
of as a equation to evolve the system. Furthermore the energy density and
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5.1 The equations 69

pressure are given by:

Pm _% Pm =
_Pro Pro
a4 Pr=3q4
pv =0 pv =0
and
1 4:5 C4 2 3
Pp = cng +6 Hgb +2 M6Hgb +21MH¢
" =—cz4'> 4> b2 2M6 5 (8HG $ +2H¢* + 3H¢*)
— 35 (5H2¢ ¢+ 2HH$® +2H>¢°)

M?

These equations make up the system that is to be solved.

In order to solve these equations it is beneficial to use the logarithm of
the scale factor, In(a), as variable in stead of time. Hence time derivatives
transform as:

d da dln(a) d

dt dt da  dln(a)

d d
din(a) Hd In(a)

a
a

and the derivative of a quantity X w.r.t. In(a) will be denoted as X =
dl ( 7 Since the equations only involve derivatives of ¢, but not ¢ itself, it

is useful to introduce the quantity ¥ = ¢. Then it holds e.g. ¢ = ¢ = Hyp

and ¢ = HH = H$H + H2.
To make the equations involved dimensionless the following dimen-

sionless variables are introduced:

5 ¢ s P
P My b aML R
- H p
H = — N —
Ho P M H]
M, Hy H>  3M2 H?

69

Version of 29 August 2018- Created February 26, 2019 - 05:31



5.1 The equations

70

In terms of these new variables the equations become:

o
e oo 1
O:HH+H2+§(,5+;5)
0 = co(H + 3HP) + c3(12H%P + 18HF? + 6HH )
+ oy (5AHPFP + 36 H2H® + 54H¢°)
+ c5(45H*F* + 60H* PP + 45H3 H?)
1 o, 15, .
= 6c21p2 + 23 H® + 7c4H21p4 + 7cs B3 9°
1 - - —-n 2 3 — - L — 2 _ — -
Py = Ecypz — 2c3 HP? — zc4(8H21p31,b + 2BHP* + 3A*¢)
— 3cs(SEPPH + 2H2HS + 2H3§°)

and
_ Qm,O _
pm:e31n(a) pm =0
0, — ﬂ 9 — Q?’,O
Pr= etn(a) pr= etIn(a)
pn =0 pn =10

If now the following quantities are defined:
& = 6c3HP? + 36c4 H>(° + 45¢5 H ¢
B = coH + 12c3 H* + 54cg H3* + 60cs H*§°
v = 3co Hp + 18c3 H* (% + 54c, H3° + 4505 A ¢
6 = —3cy Hp* — 6c5sH>§°
€ = —2c3 HPp? — 12¢, H*§° — 15c5 A p*

1 9 _,_ P
(= §C21’D2 — §C4H21[J4 — 6C5H31’D5
IHH=p+p—pyp

(5.1.1)
(5.1.2)
(5.1.3)

(5.1.4)

(5.1.5)

then the equations of motion used to evolve the system, i.e. equations 5.1.2

till 5.1.5, can be expressed as:

A B(2H? +11+() — e

ae — B(2H + 9)
s a(2H>+I1+7) —v(2H+9)
v= B(2H +6) — we
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Written in this way the system can be easily solved numerically.

Lastly it is useful to give the EFT functions in a dimensionless form.
To this purpose the dimensionless EFT functions are defined by and in the
quartic case given by:

2 172
MleO

1

3 _
—03(§H‘/’3+

m SEP) + R + 2R
1 = 732 =0 -3 %
SHYHY + SH "))

—_

- _ o 3 — —-n 2
+H¢4H—|—§Hztp2tp2+
3

My 3 T T340
Yo = = 2c30° — ¢4 (12HG* + 2HE )
M%lHo

73 = —2 = —2c4*
Vi = —3 =249
TS = e T —041134

Y6 =—5 =0

5.2 The parameters

Now that the equations that have to be simulated are established, the val-
ues of the parameters of the system need to be determined in order to be
able to perform the simulations. The Covariant Galileon Model contains
twelve parameters:

