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Units and conventions

e We use units with ¢ = 1 and A = 1, and a metric signature of (—, +, 4+, +), which
gives positive square lengths for space-like vectors.

e The Ricci tensor is obtained from the Riemann tensor as follows:
Rﬁg = Roléa(;.
e We define the “rationalized” Planck mass Mp in D space-time dimensions by de-
manding that Einstein-Hilbert action is

D2
Mg

SEH = 5 /dDSL’\/ —gR,

where g is the determinant of the metric and R is the Ricci curvature scalar.

e The energy-momentum tensor is defined as a functional derivative of the action. It
is

2 0Sn
V=939’
where S, is the action for the gravitational source, e.g. matter, radiation and vacuum
energy.

Tag =

e The Einstein equation in D-dimensional space-time then become

1

ST

Taﬁa

where E,3 is the Einstein tensor.

e The symmetric and antisymmetric part of a matrix M,z is denoted by parentheses
and square brackets, respectively, around the indices in question:

1 1
5 (Maﬁ + Mﬁa) and M[aﬁ] = 5 (Maﬁ — Mﬁa) .

For any matrix we then have

Map) ==

M = = (Map) — Miag)) -

DO | —

e We define the wedge product between two one-forms to be
wWAR:=Wen—neuw),
and similar for combinations of several one-forms.

e When an operator acts on a product of quantities, we use a parenthesis to indicate

the fact: 0¢0¢ := (0¢) (0¢) # 0 (¢09).






Chapter 1

Introduction

1.1 Space and Time

It is interesting to think about the evolution of our understanding of space-time, both in
the accepted scientific theories and in the leading candidate for a universal descriptions of
nature, string theory.

Newtonian viewpoint The Newtonian viewpoint is that we have a universal time all
over the universe, which is not affected by physical events. Time is simply a quantity used
to parametrize the motion of objects. The difference in the coordinates of an event as
seen from two inertial systems moving with constant speed with respect to each other is
described by the Galilean transformations, under which the time coordinate is invariant. In
the Newtonian world, gravitational influences between different objects propagate infinitely
fast, since the gravitational field of an object depends on spatial distance, but not time.

Einsteinian viewpoint Here time is an intrinsic, dynamical part of the geometry of
the universe, and is not invariant under transformations between two inertial systems in
relative motion. A clock that is moving with respect to the observer’s reference system
will run slower as seen by that observer. Another difference from the Newtonian viewpoint
is that to preserve causality, no information can propagate faster that the speed of light,
which is a constant velocity independent of the movements of the observer. Although
possible also in the Newtonian world, here gravity is most often represented as curvature
of space-time. The difference is that in the Einsteinian world the time coordinate is also
affected by gravitational sources and the laws governing the four dimensional geometry
(Einstein’s field equations) are different from the corresponding three dimensional laws in
a possible geometrical formulation of Newton’s gravitation. Einstein gravity reduces to
Newtonian gravity when only small masses and speeds are involved.

Stringy viewpoint Although string theory can not be an accepted theory of nature
since it has not been experimentally tested at the present time, it is certainly the best



CHAPTER 1. INTRODUCTION

candidate we have for a theory of everything, by which we mean a theory which offers
a quantum formulation of all the observed forces: electromagnetic force, weak nuclear
force, strong nuclear force and the gravitational force. Nevertheless, since the ekpyrotic
universe is based on string theory, we will assume string theory to be true throughout this
thesis. That being said, string theory has an interesting new perspective on the geometry
of space-time.

Since string theory contains a quantum theory of gravitation, it predicts that space-
time should be fuzzy at short distances. The fuzziness comes from the quantum corrections
to the classical states, which are smooth.

Another geometrical difference from theories with particles and curved space-time is
how the laws of nature change when a dimension is compactified and shrunk to zero size.
If we do this in standard quantum field theory, we get a theory with one less dimension.
In string theory, due to the string’s ability to wrap around the compactified dimension, we
get back a theory with the same number of dimensions with which we started. A world in
which one direction is compactified to the radius R can be interpreted as another world
with a different string theory compactified with a radius of o/ /R, where v/o' is the typical
length of a string. This suggests that there is a minimal measurable length v/a'.

In string theory one has extended objects of various dimensions called D-branes (a
generalization of the term membrane). In the realm of quantum mechanics, we know
that observables corresponding to length in a certain direction, and momentum in the
same direction don’t commute. But we are accustomed to thinking that measurements of
lengths in orthogonal directions commute. In string theory we can have a brane on which
this isn’t true, e.g. measuring the x-coordinate of an object living on the brane leads to
an uncertainty when we try to measure its y-coordinate. This could be an indication that
the underlying space-time is foamy instead of smooth.

In general relativity the curvature of space-time is dynamic, but its topological prop-
erties must be constant throughout the evolution of the geometry. String theory allows
for changes in the space-time topology. Certain topological properties must stay fixed,
however [1, 2, 3]. These topological transitions are by definition discontinuous, and can
e.g. change the number of holes in space-time.

1.2 Ekpyrotic Universe

Ever since it was discovered that super-symmetric string theory demands 10 space-time
dimensions, it has been assumed by string theorists that at the low energies accessible now,
six of those dimensions are curled up into a tiny compact manifold. In this picture our
universe fills out all space, also the curled up dimensions. In the nineties it was discovered
that the five existing string theories were different limits of a single theory, called M-
theory. It is 11 dimensional and has 11 dimensional super-gravity as its low energy limit.
The fundamental objects it contains are not zero dimensional as the particles in quantum
field theory, but M2- and M5-branes (having 2 and 5 spatial dimensions), and the objects
in the five familiar 10 dimensional string theories (strings and branes) are in fact obtained

10



1.3. SUMMARY OF THE THESIS

by wrapping these M2- and Mb-branes around a small compact dimension. The non-
perturbative part of M-theory is mostly unknown at the present time, but its low energy
limit is known as 11 dimensional super-gravity, and that theory has been studied since the
1970s.

From string theory we know that we get super-symmetric Yang-Mills gauge theories on
these M-branes, and from this we might get the standard model at low energy with the
aid of super-symmetry breaking. At first sight this looks rather promising. It is possible
that the entire visible universe is a three dimensional brane floating around in the 11-
dimensional background geometry of M-theory. This idea first appeared in [4] and [5]
outside the context of string theory. There was little research activity until two articles by
Horava and Witten [6, 7| in which they conjectured the 11 dimensional M-theory.

The study of the cosmological properties of these branes is called brane cosmology
and is an active area of research nowadays. From current experimental results there can
be no doubt that the universe is expanding. Recent observations even suggest that the
expansion rate is increasing with time. In standard cosmology this is explained by the
introduction of exotic forms of energy, called dark energy. In brane cosmology, the dark
radiation component is automatically present because it is the so-called brane tension.

The current cosmological paradigm is that the universe began with a big bang and
has expanded ever since. In brane cosmology we now have another opportunity, namely
that the universe existed forever, but the hot, expanding phase of its evolution began from
an inelastic collision between two branes. The energy content of the current universe is
proposed to be the remnants of the energy deposited in that collision. This is called the
ekpyrotic universe, and its viability will be investigated in this thesis. Specifically, it says
that the visible universe is a 3-brane, floating in a five dimensional space-time. Thus there
is one extra spatial dimension. The ekpyrotic universe is a new proposal put forth in 2001
8]

The 3-branes used in the ekpyrotic scenario are actually Mb5-branes with two of their
dimensions wrapped around a compactified six dimensional complex manifold. There is
a regime in M-theory where we can neglect those 6 curled up dimensions, and therefore
treat space-time as having five dimensions, and containing 3-branes. Also, instead of our
universe filling out all of this space, it can instead be a 3-brane. So this strange fifth extra
dimension corresponds to the 11th dimension of the full M-theory.

In addition to replacing the big bang with a brane collision, thus eliminating the big
bang singularity from the mathematics describing the evolution of the universe, it addresses
and aims to solve many of the cosmological problems.

1.3 Summary of the thesis

We begin by studying the properties of bosonic string theory in chapter 2, deducing the
fundamental properties of strings. The emergence of a duality symmetry in the theory
then leads us to the existence of D-branes. After this, we look at the world-volume action
that describes the dynamics of the D-brane.

11



CHAPTER 1. INTRODUCTION

Since we will apply the D-branes in a string based cosmological theory, we look at
standard cosmology in chapter 3. The well-known big bang singularity is derived in the case
of a homogeneous, isotropic radiation-dominated Robertson-Walker cosmology. Inflation
is then introduced to explain the flatness and horizon problems.

In chapter 4, we introduce the concept of brane-worlds, a universe constrained to a
D-brane from string theory, and find the effective Einstein equations induced on such a
brane from the Einstein equations in the surrounding bulk space.

Subsequently, we introduce the Ekpyrotic Universe, and its mathematical foundation
in chapter 5. The equations of motion are deduced from varying the action functional, and
we show the validity of a static solution containing parallel, static branes.

These vacuum solutions are the basis of the moduli space approximation introduced in
chapter 6. After applying the approximation to a simple example, we deduce the moduli
approximation action for the Ekpyrotic Universe. After deducing the new equations of
motion, and realizing that an analytic approach is futile, we look at numerical solutions
for different parameters and potentials. A common property of all the solutions is that no
brane collision occurs. This shows it to be likely that the ekpyrotic universe in the moduli
space approximation fails to provide an alternative to the four-dimensional big bang theory.
We have published some of our numerical results, see [9].

In chapter 7, we give a short summary of the thesis, and supply our conclusions.

Appendices A and B contain Mathematica programs to calculate the Einstein tensor in
arbitrary dimensions, and a program to solve the moduli space approximation equations
of motion numerically, and plot the solutions.

12



Chapter 2

Strings and Branes

In this chapter we will learn what branes are in the context of string theory, since this
is the underlying theoretical basis for the ekpyrotic scenario. First, we will see how Di-
richlet branes (D-branes) arise in bosonic string theory, and then we will mention that
similar objects must exist in the super-symmetric string theories and M-theory. For good
introductions to string theory, see [10, 11, 12, 13].

2.1 The bosonic string action

Let us try to make a quantum theory of strings by quantizing their movements and vibra-
tions. We will use the elegant principle of least action to accomplish this feat.

2.1.1 Point particle action

When we formulate the action principle for the usual zero dimensional point particle, we
use as the relativistic action the length of the particle’s world-line. We use a parameter
7 € R which is monotonically increasing along the particle’s world-line, so that its path
can be described by a vector-valued function X (7). The action of a point particle is

S[X] = —m/ds — —m/dT\/—X(T) - X (1), (2.1)

where m is the rest mass of the particle, and X (1) := dX (7)/dr.

We now analyze how this action behaves under a diffeomorphism transformation, a
reparametrisation of the world-line. Since 7 now is a function of a new parameter, say 7/,
we can easily obtain the transformation of the integration measure in the action.

d
dr — <d—77'-’) dr’ (2.2)

In the new action, fields must be written with derivatives with respect to 7/, s0 we must
make use of the chain rule for differentiation on X (7) to find its transformation rule. We

13



CHAPTER 2. STRINGS AND BRANES

get

dX dr"\ dX ,

— ()= | — | — (7). 2.3

dT() (dT)dT'( ) (2.3)
We see that the action is invariant under this reparametrisation, since the factors of dr/dr’
cancel against each other. This invariance property is called diffeomorphism symmetry.

The action (2.1) contains a square root, which makes the theory difficult to quantize

both in the Hamiltonian and in the path-integral formalism. Also, it is meaningless when
m = 0, so it only works for massive particles. It is, however, equivalent to a different action
that does not contain a square root, and which works for massless states. To obtain this
action, we need to introduce an additional auxiliary field n(7). The action we propose is

S[X,n] = §/d7' <—X - X —an) . (2.4)
n
The Euler-Lagrange equation for the field n(7) has the solution

n=vV-X-X/m. (2.5)

Plugging this back into the action, we get

SIX,n=vV-X-X/m] = %/dT <\/%XX—#m2>

_ %/dT (_mm_m\/_x.x)
— m / drv/—X - X = S[X], (2.6)

and recover the original action. Thus we have shown that the two actions are equivalent
at the classical level. Since this action must also be invariant under a reparametrisation,
we easily see from the fact that the term ndr must be invariant, and thus that the n field
transforms like

(1) — 27)

" dr ' '

This new action also works when m = 0, and as a bonus, it does not contain a square
root. It is in fact a polynomial of degree two, which makes it suitable for path-integral
quantization. Since 7 transforms non-trivially under the reparametrisation transformation,
we can choose a parametrization where n = 1. Dropping the insignificant constant term
-m?/2, the action then reduces to the familiar form

S[X,n=1]= %/dTX X, (2.8)

which looks like a nice relativistically invariant generalization of the standard action v?/2
used for a point particle in classical mechanics.

14



2.1. THE BOSONIC STRING ACTION

XO

X2

Figure 2.1: The world-sheet of an open string

2.1.2 String action

Now on to the string action. A string will not sweep out a world-line during the course of
its time evolution, but a two-dimensional world-sheet M. We parametrize the world-sheet
M with two real numbers 0 = (7, 0), and use the area of this world-sheet as our action.
The action so constructed is called the Nambu-Goto action. The world-sheet of the string
is embedded into our space-time of unspecified dimension D by means of a vector-valued
function X (7, 0), giving a point in D-dimensional space-time for each point (7,0) on the
world-sheet.

We choose the D dimensional space-time to be flat, with the Minkowski metric n =
diag(—1,1,1,..,1). The induced metric on the world-sheet, the pullback of the space-time
metric, is

hab = 8a*XV : abX = 8aXaabXﬁnaﬁv (29)
where 9, := 0/0c®. Defining h := det(hy) and do? := dodr, the action for the string is

1

2ma!

S[X] =

/ do*/—h. (2.10)
M

This is the correct expression for the area of a two dimensional surface, multiplied by the
string tension 1/2ma/. As with the first action we spoke of for point particles, equation
(2.1), this one also contains a square root, which makes quantization difficult. Therefore,
as with the point particle, we will introduce an auxiliary field, thereby allowing us to
use a different action that is a polynomial in X and its first derivatives. The essential
point behind this trick is that since the auxiliary fields are non-dynamical, their equation
of motion is purely algebraic. This makes it easy to manufacture an action that is a
polynomial in X. One way of doing this is to introduce an independent world-sheet metric
Yab, and use the following action called the Polyakov action.

15



CHAPTER 2. STRINGS AND BRANES

S[X,~] = drdo/—7y"hay (2.11)

T Anal
dmal [y

We now solve the equation of motion for v,, and plug the solution back into the action,
to show that this action is equivalent to the Nambu-Goto action. We need the formulas
for the variation of the determinant of a matrix,

5y = 1Y 0Yab = =1 7ab07, (2.12)

which enables us to find the corresponding variation of the action,

1 c a c
55 =~ /M do? (2?/7_%7 b+ \/—fyhcd) 5yl (2.13)

Demanding that this is zero gives us the equation of motion for vy,

Notice that the quantity on the left is just a number multiplying the matrix .. We then
use the fact that det(aM) = a™det(M) for a number a and a quadratic matrix M, where
m is the number of rows or columns in M. Taking the determinant of both sides with
respect to the indices ¢ and d then gives

1
h = (§7abhab)27- (2.15)
Thus we get

Y hay = 2(=h)"* (=) 712, (2.16)

Putting this into (2.11) gives us the Nambu-Goto action (2.10), so the two actions are
classically equivalent.

2.1.3 Symmetries of the string action

The Polyakov action (2.11) has an enormous amount of symmetry. We have a global
D-dimensional Poincare symmetry under which X is a vector, and 7,, are invariant. X
transforms as

X — AX + A, (2.17)

where A is a Lorentz transformation matrix , and A is a translation vector. This symmetry
is global from the two dimensional perspective of the string world-sheet because it does
not depend on 7 or 0. We also have the diffeomorphism symmetry (reparametrisation
symmetry), under which X are invariant, and -, is a rank two covariant tensor

do¢ do
’Yab(Tv U) - %W’YCd(Tv 0)7 (218>

16



2.1. THE BOSONIC STRING ACTION

for new coordinates o’*(7,0). Lastly, we have the Weyl symmetry under which X are
invariant, and

Yab(T,0) — exp(2w(T, 0))Yar(T, ), (2.19)

for an arbitrary function w(7, o). Since the Weyl-symmetry rescales lengths, invariance
implies that there is no inherent length-scale in the theory, so in particular it must contain
only massless fields. In total, we have three gauge symmetries on the world-sheet. The
fact that the world-sheet metric is a 2 by 2 matrix, and must be symmetric, means that
it has three independent degrees of freedom. Thus we can use the three gauge symmetries
to fix a gauge where the world-sheet metric is diagonal, 7., = diag(—1,1). This gauge is
called conformal gauge. In this case, we have /—v = 1, so the Polyakov action simplifies

to
1

/
dmal [y

S =— drdoy* hap. (2.20)

We have not yet completely eliminated all the gauge degrees of freedom. There is still an
infinitely large “conformal” symmetry left in the action. We will later use the Gupta-Bleuler
quantization method which ensures that the spectrum of states is physical by demanding
that the conformal symmetry generators annihilate the states.

2.1.4 Einstein-Hilbert action and cosmological constant

It is possible to add more terms to the string action (2.11). Such possibilities include a two
dimensional Einstein-Hilbert term, with a boundary term associated with the boundary of
the string world sheet in the case of the open string. Another possibility is to include a
two dimensional “cosmological constant”, which must not be confused with the space-time
cosmological constant used in cosmology. The first term looks like

S = d2

dsK, (2.21)

471'& 2rad Jom

where R is the two dimensional Ricci scalar curvature, and K is the extrinsic curvature of
the edge of the world-sheet, as measured from the world-sheet.
The cosmological constant term looks like

1
4ol

S = d%\/_ (2.22)
We see immediately that the cosmological term is not Weyl transformation invariant. It is
customary to demand Weyl invariance from the string world-sheet theory, so we drop this
term.

The two dimensional gravity term does not contribute any dynamics to the total world-
sheet field theory. This comes about because its action is a topological quantity, and
indeed the value of the Einstein-Hilbert term in two dimensions is not dependent on the
local curvature of the world-sheet, but only on the global topological property of how many
holes there are in the world-sheet surface. It counts the genus of the surface. Depending on

17



CHAPTER 2. STRINGS AND BRANES

the genus of the world-sheet describing a particular interaction, this term will suppress or
enhance the amplitude by a constant A\, which itself turns out to be the vacuum expectation
value of a certain field ¢ that occurs in string theory called the dilaton field. So there is
still only one parameter (o) in the string theory. In fact, since this is a dimensionful
parameter, it can be set to any value by a choice of measuring scale, so there is in fact
no free parameters in string theory, only constants of nature h, ¢, M, o'. The full two
dimensional string world sheet action is then

1
S = / dza\/—’yfy“bﬁaX‘S@bX(;
M

4dra/

+>\< ! /MdQJ\/—_*yR—i- ! /BMdsK). (2.23)

4o/ 2o’

When we calculate the equation of motion for 7,;, we will ignore the two dimensional gravity
term because it does not vary under small perturbations of 7.

2.1.5 Equations of motion for X

To find the equations of motion, we vary the Polyakov action in conformal gauge (2.20)
with respect to the fields X

o5 = ‘47;/ / do*y* (0a (0X) - 0,X +0,X - 0 (6X))
M
_ _zidg/ 0?70, X - 9, (6X) . (2.24)
M

Since we assume the string world-sheet to be infinitely long in the 7 direction, we can
assume that 60X goes to zero in the limits 7 — F00, allowing the variation to be nonzero
on the boundaries in the ¢ direction. This means that when we now do an integration by
parts, we get a surface contribution from the boundaries at o € {0, 7}, since we defined
the o coordinate to be in [0, 7].