{CZI C3, C4, C5, Qm,Or QY,O/ Hi/ ll_Ji/ Mpl/ HO/ Zi, Ze}

where H; and ¢; denote the values of the dimensionless Hubble constant
and time derivative of the Galileon field at the start of the simulation and
z; and z, denote the start and end redshift used in the simulation. Note
that there are two other parameters that implicitly have been taken to be
zero, namely the neutrino energy density (), o - for observational reasons -
and the coefficient c; - for mathematical reasons. The choice of the twelve
parameters will closely follow the choice of Barreira et al. [7].

Leaving out z; and z,, a distinction can be made between two types of
parameters. On the one hand there are the parameters that can be directly
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5.3 The simulations 72

measured to find their value. Those are Q,, 0, Oy 0, H;, M, and Hy. They
obtain their value from established models of well understood phenom-
ena. The other five parameters, i.e. c; to ¢5 and ¢;, can not be determined
by measurement directly, rather their values are determined by the pre-
dictions of this model. Their values are such that the predictions of the
model are in agreement with the observations. The last two parameters z;
and z, just determine the length of the simulation. The parameters c; to
cs and ¢; can thus in principle only be determined by running the model
and comparing the results, the other parameters can be fixed beforehand.

Luckily this five dimensional parameter space can reduced by noting
the following. Firstly, as stated in Barreira et al. [10], this system has an at-
tractor, characterised by the so called tracker solution. This is a particular
solution of the system to which many other neighbouring solutions are at-
tracted. The tracker solution is determined by the relation ¢y H = &, where
¢ € Risjust some fixed number. This relation will be used to relate the two
initial conditions to each other, thus replacing ; with ¢ as a variable. Sec-
ondly there is a scaling degeneracy in the system. If A € R is some number
and the variables ¢’ = A~1¢ and ¢} = A'c; (no summation intended here)
fori € {2,...,5} are introduced, then when using these variables instead
of their unprimed counterparts the Lagrangian of the system retains its
form, meaning the dynamics of the system remain unchanged. This free-
dom can be used to fix one of the parameters. As in Barreira et al. [10],
here c; will be set to —1. Next, the fact that the present day Universe is flat
can be used to fix one parameter by using the constraint equation 5.1.1.
This can be done by choosing parameter values, running the simulation
and in the end check whether or not the constraint equation is satisfied. If
not the parameter values are changed and the model is run again. In this
way c3 is fixed. Lastly, assuming flatness at the starting time of the simu-
lation, by using the constraint equation and the expression of the Galileon
energy density, a relation between the initial conditions and the c; coeffi-
cients can be found. This relation will be used to fix ;. This leaves two
free parameters, namely c4 and cs.

5.3 The simulations

In this section the results of the simulations are shown. The model is sim-
ulated by using a Python script created for this purpose. The simulations
concern the quartic Covariant Galileon Model, meaning that cs is fixed to
0, and the model will be run from initial redshift z; = 10° to end redshift
z = 0. Two sets of parameter values have been simulated. The first one is
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5.3 The simulations 73

being given by:
c3 = 0,10104 Qo = 0,249
cy = —4,4523-1073 O,0=7,18-107°
& =243

This set of parameter values can also be found in Barreira et al. [10]. The
evolution of the dimensionless Hubble constant H and the dimensionless
time derivative of the Galileon field ¢ are found to be:

101 4

104 4

1076 1075 1074 1073 1072 1071 100 10 10-° 104 1073 1072 107! 10°
a a

Figure 5.3.1: The evolution of the dimensionless Hubble constant on the left and
the dimensionless time derivative of the Galileon field on the right as a function
of the scale factor in the quartic Covariant Galileon Model using parameter values
as described directly above the figure.

For this solution the simulated present day Hubble constant is 9,0,
which thus makes it 9 times the observed present day Hubble constant.
Furthermore for the constraint equation it holds H?(1) — p(1) = 82.