1 1
= do?6 X - @y X) — —— dré X - (0, X)|"_
oS 27?0///\/[ oc“0X -0, (7 Oa ) ol 70 (0,X) 7,
1 1
= / do?6X - X — —— dréX - (0,X) |, (2.25)
277'0/ M 7TO/ OM

For this to be zero for an arbitrary variation 6 X, we must have the following equation of
motion:

X = (-0 + 02X =0. (2.26)

together with the following condition to eliminate the boundary term

5X - (9,X)|"_y = 0. (2.27)

18



2.1. THE BOSONIC STRING ACTION

Notice that the boundary term and the internal term can’t cancel each other out without
making the theory non-local, which is something we will avoid doing. For the boundary
conditions in the ¢ direction we have a few choices corresponding to the open string, and
one possibility for a closed string solution. Notice that boundary conditions for different
components of the space-time coordinates X of the string are specified independently, so
a string can have different boundary conditions in different space-time directions.

2.1.6 Open strings

In a local theory, the boundary conditions at each edge of the open string must be satisfied
independently. Therefore we discuss the boundary conditions at each edge separately. For
specificness, we discuss the condition at ¢ = 0 in the space-time direction with index «.
Leaving the variation 6 X“ at ¢ = 0 completely general, we must have

9, X (,0) = 0. (2.28)

This is called a Neumann boundary condition of the string in the « direction. It describes
an open string endpoint that is freely moving in the a direction of space-time. The o
derivative of the X, field represents a momentum flux density on the string world-sheet,
and the boundary condition demands that the component of the momentum flux density
in the « direction on the edge of the string be zero, indicating momentum conservation
in the a direction at the edge of the string world-sheet. This momentum conservation fits
with the fact that the this boundary condition preserves the translational symmetry in the
same direction in space-time.

Another possibility is to restrict the possible variations . X“ to be zero. This is a string
state that breaks the translational symmetry of the theory in this particular direction. It
corresponds to a string endpoint that is stuck on a hyper-surface normal to the « direction.
This is called a Dirichlet boundary condition, and is written as

Xo(7,0) = b, (2.29)

where b, is some constant. A more general choice is that the open string endpoint moves
on a curved hyper-surface of the total space-time.

Since we can specify boundary conditions separately for each edge of the open string, we
indicate an open string’s boundary conditions by calling it a NN, ND, DN or DD string, the
letters N and D corresponding to Neumann or Dirichlet boundary conditions, and the first
letter indicating the condition at ¢ = 0, and the second at ¢ = 7. Of course, in the case of
Dirichlet conditions, it must also be specified which surface the string endpoint is attached
to. We will only quantize the NN open string, but we will later see the appearance of DD
open strings, indicating the existence of physical objects that correspond to the surfaces
on which the endpoints of those string are attached.

The following expressions for X?(7, o) solve the equations of motion deduced from the
action (2.11).

19



CHAPTER 2. STRINGS AND BRANES

1 )
XP(1,0) = 2° +2a'p°1 +iV2a/ Z ﬁaﬁe_’mcos(na) (2.30)
n#0
for the open string. Since the quantity X# is to represent a position in space-time, it must

be real. To accomplish that, we must impose (of 2 =a? . We now show that it satisfies
the equation of motion,

(=02 + 03X -0, (20/]96 + V2 Z aﬁe"”cos(na))

n#0

(—Z\/_Z al e ""Tsin na))

n#0

— —@Z(—m)age*i’”cos(na)

n#0

—iV 2/ Z ale” ™ ncos(no) = 0. (2.31)

n#0

The mode expansion (2.30) satisfies Neumann boundary condition (2.28) on both ends of
the string since sin(nw) = 0 for n € Z:

9y Xo(7,0) _N_Z — e (—sin(0)) = 0 (2.32)

n;éO

Op Xo(T,m) = 2\/_2 —aPe™™(—sin(nm)) = 0. (2.33)
n;ﬁO
2.1.7 Closed strings

For the second choice of boundary conditions, corresponding to closed strings, we also
choose that the o goes from 0 to ,

0Xo(1,0) = 06X, (7,7) (2.34)

0, Xo(1,0) = 0,X,(7,7). (2.35)

Since the variation is arbitrary, we must impose X,(7,0) = X, (7, 7) to achieve the first of
these. This implies

Xo(1,0) = Xo(r,m) (2.36)

05 Xo(1,0) = 0,Xu(1,7). (2.37)

Thus the two ends of the string are always located at the same point in space-time, and it
describes a closed loop. The string called a closed string.
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2.1. THE BOSONIC STRING ACTION

As a closed string solution, we have

1 , 1
XP(r,0) = 2 + 22/ + i/ o/ /2 Z <—a§e‘2m” + ozﬁ 2ot ) . (2.38)
n

n#0

Here —o0o < 7 < o0 and 0 < ¢ < 7 are the coordinates on the world-sheet of the string. To
make the position vector X real, we have the conditions (a”,)* = of and (a°,)* = a.
As is obvious from the above formula, the closed string modes have been decomposed into
right and left moving parts which only depends on 7 and ¢ through the combinations
o =7+ 0. Let us check if the boundary condition (2.36) is satisfied

1 A
XO(r,m) = 27 +2a'p T+Z\/72 ( e~ 2in(r=m) | ndﬁ 21”(7”))

n#0
1 : 1 _
— ﬁ 2 / - / 2 - ﬁ —2inT _"’B —2inT
2’ +2a'p°T +iv/ o'/ %(”ane +nane )
_ xr0) (2.39)

We then check the second boundary condition (2.37) for the closed string,

80)(6(7', 7T) _ \/7 Z 22 —2in(r—m) _ a§€f2in(7—+ﬂ'))

n#0

N T
n#0

It is simplifying to make the following definitions

ozg = V2a/p® ,open string (2.41)
of = \/a//2p® | closed string (2.42)
ay = /a//2p® | closed string. (2.43)

As shown by the following calculation, the zero mode part (n = 0) of equation (2.30),
2P 4+ 2a/pP1 is the string’s average position in space-time at world-sheet time 7,

1 s
<X’> = = / do X"’
T Jo
1 1 , T
= 2% + 2901 + —ivV2a/ E —age_””/ docos(no)
T n 0
n#0
1 1 ,
— &} 20" & —; / = B _—inT, o: T
x” +2a'p T+7Tzv2a E —ane nsin(no)|7_,
n#0
= 27 +2a'p°T. (2.44)
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CHAPTER 2. STRINGS AND BRANES

Doing the same for the closed string, we get the same result,
1 s
< XP>= —/ doXP =27 +2da/p°r. (2.45)
T™Jo

The average positions of these strings thus move in straight lines through space-time.
This is natural, since we have not included any nontrivial background fields that the
strings would interact with. Had we e.g. included a nontrivial gravitational background
configuration, the center of mass of the string would move along a geodesic.

2.1.8 Equation of motion for vy

Varying the action with respect to v, gives the equation of motion for the world-sheet
metric

755[)(’ ’}/] =0= —\/_—7 <8aX O X — l’yab’)/CdacX . 8dX) = 0. (246)
dyeb 4o 2

The Einstein-Hilbert term in the action does not contribute to this equation of motion,

since that is a topological term invariant under small variations of the metric. Notice the

trace of this equation is satisfied irrespective of the values of X and ~, which follows from

the Weyl symmetry (2.19) of the two dimensional field theory.

2.1.9 Energy-momentum tensor and Virasoro operators

The energy-momentum tensor is proportional to the variation of the action with respect
to the metric 7.
2 X 1 1

Tap = _\/_—7555[711;7] = 9ol <8aX COp X — §’Yab’YCdacX : 8dX> (2.47)
As with the equation of motion for 7., the trace of this tensor is identically zero independ-
ently of the fields X and v, which follows from the Weyl symmetry. From the equation
of motion for 7,, (2.46), this quantity is equal to zero. This property should be deman-
ded from the quantized version of this theory, as operator equations. Thus we will try to
demand that the energy-momentum operator should annihilate all physical states in the
Fock space.

We will now count the degrees of freedom of the energy-momentum tensor before im-
posing the equations of motion. Since the world-sheet metric has to be symmetric, it has
three independent degrees of freedom (three functions). As the energy-momentum tensor
is defined as the variation of a single function (the action) with respect to the metric, it
also has three independent degrees of freedom. But we must remember that the Weyl
symmetry puts limitations on the energy-momentum tensor by demanding that its trace
be zero, so we are down to two degrees of freedom. We will Fourier expand these compon-
ents, and define the Virasoro generators L,, and L., as being proportional to the Fourier
coefficients in this expansion. These coefficients are generators of the conformal symmetry
of the world-sheet field theory.
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2.1. THE BOSONIC STRING ACTION

We choose to define the Virasoro generators by expanding the following combinations
of the energy-momentum components

- 1 [7 .
L = /0 do(T,r + Try)e?™" (2.48)
1 " 2imo~
L= 0 do(=T,r 4+ Tye)e : (2.49)

For the closed string, both these expressions will give nonzero Virasoro generators, and
for the open string, only L,, will be nonzero. We now do the calculation to obtain the
Virasoro generators as functions of the a’s in the mode expansion of the closed string. We
need the expression for the energy-momentum tensor given in equation (2.47).
1 1
T+T, = — a’TX ’ 8TX - _’YTT’YCdacX ’ acl*Xv + 8TX ) aO'X
2mad 2
1 1
= — 0, X 0. X+ =(-0, X -0, X+0,X -0, X)+ 0, X-0,X
2ma! 2
1
= — (0, X+ 0,X)? 2.50
—(0.X +0,X) (2:50)
We now use the mode expansion for the closed string (2.38) to calculate this quantity

(suppressing the space-time Lorentz indices). We get

0:X +0,X = 2a'p+iy/a/2 Z(—Qi) (ane’%"‘f + &ne’%""+>

n#0
iyl 2 Z(_Qi) (_&ne—zma* n &ne*%”‘#)
n#0
= 20'p+2V20/ Y e M =2v200 Y dne T, (251)
n#0 nezZ

where we have used equation (2.43) to write everything as a operators. Continuing now,
we get

. 1 [ - 1 ™ -
Ly = = | do(Ter + Trp)e® " = do (0. X + 0,X)2e**
F 4/0 o(Trr + Je 167?0//0 d * ye
1 g . . 1
_ = ~n . ~m d 2i(k—m—n)o — ~n . ~m N ) mn
o mmeza « /0 oe 5 mmzez& « T Ok, m+
1
meZ

Doing the same calculation for the Ly, we find that it is given in the same way using the
a’s instead.

1
Ly = §Zak,m-am (2.53)
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1

For the open string, the Ly, are trivially zero, so we only get one set of Virasoro generators.

There are a countably infinite number of independent Virasoro generators, which act as
generators for the therefore very large conformal symmetry of the world-sheet field theory.
This field theory thus has infinitely many conserved charges. In the classical theory, the
energy-momentum tensor is equal to zero, so all the Virasoro generators must also be equal
to zero.

2.2 Quantization

To quantize the motion and oscillations of the string, we must find the conjugate momentum
density, which are given by the standard formula

b d —1
Il; = = PP X 70X
5T S T 36.X7) <4m'7 0a X0 ’Y)
—1 ar _ 1
= 27.‘_0/’)/ 8aXﬁ = 271'0/67)(’6. (255)

We can calculate this explicitly for the open and the closed strings. The open string has
the mode expansion (2.30), which gives

I’ = ! (20/p +\/_Zoz Tcos na))

2w
n#0

= WmZa Tcos(no). (2.56)

For the closed string, we get contributions both from the right-moving and the left-moving
waves on the string

1 - A
° = 5o (20/17 +iyv o' /2 Z(—Qi) (age_Z”w +5z§e‘2m”+>>
T

n#0

1 ( B,~2ino~ | =f,~2ino*
= E abe M7 4 ape " ) (2.57)
™2 =

We have used the definitions in equations (2.41) - (2.43) to simplify these expressions.
The Hamiltonian density for the string is

1
H::@TX5H5—£:4 ,

™

(0, X°0. X5+ 0,X"0,X3) . (2.58)
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By integrating this quantity along the o direction, we get the Hamiltonian of the string.
We do it explicitly for the open string only,

H

iy 1 iy
= XP0.X XPo X
/0 doH = /O dor (8, XP0. X5 + 0,X°0, X 5)

_ 42;;:/ /0” da{ (2 3 an(_i)einﬂ-cos(na)> 2 + (Z anemT(_l)Sin(na)> 2}

nez

1 4 T
= — Z an~am622("+m)7/ do (cos(no)cos(mo) + sin(no)sin(mo))
0

2T
nmeZ
1 - T
= 5 Z an-ame_Ql(”er)T/ docos((n +m)o). (2.59)
@ 0

The integral in the last line is nonzero only when n 4+ m = 0, so we get
1
H = > i = Lo, (2.60)

Thus we see that the zero-mode Virasoro generator acts as the Hamiltonian of the string.
The results for both open and closed strings are

B { Ly ,open string (2.61)

| Lo+ I~/0 , closed string.

We can now quantize by introducing the equal time Poisson bracket between X* and II7,
which by definition is
(XA (r,0),I1(1,0")]p = n*6(c — o). (2.62)

In the quantum theory, we promote X? and II" to operators with commutators given by 4
times the Poisson bracket above. Thus we get

(XP(r,0),17(1,0")] = in”"6(c — o). (2.63)

From this we can derive the nonzero commutators for ° and the operators o in the mode
expansion of X”. A detailed calculation is provided in [13].

(27, p"] = in™ (2.64)

[a

B al] = mbpm _nn™ (2.65)
There is a strong resemblance here to a system of harmonic oscillators, one for each value
of m. Thus we conclude that the a’s act as creation and annihilation operators on the
quantum state of the string. The aﬁ are creation operators for negative n and annihilation
operators for positive n for vibration modes on the string.

The order of non-commuting operators is important in the quantized theory. Operators

must be normal ordered, with all annihilation operators on the right and the creation
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CHAPTER 2. STRINGS AND BRANES

operators on the left. This is nontrivial to do only on operators that don’t commute.
The only operators that don’t commute are the pairs with opposite index values. We
must therefore be careful when defining the quantum operator corresponding to Lo and Lo
since they contain a sum of pairs of non-commuting operators; see equations (2.53) and
(2.54). Using the commutators for the a’s in equation (2.65), we can move all annihilation
operators («’s with positive index) to the right, and obtain the correct quantum operators
(up to an additive infinite constant that we have ignored)

~ 1
Ly = §ag +Y d, - d (2.66)
n>0
1
Ly = 5043 + Z Ay + Qe (2.67)
n>0

The quantized Virasoro generators satisfy the following Virasoro algebra
D 2
[Lin, Ln] = (m —n) Ly, + Em(m — D)dmin.0, (2.68)

with the same algebra for the L, operators. Also, all commutators with one right-going and
one left-going Virasoro operator vanish. D is the number of space-time dimensions. The
non-operator, or central, term in the Virasoro algebra originates from the normal ordering
of the zero-mode operators, and represents an anomaly in the conformal symmetry, i.e.
a breakage of the original symmetry by the quantization procedure. In our quantization
method, we should really also include ghost states to cancel the negative norm states
that is possible in the spectrum. The creation and annihilation operators for these ghost
states would then also contribute to the full Virasoro operators, in such a way that the
central term disappears. This indicates the the conformal symmetry is still present in the
quantized bosonic string.

2.2.1 The values of D and «

Since the X*(7,0) fields represent the coordinates in space-time of a point (7,0) on the
world-sheet, a restriction on the number of values the « index can take is a restriction
on the number of space-time dimensions. Demanding that the quantized theory should
exhibit the symmetries of the classical action (Lorentz, diffeomorphism and Weyl), leads
to the conclusion that D = 26 and a = 1, but we will not derive this result in this thesis.

The constant a is a regulated constant coming from the normal ordering of creation and
annihilation operators. It appears as a negative contribution to the zero-mode Virasoro
operator, which we saw was equal to the Hamiltonian of the string. This means that it
represents a negative contribution to the energy of the string. As one of the dimensions of
the two dimensional field theory on the world-sheet is compact (closed line element for the
open string, and S; for the closed string), this negative contribution is in fact the Casimir
energy from the compact dimension. In a super-symmetric string theory, the fermions also
contribute to this constant.
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2.3. SPECTRUM OF PHYSICAL STATES

More surprising is the restriction on the space-time dimensionality. This restriction
seems to rule out bosonic string theory as a realistic model, but this we already know from
that lack of fermions in the theory. Instead, we must look to super-string theory for more
realism. In that case, the space-time dimension is 10, and to obtain a three dimensional
world, we must make six dimensions small and compact, or assume that the visible universe
is constrained on a three dimensional hyper-surface, a 3-brane.

2.3 Spectrum of physical states

The vanishing of the energy momentum tensor in the classical theory must be implemented
in the quantum theory as an operator equation. This means that all matrix elements of
the energy-momentum tensor operator must vanish. To do that we demand that only the
positive index Virasoro generators annihilate all physical states, and that the zero-mode
Virasoro operator minus the intercept annihilates the physical states.

Lin|¢ >= Lplp >=0 m >0 (2.69)

Lo—1|¢p >= Lo —1|¢p >=0 (2.70)

In analogy with standard harmonic oscillator quantization, we define the weighted number
of exited states (weighted by the energy of the occupied state compared to the first exited
state) as

N = Zoz_n-an (2.71)

n>0

N = Zo},n.@n, (2.72)

and we refer to these operators as number operators. From equation (2.70), using the
quantum Lg operators in (2.66) and (2.67), it is easy to derive the following mass formulas
for the quantized string, using M? = —p? and the definitions in equations (2.41) - (2.43),

2 [ (N=1)/ ,open string
M= { 2(N+ N —2)/a’ |, closed string. (2.73)

We see that the negative normal ordering constant implies the existence of states with
negative square mass. Such states are called tachyons, and indicate an instability in the
theory. We will ignore this complication, since the tachyon doesn’t appear in the super-
symmetric string theory that is the basis for the cosmological model we will discuss in later
chapters.

We see from equation (2.70) that acting on a physical closed string state with Lo — Lo
must give zero. The symmetry origin of this restriction is that this combination of the
zero-mode Virasoro operators generate a translation around the closed string, and since
this is a part of the diffeomorphism symmetry of the theory, it must give zero when acting
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on a physical state. Writing this in terms of the o operators for a closed string shows that
the number operator for the right- and left-going excitations, must have the same value.

N=N (2.74)

This is called the level-matching condition. This means that we can interpret the closed
string oscillations as a sum of two open string sectors, with the level-matching constraint
enforced.

2.3.1 The tachyon states

With no oscillations on the string excited, the number operator(s) have value zero. From
the mass formulas in equation (2.73), we see that the state has negative square mass.

—1/a’ ,open string tachyon
2 _ 9
M7= { —4/a’ | closed string tachyon (2.75)

The negative squared masses mean that these particles move faster than the speed of light.
In the past, it was customary to discount such states as unphysical, and consider them as
an inconsistency of the theory. The modern interpretation is that if a certain state includes
a tachyon, that state is unstable, and will decay into some other state of lower energy. In
fact, even in the super-symmetric string theories, tachyons can appear in the presence of
unstable systems of D-branes.

This can be illustrated by an example with a scalar field in a potential. Since the double
derivative of the potential give the square mass of the state, this means that a state where
the scalar field sits on top of a bump in the potential, has negative squared mass. This
is of course accompanied by the instability of sitting on top of the bump in the potential.
The negative mass squared indicates that the field will fall down one of the sides of the
bump in the potential.

Since the tachyon states do not contain any creation operators, they have no Lorentz
indices to affect their transformation under a Lorentz transformation. This means that
they are scalar particles.

2.3.2 Massless states
From (2.73) we see that we get M? = 0 when N = 1 for the open string, and when

N + N = 2 for the closed string. Thus we can construct the following massless states:
e Open string vector state: ¢ - a_1]0,k >

— |0, k > represents the open string with no oscillators excited and momentum k&

— We act on this state once with the creation operator a_; , thus getting N =1
for this state. We then project this state along a polarization vector (. Since
the state is massless, we have k* = 0. The Virasoro constraint L;|¢ >= 0 gives
the constraint ¢ - k£ = 0.
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— This state is called the photon.
e Closed string state: £g,0”,a7,|0,k >

— We act on the state with on left- and one right-going creation operator, to satisty
the level matching condition (2.74), getting N = N = 1. As with the photon
state, we have k2 = 0.

— If the £ is symmetric and traceless; it is called a graviton state.
— If € is antisymmetric, it is called a Kalb-Ramond state.