The solution can be further characterised by the equation of state w of
the Galileon field, which is defined as the pressure divided by the energy
density. It is given by:
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10-6 10°5 1074 10-3 102 101 10°

Figure 5.3.2: The evolution of the equation of state as a function of the scale fac-
tor in the quartic Covariant Galileon Model using parameter values as described
above.

The found solutions can be compared to the tracker solution, the so-
lution to which solutions for other parameter values are attracted. The
tracker solution can be found in Barreira et al. [10]. Comparing this solu-
tion to the solution found by the full simulation of the equations gives:

HiHtracker
Yitack:

10-6 10-% 10~ 103 102 1071 10° 10-¢ 10°5 1074 103 102 101 10°
a a

Figure 5.3.3: The quotient of the Hubble constant as derived by the simulation
and as given by the tracker solution on the left and the quotient of the time deriva-
tive of the Galileon field as derived by the simulation and as given by the tracker
solution on the right as a function of the scale factor in the quartic Covariant
Galileon Model using parameter values as described above.

The EFT functions of this solution are given by:
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o 108
—10° 5
10 10°
—10!
10 104
. —1021 - . 107
=) S 10° =)
~ -10° - -
= 10t = 107 £ 101
108 10!
o
_106 100 10
0 0
=107 1. v T T T T T T T T T T T T T T T T v T v
0% 10 107% 1077 102 107! 100 10°% 10 107 1077 1077 107! 10° 107 107 107% 1077 107 107! 10
a a a
o
103
—10° 4
10?
@ —101 4 @
3 4 o
= £ 10!
—102 4
-107 4 10°
04
10 105 10 103 102 101 10° 10 105 10°¢ 103 102 10! 10° 1% 105 10 103 102 10! 10°

a a a

Figure 5.3.4: The dimensionless EFT functions corresponding to the solution of
the model given by the simulation in Figure 5.3.1 as a function of the scale fac-
tor in the quartic Covariant Galileon Model using parameter values as described
above.

To look at the sensitivity of the model to the parameter values chosen
two parameters are varied. Here the present day matter energy density is
varied in three steps between 5% of its original value and the initial value
of the (dimensionless) Hubble constant is varied in three steps between
+0, 01% of its original value. This gives for the solutions to the model:
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107
10°
105 9
107
103 4
10°
10!
10°
107!
T s
10!
1073
10!
10-%
1073
10~7
107°
107°
10-% 105 104 103 102 101 10° 106 10-* 10-¢ 103 102 10! 10°
a a

Figure 5.3.5: The solutions, with on the left the dimensionless Hubble constant
and on the right the dimensionless time derivative of the Galileon field, as a func-
tion of the scale factor with parameter values as above and with the present day
matter energy density Q0 and the initial value of the Hubble constant H; varied
resulting in nine graphs. The offshoots to below on the left and to the top on the
right are present in the solutions in which (), is bigger than its original value, or
H; is smaller than its original value and Q0 is at its original value.

This gives as EFT functions:
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Figure 5.3.6: The EFT functions corresponding to the solutions shown in the fig-
ure above.

76

Version of 29 August 2018- Created February 26, 2019 - 05:31
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For the other parameter value set the results are very much the same.
The parameter values now are:

ey = —2,778-1073 O,0=10"*
=2

The solution of the model is now found to be:

104 4 10-74

Figure 5.3.7: The evolution of the dimensionless Hubble constant on the left and
the dimensionless time derivative of the Galileon field on the right as a function
of the scale factor in the quartic Covariant Galileon Model using parameter values
as described directly above the figure.

For this solution the simulated present day dimensionless Hubble con-
stant is approximately 16, which thus given a present day Hubble constant
that is of by a factor of 16. Furthermore for the constraint equation it holds
H?(1) — p(1) = 248.