— If £ is proportional to the identity matrix, it is called a dilaton state.

The thing to notice here, is that we have many massless fields that weren’t present in the
classical string theory, which only had one scalar massless state (the one with no oscillators
excited). Since string theory hopes to be a correct quantum theory of gravity, it is good
to see that the graviton is included in the spectrum.

2.3.3 Massive states

From the mass formulas in equation (2.73), we see that the mass squared of the next level of
states are of 1/a/. Since the fundamental string length is very small, this means that these
states are very massive indeed. In fact, it is the massless string states that are candidates to
be the experimentally observed particle states, even though these are massive. The states
will have to gain mass through some sort of symmetry breaking mechanism, as is done in
the standard model of particle physics. We will almost entirely ignore these massive string
states for that reason throughout the rest of this thesis.

2.3.4 Space-time gauge symmetry

A state that is orthogonal to any physical state is called spurious. A state with zero norm
is a null state. We define the spurious open string state

L_4]0,k > . (2.76)

To check that it is spurious, we take the inner product of it with an arbitrary physical
state |¢) >
< YP|L_1]|0,k >=<0,k|Li|yp >*=0, (2.77)

since all Virasoro generators with positive index annihilate physical states. The following
shows that this spurious state is null since k? = 0.

< 0,k|L1L 1|0,k >=< 0,k|2Lo|0,k >= o'k* =0 (2.78)

where we have used the Virasoro algebra (2.68). It can also be verified that it is physical,
and thus it must have zero norm to be orthogonal to all physical states.
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Let us see what happens if we add this spurious state to the open string photon state.
Since the spurious state has a vanishing inner product with any physical state, all matrix
elements are preserved under this transformation. This is thus a U(1) space-time gauge
symmetry of the theory, with the photon state as its gauge field.

In open string theory we are allowed to endow the ends of the strings with extra non-
dynamical degrees of freedom called Chan-Paton factors [14]. Let us demand that for each
open string, the two ends are in states labeled by an integer from 1 to N. So in addition to
being characterized by momentum and the configuration of excitations, each string carries
a label 77, where ¢, 5 € 1,2, .., N. This means that an open string state will decompose into
states labeled by 7 and j

N
kya>= " |k,ij > Al (2.79)
ij=1

where the A\* are N x N matrices. Now, every open string interaction amplitude will
contain the trace of products of such matrices, and therefore each interaction vertex are
invariant under a U(N) transformation, A* — UX*U~!, of these Chan-Paton factors. This
is at first sight just a global symmetry of the open string theory. But if we check how
the massless vector state of the open string transforms under this U(/N) transformation,
we find that it transforms in the adjoint representation of U(N). So we have obtained a
U(N) space-time gauge symmetry for the open strings.

The Hamiltonian of the string is independent of the Chan-Paton factors, since they
are non-dynamical. If we could formulate string theory as a field theory in 26-dimensional
space-time, with a Lagrangian built up from creation and annihilation operators for strings
of specific vibrational configuration, it would be possible to formulate this gauge symmetry
with covariant derivatives in the same manner as with field theory for point particles. That
kind of a construction is called a string field theory, but has not yet been successfully
formulated.

2.4 Unoriented strings

Now we will investigate the possibility of having only unoriented strings in our spectrum.
This puts extra restrictions on the allowed modes of vibration of the string. We look at
open and closed strig separately.

2.4.1 Unoriented open strings

To make a theory of unoriented strings, we invent a parity operator 2 on the world-sheet
and demand that all states in the spectrum be invariant with respect to its action. Let (2
be the operator that takes a point (7,0) on the world-sheet to the point (7,7 — ). In the
case of open strings, its action of the string expansion X?(r, o) is

QXP(r,0)Q7 = XP(r, 7 — o). (2.80)
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In terms of the open string mode expansion (2.30), and using
cos(n(m — o)) = (—1)"cos(no),
we find the following action on z and «,,,

¥ = Q2P =2 (2.81)
al = QPO = (1)l (2.82)

for all m. Before we can use {2 to project out non-invariant states, we need to know what
kind of action it can have on the Chan-Paton part of the states. The most general action
that can be a symmetry of amplitudes that contain a trace of products of Chan-Paton
matrices is

Qo Nglk,ij > — (MNTM ™Yk, ji > . (2.83)

We have transposed the ) since 2 exchanges the ends of the string. We know that Q% =1,
so we must have A = M(MH)TAMTM=1. Writing this as AM(MT)™t = M(M~1H)T),
and noticing that (M7)™1 = (M~1)T, we see that M(M~1)T commutes with the arbitrary
matrix A. Thus M (M~1)T must be proportional to the identity matrix, i.e. M(M1)T o
Iy. This is in fact Schur’s lemma from linear algebra. Hence there are two possibilities:

e M is symmetric, and equal to the identity after a change of basis, M = Iy. If we
then want the photon state A\;;a®,|k,ij > in the spectrum, we need A = — M. Since
these matrices act as generator of the space-time gauge symmetry group, this means
that our gauge group is SO(N). It turns out that these states are the gauge bosons
for this gauge group.

e M is antisymmetric, and we have M = —M7T = ( [0 []\6/ 2 ) after a change of
—Iny2
basis, with A = —MA'M. From these formulas, we recognize that ) is a generator

for the gauge group Sp(N/2), which is the symplectic group, meaning quaternionic
(N/2) x (N/2) matrices with AA* = 1, where the star is quaternionic conjugation:
1" =1, i* = —i, j* = —j, and k* = —k.

2.4.2 Unoriented closed strings

We saw in (2.38) that we could write the mode expansion for the closed string as a sum
over left- and right-going modes. Since we have translation symmetry around the closed
string, we can represent the parity operator as ¢ — —o instead of ¢ — m — . So, in the
closed string case, we have

QX (1,0)Q7 = XP(r, —0). (2.84)
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Looking at the closed string mode expansion (2.38), we see that it must have the following
action on the operators,

¥ = QPO =2f (2.85)
al i Qal Ot =ab (2.86)
&l = Qalat =al. (2.87)

From this it follows that states in the unoriented closed string theory must be constructed
from combinations of creation operators that are symmetric under the interchange o «
&? . Hence we see that the tachyon |k > is unaffected since it contains no oscillations. Also,
we see that the graviton (a”,a”, + a”,@”,)|k > and the dilaton survive the projection,
since they are symmetric. The antisymmetric Kalb-Ramond field, does not, since it is

antisymmetric. So even in the unoriented string theories, we have a graviton state.

2.5 Compactification

Ordinarily, we think of space and time as being infinitely large in each possible direction, as
we have done up to now in this chapter. We haven’t put any restrictions on which values
the X% can take. Let us now consider the possibility of letting one dimension become
small, or “compact”.

Compactness is a topological property, which means that is is independent of any
continuous stretching without tearing of the space in question. Mathematically, it means
that if you have any family of open sets whose union cover a space M, you can always
throw away some of them obtaining a finite amount of open sets still covering M. Then M
is compact. This is a topological property because the definition only refers to the open
sets on the space M, and it doesn’t care if M has a differentiable structure or not. Now,
cast in such an abstract form it is not very obvious how the property of compactness relates
to physics. For subsets of R", there is the Heine-Borel theorem, which says that any closed
and bounded subset of R™ is compact. S; (circle), Sy (sphere), Ty = S; x S; (torus),
and the closed interval [0, 1] are examples of compact spaces. An important example of
how to make the topological space R compact is the following. You simply add the "point
at infinity", and add new open neighborhoods around this point. This new space R* is
compact because it is topologically equivalent (homeomorphic) to the circle S, which is
compact. Mathematicians call it the one-point compactification of R.

Compact dimensions are used in string theory mainly because consistency of super-
symmetric string theory demands 10 dimensions, and with compactification we make six
of those dimensions compact, and smaller than the current experimental resolution, so that
we get an effective four dimensional theory. In its simplest form, which is not what is used
in super-symmetric string theory, we restrict one of the dimensions to be S; instead of
the usual R. Compactification is one aspect of string theory which is very different from
theories with ordinary point particles, because strings can wind around these compact
dimensions.
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2.5.1 Orbifolds

An orbifold is obtained from a compact manifold by making identifications between dif-
ferent points in the manifold. We can e.g. make the orbifold S;/Z5 from the manifold S,
as follows: Let y € [—R, R] with identification R ~ —R be a coordinate on S;. Let Zy be
the group of reflections of S; about y = 0. We use the actions y — y and y — —y of Z,
on S; to define the new manifold S;/Z, by identifying points on S; that are related by an
action of Zs. Since we therefore have the identification y ~ —y, the coordinate on S;/Zs is
y € [0, R], so we can think of it as a closed line element [0, R]. S1/Z, is called an orbifold,
since it consists of the orbits of the group action of Z, on S;. This reduces the circle to
the line interval [0, 7] with fixed points 0 and 7. These points are called fixed because they
are identified with themselves in the orbifold construction. Notice that we have gone from
a differentiable manifold S; without a boundary, to an orbifold with two boundaries at 0
and 7, one at each fixed point of the Zs group action on S;.

An orbifold string theory is equivalent to a theory on the original manifold, where we
only keep the states that are invariant under the orbifold identification. This means that
when we formulate a theory of gravitation on an orbifold, we can think of it as a theory on
the original manifold without a boundary, provided that we demand that e.g. the metric
(and thus the curvature) is symmetric about the fixed points. Notice, however, that not
all quantities should be symmetric under such reflections. The derivative of, say a metric
component, in the orbifold direction, should be antisymmetric, since the definition of the
direction of increasing coordinate values is reversed in the identification process. This is
easy to see from the fact that a graph that is symmetric about the origin automatically
has an antisymmetric derivative.

2.5.2 The Calabi-Yau manifold

Here we describe some properties of the six-dimensional compact Calabi-Yau manifolds
that are commonly used to compactify six of the nine spatial dimensions in string theory.
It is advantageous to describe this in the framework of algebraic geometry.