Varying the parameters again, now the present day matter energy den-
sity is varied in three steps between +5% of its original value and the ini-
tial value of the (dimensionless) Hubble constant is varied in three steps
between 30, 005% of its original value, gives:
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Figure 5.3.8: The solutions, with on the left the dimensionless Hubble constant
and on the right the dimensionless time derivative of the Galileon field, as a func-
tion of the scale factor with parameter values as above and with the present day
matter energy density Q0 and the initial value of the Hubble constant H;varied,
resulting in the nine graphs. The offshoots to below on the left and to the top
on the right are present in the solutions in which (), is bigger than its original
value, or H; is smaller than its original value and Q. is at its original value.

and the corresponding EFT functions:
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Figure 5.3.9: The EFT functions corresponding to the solutions shown in the fig-
ure above.
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Chapter

Conclusion

Building on the differential geometric setting from General Relativity, the
Covariant Galileon Model gives a description of the Universe. It posits in
the same way as General Relativity that the Universe can be described by a
four-dimensional manifold consisting of the three spatial dimensions and
the one temporal dimension we experience. To this manifold a metric and
a connection are associated and gravity is then described by the curvature
resulting from those two. Moreover a dynamical scalar field, the Galileon
field, is defined on the manifold, which interacts with gravity, extending
the General Relativity model. Applying the Principle of Least Action to
the Lagrangian of the model, the equations of motion can be obtained.
After having done this, the model was analysed by numerically finding
solutions to the equations of motion. This has been done for two sets of
parameters.

Firstly, by looking at the equation of state of the Galileon field, some-
thing can be said about the nature of the introduced Galileon field. For
normal non-relativistic matter the equation of state is w = 0 and for rel-
ativistic matter such as radiation it is w = . The Galileon field is thus
clearly a substance of a whole different kind with a negative equation of
state.

When comparing the simulations of the two sets of parameters, there is
no big qualitative difference between the results of the simulations for the
different parameters both for the actual solutions to the model and the EFT
functions of the model. However direct comparison of the found solutions
with the tracker solution shows that there is a mostly increasing difference
between the found solutions and the tracker solution. The tracker solu-
tion however should attract solutions. This suggests that the numerical
integration of the equations of motion was not implemented correctly and
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thus behaved badly.

When considering the varying of the present day matter density and
the Hubble constant at the start of the simulation, what immediately strikes
the eye are the spikes arising in the simulations of the model for both sets
of parameters. This suggests that the model is highly sensitive to param-
eter changes. On the other hand the spikes only occurred when the pa-
rameters were varied in a specific direction, they didn’t occur in the other
direction. This suggests that the high sensitivity only occurs for some pa-
rameter values and that there is a region in parameter space for which the
solutions are relatively stable under the variation of the present day matter
density and the Hubble constant at the start of the simulation. The tracker
solution however should stabilize the behaviour of the solutions for all pa-
rameter values. This contradiction reinforces the idea that the integration
of the equations of motion was not implemented correctly.

Furthermore the spikes arise around the 2 = 10~% mark in the simula-
tion. It is at the moment unclear why this happens at this specific value of
the scale factor. Maybe it relates to the fact that the equation of state of the
Galileon field begins to change at that moment. Furthermore, when per-
forming the variations of the present day matter density and the Hubble
constant at the start of the simulation in this analysis, the other parameters
were kept fixed. This however will cause the solutions to in general not fit
the pre-imposed conditions that determine the other parameters. In par-
ticular this means that the assumed flatness of spacetime at the start and
end of the simulation will not in general hold for the solutions with the
varied parameters.

The current response of the solutions and EFT functions of the Covari-
ant Galileon Model to the variations of the present day matter density and
the Hubble constant at the start of the simulation is thus contradictory to
the expectations obtained from the existence of the tracker solution. If the
contradictions in the predictions of the model can be resolved however,
then the viability of the model can be tested by comparing observations
concerning the EFT functions with the predicted EFT functions and hence
ruling out possible parameter values of the model. Hence to be able to test
this model, more research is needed in the analysis of this model, espe-
cially concerning the implementation of the numerical integration of the
model.
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