To construct the manifold, we must use the algebraically complete number system C,
the set of all complex numbers. It is algebraically complete because every polynomial
equation with coefficients in C has a solution i C. When speaking about dimensions of
objects, it is common to count the dimension over the complex numbers. E.g. complex
dimension 3 is the same as real dimension 6, and the vector space of complex numbers
has complex dimension 1. We define the complex affine n-space C" to be the set of n-
tuples of numbers in C, and n indicates its complex dimension, twice its real dimension. An
element in C” can be described by coordinates (21, 2, . . ., z,). Next, we define the complex
projective n-space CP", which is the space of lines in C**! through the origin. A point in
CP" can be represented with homogeneous coordinates (zo, 21, . . ., 2, ), where coordinates
which are related by a multiplication of all the components of the homogeneous coordinates
by a non-zero complex number represent the same element in CP"™. This corresponds to
choosing a point on the line in C™™! representing the chosen element of CP", outside the
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origin of C™"*!, of course, since that would not correspond to a specific line. A generalization
of this projective space is the complex weighted projective n-space CP"(ko, k1, ..., k)
where points are given with coordinates (zo, z1,. .., 2,), but where coordinates Z and v
with components related by related by v; = A¥iz; represent the same point.

All Calabi-Yau spaces can be constructed as intersections of hyper-surfaces in complex
weighted projective spaces. To construct an example, we start with CP4(1, 1,2,2,6), which
has four complex dimensions, or eight real ones. To define a hyper-surface by the locus
of zeros of a polynomial P(z, 21, 22, 23, 24), we must choose a P with terms of degrees
that make the locus of zeros independent of the representatives we use for coordinates: If
P(Z) = 0, then P(v) must be zero if v; = AFiz;, since then z and v is really the same
point in CP*(1,1,2,2,6). A simple example is P(?) = 282 + 212 + 25 + 2§ + 22 for which
P(v) = A2P(%), so the zeros locus is well-defined since A # 0 . Defining a hyper-surface
in complex projective space with a complex polynomial lowers the complex dimension by
one, and the real dimension by 2, so we end up with six real dimensions, and this is our
sought after six-dimensional Calabi-Yau manifold.

Millions of six-dimensional Calabi-Yau manifolds exists, and string theory doesn’t
choose one over the other when going to low energy. This is the moduli space prob-
lem in string theory compactification. It is similar to spontaneous breaking of rotational
symmetry of a ferromagnetic block when the temperature is lowered. Nobody can predict
which direction the magnetic field will point. Since different Calabi-Yau manifolds gives
different spectra of elementary particles and masses, this is a very important problem in
string theory:.

2.6 Closed strings and one compact dimension

Let us make the X?° space dimension into a circle with radius R. This we can achieve by
making the identification X% ~ X?° 4+ 27 R. It means that when we let o run from 0 to 7,
X% is allowed to change by an amount 27 Rw, since that corresponds to the same point
in space-time, where w € Z is called the winding number for obvious reasons. Since the
space-time topology has changed, there are more ways of fulfilling the boundary conditions
than before, so we need to start with a more general mode expansion for the closed string.
This mode expansion contains a more general zero-mode part. Before, oy and &y were
identical, but now we can allow them to differ.

X*(1,0) =2 + V2 (0435 + &35) T — V2« (0%5 — &35) o + oscillator terms

All the oscillator terms in the sum are periodic with respect to the transformation of o,
so we don’t write them explicitly. In addition to this we have that the momentum in the
compact direction p?® only takes values that are integer multiples of 1/R. In terms of the
mode expansions, this is

XB(r,o+7)— XB(r,0) = av2(ad’ — &) = 2rRw (2.88)
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p®=n/R = /1/2a/(a’ + &) =n/R, (2.89)

for n,w € N. Solving these equations for the a’s gives

o = a/2(n/R+wR/d) (2.90)

a? = o/2(n/R—wR/d). (2.91)
Now, we find the new mass spectrum. We use the zero-mode Virasoro constraints Lo+ Lo —
2=0and Ly— Ly = 0 when acting on physical states. These are different now because the
zero-mode « operators now are different from before because of the compactification. We
need equations (2.66), (2.67), (2.90), (2.91). When the compact dimension is small, the
square of the momentum vector in the dispersion relation for the string, p?> = —M?, must
not sum over the components in the compact dimension, since no movement is observed

in that direction. This is the reason for the change in the mass spectrum. The condition
Ly + Ly — 2 = 0 now becomes

M?* = (2/a")(ag")* + (2/a/)(5°)" + (4/a') (N = 1) + (4/a)(N = 1). (2.92)
The level matching condition becomes
(2/a")(ag”)* = (2/a')(a5”)* + (4/a)(N — N) =0 (2.93)
When we write this in terms of n and w, we get

M? = (n/R)*+ (wR/da/)*+ (2/a/)(N + N — 2) (2.94)
0 = nwtN-—N, (2.95)

so we see that we get physical massless states when (n,w, N, N) = (0,0,1, 1).

When we compactify a dimension, we break the original Lorentz group SO(1,25) into
the subgroup SO(1,24). The states we observe transform in irreducible representations of
this subgroup. These massless states are (where free indices run from 0 to 24):

e Graviton field G7:(a”,a°, + o ;a7 )|k >
e Kalb-Ramond field B:(a”,a°, — o’ ,a” )|k >

Dilaton field ®:a_;5a° |k >

Left U(1) gauge field A}: o 6|k >

Right U(1) gauge field A}: a” 0% |k >

Scalar field G*>2° : o &% |k >
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X/D

Figure 2.2: Open strings with winding numbers 0 and 1

The graviton, Kalb-Ramond and dilaton states are lower-dimensional versions of the ori-
ginal fields where the oscillations point in the non-compact directions. The components of
the original graviton and Kalb-Ramond with one of the oscillators in the compact direction
can be combined into two SO(1,24) vector gauge fields. This gives a U(1) x U(1) gauge
symmetry in the lower dimensional theory. The component of the graviton with both os-
cillators in the compact dimension appears as a scalar, related to the size of the compact
direction. As it is originally a scalar, the dilaton remains a scalar in the compactified
theory.

If we had R = Vo' we see from (2.94) that we would have additional massless states
with (n,w, N,N) = (2,0,0,0),(0,2,0,0),(1,1,1,0) and (1,1,0, 1), in fact providing enough
states with the right transformation properties to combine with the former U(1) fields to
enlarge the symmetry to SU(2) x SU(2).

2.7 T-Duality

2.7.1 Closed strings

Lets find out what happens to the closed string when R approaches infinity and zero.

e R — oo : In this case we see from (2.94) that the mass of the modes with nonzero
winding number w go to infinity, and we are left with only w = 0 states in the theory.
In addition, the discrete quantum number n which enumerates the momentum in the
compact dimension, goes over into a continuum, and therefore we are back to our
original 26 dimensional theory
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e R — 0: Here, by the same argument as for R — oo, we are left with only n = 0
states, and the different w states become a continuum, and act as a new momentum,
and we are also in this case back to a 26 dimensional theory. This fact is a purely
stringy phenomenon, with no analog in theories of point particles.

From (2.94) we also see that if we do the transformation n < w, R < o//R, we get the
same spectrum of states as before. Stated in terms on the o’s in the mode expansion
(2.38), this is o’ < ad®, 3> < —a3>. We now extend this transformation rule to the
non zero-mode sector. By defining X'?*(7,0) = X7(1 + 0) — X (7 — 0), we can see
that X?(7,0) — X"®(7,0) is the same transformation. It can be shown that the energy
momentum tensor and all operator product expansions in the theory are the same, so it is a
symmetry of the perturbative string theory. This means that in terms of this new variable
X'(7,0), we have a theory with the same spectrum as before, but compactified on a circle
of radius o'/R instead. This is the so-called T-dual of the theory we started with, and
is just a different description of the old theory, but on a compactified circle of a different
radius and with the X’ variable instead of the X. From X'*(7,0) = X (1+0)— X% (1—0)
we see that this transformation is a space-time parity transformation of the right-moving
degrees of freedom, since that part of the mode expansion changes sign.

2.7.2 Open strings

The open strings don’t have a conserved quantum number like the winding number for
the closed strings. Therefore we don’t get the 26th dimension back like we did with the
closed string. It therefore looks as if we in this case get a 25 dimensional theory as R — 0.
Since open string theories also necessarily contain closed strings, this seems like a paradox.
But the surprising conclusion from a closer examination is that it is the endpoints of the
open strings that are confined to 24 dimensional hyperplanes, and that the interior of the
strings can move in all the 25 spatial dimensions. This can be seen be finding the mode
expansions in the T-dual theory.

X®(r,0) = XP(r+0)—Xp(T—0)
1 )
125 1,25 ; 25 —inT ;
= %42 — iVl Y~
x a'pPo —iV2a e sin(no)

n#0
1 .
= 20/%0 — V2! Z Eaffe*””sin(na), (2.96)
n#0
which means that
1 _
0. X% (5= 0,7) = ~iv3@ Y LaB(—in)e "sin(n0)mor 0. (297)
n

n#0
This means that in the T-dual description on the theory, the endpoints of open strings
have a constant coordinate in the compactified direction. Notice that instead of Neumann
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boundary conditions, we now have Dirichlet conditions on X’ in the T-dualized direction.

XP(e=0)=2" and X®(oc=m)=a+ 2%&'% (2.98)
We can give the difference in the X’?® for the two ends of the string in terms of the

compactification radius of the T-dual coordinate.

XP(o=n)— X% =0)=2mnR (2.99)

Since the radius of the circle in the T-dual theory is R’, this says that both ends of the
open string end on the same hyperplane, a so-called D24-brane, since it extends itself in
24 spatial dimensions; the directions we have not T-dualized.

The possibility of interaction between different strings implies that all string endpoints
end on the same hyperplane. Imagine a graviton exchange between two arbitrary open
strings. The world-sheet of this process is two different sheets (one for each string), with a
tube connecting the two. Choosing an appropriate coordinate system on the world-sheet
so that we can take a constant time cross-section that contains both strings and the tube in
between, that above calculation must still be valid. This means that the above argument
is valid for any two open string endpoints, hence all open strings end on this D24-brane.

By compactifying several orthogonal dimensions, we can make D-branes of arbitrary
dimensions. A dualization parallel to the tangent space of a brane reduces its dimension
by one, and a dualization orthogonal to the tangent space increases the dimension by the
same amount.

The D-brane in bosonic string theory is this hyperplane to which the string endpoints
are attached. In this case it is a flat, static plane, but a general brane is a dynamic surface
moving around in the higher dimensional space. With branes as a part of our string theory
vocabulary, we can explain the significance of the tachyonic state we found in the spectrum
earlier; see section (2.3.1). The state signifies the instability of the D25 space-filling brane
in the bosonic string theory. All the bosonic branes are unstable, and therefore cannot be
used as brane universes. In super-symmetric string theory there is no tachyon, and many
brane states are stable. The crucial difference is that the super-symmetric branes carry
a conserved charge. The conservation of this charge prohibits the branes from decaying.
They are therefore possible candidates for brane universes.

2.8 Several branes

Let us look at an oriented open string. We found that we had U(N) gauge symmetry in
this case. Also, assume that the X5 direction has been compactified with radius R. We
now choose a configuration for the U(NN) gauge field A* with

1 . h—
A25 = ﬂdlag{ﬁlﬂz, ey GN} = —A 1625A, (2100)
where
ix%%6,  ix%%¢, iX2%0,
A =diag{e >R e 2R ... e =R }. (2.101)
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Any field configuration that can be put in the preceding form, will have a vanishing field
strength tensor, and is therefore called a “pure gauge” configuration. By demanding this
field configuration we are breaking the gauge symmetry from U(N) to U(1)", except in
that cases where some of the angles 6#; coincide. This is analogous to the breaking of
the electroweak gauge symmetry in the standard model when the Higgs field acquires a
non-zero vacuum expectation value. If we now make a gauge transformation so that A
disappears everywhere, we will on account of the nontrivial topology of a compactified
dimension modify the periodicity of all fields that transform non-trivially under this gauge
symmetry. This effect is analogous to the Aharanov-Bohm effect in quantum mechanics.
We get |k,ij >+ 0i0it2m)/2mR| L G5 > when X2 +— X2° + 27 R, and this means that
the state |k,ij > has fractional momentum (6; — 6; + 27n) /27 R. In the dual picture this
manifests itself as

X?(c=7)—-X"(c=0)=2rR+0;,—0,)R, (2.102)

for a state with Chan-Paton states ¢ and j. This means that the string endpoints no longer
are restricted to the same D24-brane, but that we have one D24-brane for each unique 6;.
If we had chosen a gauge field configuration with not all angles unique, e.g. 6; = 65 , the
gauge group is not broken all the way down to U(1)Y, but to e.g. U(2) x U(1)V~2 in
our example. This corresponds to having two branes on top of each other, and the extra
massless open string necessary to be the gauge bosons for the U(2) part of the gauge group
states appears, since we in addition to strings going to and from the same brane also have

massless strings going from one brane to the other. An endpoint in the Chan-Paton state
i ends on X'™® = 0;R = 2w’ Ags ;.

2.9 Unoriented strings and orientifolds

Now we will use the projection operator €2 in equation (2.84) to make an unoriented string
theory of closed strings, and see what happens in the dual theory. From equations (2.86)
and (2.87), we see that the action on the left- and right-moving parts are

X (r,0) — QXp(r,0)Q' = Xg(7, —0) (2.103)
Xg(r,0) — QXg(r,0)Q ! = X (7, —0). (2.104)

For the dual coordinate X' = Xr — X, this implies
X5(1,0) = QX (1,0)Q0 = = X"(1, —0), (2.105)

which says that the dual theory of the theory of unoriented closed strings is a theory which
is invariant under the product of a space-time and a world-sheet parity operation. Upon
compactifying the original theory on a circle, this means that the dual theory lives in a
space-time R? x S!'/Z,. At the fixed points of the space-time parity operation, we have
symmetry planes called orientifold planes, and the states of the theory have to be symmetric
under a reflection through these planes. In this case the orientifold plane extends itself
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into 24 spatial dimensions, and is called a O24-plane. Since the product of the space-time
and world-sheet parity operations only gives a nonlocal correspondence between states,
this means that locally, away from the orientifold planes, the string theory looks like an
ordinary oriented string theory. Since we demand that the states are symmetric about
these O-planes, and that locally it looks like an oriented theory, we can have arbitrary
configurations of D-branes subject to the condition that there is an identical D-brane
configuration at the opposite side of each O-plane.

2.10 D-brane action

The action for a Dp-brane is

S=-T, / d"tige=?\/det(G + B + 2ra/F). (2.106)

T, is the brane tension, which can be said to be the energy density per volume inherent in
the brane. Since a Dp-brane has p spatial dimensions, the integral over its world-volume
is a p + 1-dimensional integral. The factor exp(—¢) describes the brane’s coupling to
the bulk dilaton field ¢. Gup(€) := 0, X0 X Gop(X (€)) is the pullback of the space-time
metric from space-time to the brane volume, and similarly for the antisymmetric B,, Kalb-
Ramond bulk two-form field. The Fy, is the antisymmetric field strength tensor of the U(1)
gauge field on the brane. Usually, the action is referred to as the Dirac-Born-Infeld action.

The action can be derived by finding a solution of string theory on a background
containing a Dp-brane, and then demanding that it satisfies conformal invariance. This
derivation is out of the scope of this thesis. However, we can illustrate the type of argument
used when deriving the action. The fact that G and F' must appear in the combination
G + 27d’F can be motivated by showing that having a certain value of the gauge field
A on the brane corresponds in the T-dual theory to a tilting of the brane which changes
the induced metric to the form G + 2wa’F. The combination B + 2wa/F is necessary to
maintain gauge invariance of the action, since A and B transform under this symmetry as

§Aq = —Co/2n0’  and  0Bug = 0aCs — 0sCa (2.107)

The exponential dilaton factor is necessary since the action is the result of tree-level open
string diagrams, and must therefore have a certain dependence on the string coupling
constant exp(—¢) [11]. This factor results from the topology of the interaction world-
sheets, as discussed in section 2.1.4.

A few things stand out when looking at the Dirac-Born-Infeld action (2.106). Firstly,
if we Taylor expand the square root, we get to lowest order in o’ a F? Yang-Mills gauge
field strength term. Thus at low energy, we have standard gauge theory on the brane. In
addition, we see that the action is not well-defined when the contents of the square root
is zero or negative, since in those cases it either doesn’t have a well-defined derivative and
thus we cannot vary it to obtain an equation of motion, or it is imaginary. This occurrence
signifies that the action is no longer valid for the system in question (the D-brane), and
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the fact that it is not universally valid is only natural, considering the fact that it only
couples to massless fields. It is only valid at low energy, and in that regime the contents
of the square root will always be positive and small.

The Dirac-Born-Infeld action has been used cosmologically, e.g. to analyze how the
brane gauge theory influences the brane geometry in the case of a randomly oriented

electromagnetic field of fixed norm as each particular time,EQZZ}Q: e(t) [15, 16]. The
authors run into this singularity when following the solution of the problem backward in
time, and propose the occurrence of an S-brane, i.e. a brane whose world-volume is only
extended in spatial dimensions and not the time dimension, at the moment where the
action breaks down. We attribute the breakdown of the action not to the occurrence of an
S-brane, but to the non-validity of this action at high energies.

2.11 Super-symmetric strings

From equation (2.11) we see that we can think of bosonic string theory as being a two
dimensional quantum field theory with 26 bosonic fields. In fact, working with the two
dimensional field theory on the world-sheet is by far the most common viewpoint employed
by string theorists. Now, in a quantum field theory, we demand that each field representing
a fundamental degree of freedom transform identically to an irreducible representation of
the Poincare group of translations and rotations of space-time. But since spin really is
one of the numbers we use to enumerate the different representations, we see that under
a Poincare transformation, these fields retain their spin value. This means that with only
Poincare symmetry, there is no connection between e.g. the masses of bosons and fermions.
Nevertheless, there exists an extension of this symmetry group, called the Super-Poincare
group, which does transform bosons into fermions and visa versa. Also, if introduced into
the standard model of elementary particles, it partially solves some of the problems with
that model, namely the hierarchy problem and the problem of vacuum energy. In string
theory, super-symmetry is introduced in order to get fermions into the spectrum of the
theory. The method is to demand that the two dimensional world-sheet quantum field
theory has super-symmetry, and there are different ways of doing that, leading to the five
known consistent string theories (Type I of open and closed unoriented strings, Type ITA
or IIB of oriented closed strings, Eg x Eg or SO(32) Heterotic of oriented closed strings).

All of these five theories have 10 space-time dimensions. However, having a fermionic
field on the two dimensional world-sheet only means that the fields has fermionic trans-
formation properties with respect to the two dimensional Lorentz transformations on the
world-sheet, which is not the same as the 10 dimensional space-time Lorentz transform-
ations. In order to also obtain space-time super-symmetry, the spectrum of states of all
these theories has to be truncated by projecting the space of states down to a subspace
with the so-called GSO projection, which also eliminates the tachyon from the spectrum.
This truncation of the spectrum is also necessary for consistency of the theory, i.e. to
remove anomalies that emerge during quantization.
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Name Gauge Symmetry String Types

Type 1 SO(32) Open and closed, unoriented
Type ITA - Closed, oriented
Type 11B - Closed, oriented
Heterotic SO(32) Closed, oriented
Heterotic Egz x Eg Closed, oriented

Table 2.1: Super-symmetric string theories

2.12 M-theory

It was discovered in the mid-nineties that a strong coupling limit of the Type ITA string
theory was 11 dimensional. This along with duality relations among the different string
theories and the existence of a 11 dimensional theory of super-gravity is strong circum-
stantial evidence for the existence of an 11 dimensional theory that reduces to these five
different string theories at different weak coupling limits. Also, it reduces to 11 dimensional
super-gravity at low energy. In some sense, the M-theory can be thought of as a theory of
branes, since it appears that the Type IIA string is really an M2-brane wrapped around
a compact dimension. This comes out of the fact that the strong coupling regime of the
Type ITA string theory is M-theory compactified on S;. Also, the strong coupling regime
of the Type IIB string theory is M-theory compactified on S;/Zs.

In the standard model of elementary particles, the leptons couple chirally to the weak
force. It is possible to get chiral coupling from the Type IIB string theory, and therefore
this is regarded as the best candidate of the five theories to unify the standard model with
gravity. Since this string theory is obtained from M-theory by compactifying on S;/Zs,
it should be possible to use this manifold as a background geometry for a string-based
cosmological model. We will do just that later, in chapter 5.
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Chapter 3

Big Bang and Inflation

3.1 Introduction

Since we will work on an alternative cosmological model, mainly to provide an alternative
to the big bang, we give a short review to the basics of standard cosmology at very early
times.

In the standard model of cosmology, the universe starts with an explosion called the “Big
Bang”, at which according to Einstein’s equations the density and temperature diverges.
After that, there is a period of exponential expansion that increases the size of the universe
by a factor of around €% or 60 e-foldings. This is called inflation, and is necessary to
account for the flatness and isotropy of the universe on distance scales that would otherwise
never have been in contact with each other, and therefore would be expected to have
very different properties. This way, all observed regions of the universe will have been in
thermodynamic equilibrium at some early time, thus accounting for their similar value of
the temperature of the cosmic background radiation.

3.2 The Robertson-Walker metric

Current observations show that the universe looks the same in every direction, on scales
large in comparison with the size of galactic clusters. This is the same as saying that
there is no preferred direction in the universe, on these scales. We say that the universe is
cosmologically isotropic.

Observations also suggest that we do not live in a special part of the universe. When we
analyze the spectral properties of light from other galaxies, we see that it it looks the same
as light emitted from earthly substances, only red-shifted to lower frequencies. This redshift
is a natural consequence of the expansion of the universe, and the individual movements of
the observed objects. In addition, it looks as if the distribution of galaxies across the sky
is even on large scales. Thus we can assume that the universe is cosmologically isotropic
about every other point as as well. It can be shown geometrically that if a space if isotropic
about every point, it is similar at every point. It is cosmologically homogeneous.
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We must stress that there may be unobserved parts of the universe that are wildly
different from our own neighborhood, but in the cosmological standard model, this is
assumed not to be the case.

We use the homogeneity and isotropy of the universe to construct a metric Ansatz of
the form

ds* = —dt* + a(t)? (dx* + r(x)*d3) . (3.1)

Isotropy will be used to determine the function r(x). We calculate the Ricci tensor R
(see appendix B), and get the non-zero components

Rtt - 3& ) ) (32)

RY = g 2%—22% (3.3)
. ) " AV

e o
. ) " AV

R 0

Since we want isotropy, the three spatial components of the Ricci tensor in orthonormal
coordinates should be equal. The above components are not in orthonormal coordinates,
but it is easy to understand that when the metric is diagonal, these contravariant-covariant
diagonal components are the same as the corresponding orthonormal components. Thus
we demand equality of (3.3), (3.4) and (3.5), which gives

,,,.// T” (T,I)Q 1

_ " N2 _
—27——7— 2 +T—2:>rr—(r) = —1.

This equation can be integrated to give
r(x) = V1—kr? (3.6)

where k is an integration constant that has mass-dimension 2. It is customary to re-
parametrize the mass-scale so that that numeric value of k£ is 1,0 or -1. We can integrate
(3.6) to get
ﬁsin(x/@x) k>0
r(x) = { X k=0
ﬁsinh(\/——kx) k<.

In the three cases spatial hyper-surfaces at constant ¢ have constant positive, vanishing,
and negative curvature. Now we can easily transform the metric to the coordinate system

(t,r,0,¢), getting
dr?

1 — kr?
In the case with positive spatial curvature, £ > 0, a spatial hyper-surface is the three
dimensional sphere of constant radius S3, on which our coordinate system cover only one

ds* = —dt* + a(t)? ( + ’I‘QdQ%) (3.7)
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of the hemispheres, and r = 1/ V'k corresponds to the equator. When k = 0, the spatial
hyper-surfaces at constant time are flat Euclidean three dimensional space Fs5, and the
coordinates cover the entire space. When k < 0, we get a hyperbolic space Hs, which is
a three dimensional generalization of the saddle surface with constant negative curvature,
covered entirely by our coordinate system. The Ricci curvature scalar for spatial hyper-
surfaces of constant time is independent of spatial coordinates, and is given by

6k
Ry = W' (3.8)

From this we see that the curvature of spatial sections of space-time diverge in the limit
where the scale factor a(t) appraches zero.

3.3 Friedmann equations and the past singularity

The Einstein tensor calculated from the metric in equation (3.7) is (see appendix B)

a? +k
Ett = -3 (3.9)
a2
" 12
e a a“ +k
ET—EG—E¢ = —2;— = (3.10)

It is assumed that the matter contents is given by a perfect fluid, a fluid with no viscosity
or heat conduction. The energy-momentum tensor for a homogeneous distribution of such
a fluid with movements given by a 4-velocity field u®, is

7% = (p + p)uu® + pg*’, (3.11)

where p and p are energy density and pressure, respectively, of the fluid. To keep the
models homogeneous, we assume them to be independent of spatial coordinates. In terms
of components of the energy-momentum tensor, this gives

T = —p (3.12)
T, =T)=T% = p. (3.13)

The Einstein equations B’ = 1/M? x T*® gives two independent equations, called the
Friedmann equations. Here, My is the four-dimensional Planck mass.

a4k 1
= 3.14
. 2 k 1
e (3.15)

Combining the two first Friedmann equations with the time derivative of the first one with
respect to time, we can derive

p+3g(p+p) — 0. (3.16)
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This is the energy conservation equation for the perfect fluid. It can also be obtained by
equating the covariant divergence of the energy momentum tensor to zero, which also must
be satisfied, since the covariant divergence of the Einstein tensor is zero by its geoemtric
construction. This follows from contraction of the purely geometric Bianchi second identity

R%h 5 = 0 where the square brackets means total antisymmetrisation.
We can also easily derive the acceleration equation from the two Friedmann equations,
a 1
—=— 3p). 3.17
PRV (p+3p) (3.17)

The right side of this equation is negative for all ordinary matter. Since we observe a
slightly positive second derivative on the scale factor today, this means that if we trust
Einstein’s theory of gravitation, the expansion of the universe today is mainly driven by
an exotic form of matter, for which p + 3p < 0.

From here on we assume a simple equation of state for the perfect fluid

p = wp, (3.18)

where w is an arbitrary constant. If some form of matter is to cause a cosmic acceleration,
and it has an equation of state of this form, it must have w < —1/3 to satisfy p + 3p < 0.

A general argument showing the existence of a past singularity in any model with an
equation of state parameter satisfying w > —1/3 goes as follows. When w > —1/3, we
see from equation (3.17) that this gives @ < 0. Given that a is positive and finite today,
this means that a must always have been positive, and even larger, in the past. Thus a
must have been zero not more that a time a/a := H~! ago. The time at which a = 0 is a
geometric singularity, since the curvature of spatial sections diverge at this time.

With our expression for the equation of state, equation (3.16) now becomes

i d d
p+31+w)p=0= L = 31 +w)=,
a P a
which has the solution
p = poa 31+ (3.19)

where pg is the energy density when a(t) = 1. Thus the value of w dictates how the energy
density and pressure varies as a function of the scale factor. For radiation it can be shown
that w = 1/3, so we have

pr = pora "t (3.20)

For pressure-less matter, with w = 0, we get
Pm = poyma_g. (3.21)

We see that the radiation energy density falls faster than the matter energy density. Given
the values for both quantities today, we can extrapolate backwards in time to see that
there must have been an epoch when radiation dominated the evolution of the universe.
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To see how the scale factor varied during that early epoch, we insert (3.20) into the first

Friedmann equation (3.14).
22 2 2 Po
a‘a” + ka” = e (3.22)

This can be written as
ada

Vpo/3M; — ka?

Since we know that ¢ = 0 sometime in the past, we choose the time coordinate so that this
happens at t = 0. Integrating equation (3.23) from 0 to t gives

= +dt (3.23)

1 1
—%\/pO/SMf—kGQ =+t — o po/3M?Z, (3.24)

2 240, [ Loy 3.25
“ 3012 (3.25)

Since the left side is positive at all times, particularly at small ¢, we must choose the plus
sign on the right side to get a non-imaginary scale factor. The expression is valid for all
values of k. The expansion rate a is given by the expression

Vpo/3MZ — kt
o= Y Po/3Mi , (3.26)
\/2 po/3M3t — kt?

which we see diverges towards infinity when ¢ — 0%, since the denominator approaches
zero, while the numerator does not. This means that at the big bang, space expanded
infinitely fast.

In the case of w = —1, the behaviour of a cosmological constant or a slow-rolling scalar
field used in inflation, the continuity equation (3.16) informs us that the energy density is
independent of the scale factor, so we can write

which when solving for a? gives

p=po and p=—po. (3.27)

Inserting this into the acceleration equation (3.17), we get

Po
— = 2
52 a =0, (3.28)

i

which has the solution

£o

t) = Ht h H:= .
a(t) = agexp(Ht) where SN2

(3.29)

Here we have dropped the decaying part of the general solution, since it has no cosmological
significance. In this case the universe still has a geometric singularity, but in the infinite
past.
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From the Ricci tensor (3.2) - (3.5), we find the Ricci curvature scalar
-2

a a
R—G(aJraQ) . (3.30)
This quantity diverges towards infinity when a approaches zero. Since the Ricci curvature
scalar is a coordinate independent quantity, this is a geometric singularity of the four-
dimensional space-time manifold, at which also the Riemann and Ricci tensor diverges.
Thus the solutions to Einstein equations are singular, meaning that we can’t trust them
at near the singularity. We must assume that general relativity is not valid at all energy
scales, let alone when the energy density diverges towards infinity, as is the case with the
Big Bang. It is natural to assume that general relativity is an effective theory that is the
low energy limit of a quantum gravity. This quantum gravity could be string theory. But
it must be mentioned that the big bang singularity problem has not been resolved in the
framework of string theory. This could of course change in time after string theory becomes
better understood.

3.4 Cosmological problems

3.4.1 Flatness

The observed universe is very close to being flat, i.e. k is very close to zero. Neglecting k
in equation (3.14), this gives a relation between the Hubble parameter H(t) := a(t)/a(t)
and the energy density p. in a flat universe.

pe(t) = BMEH(1)’ (3.31)
This is called the critical density; it is the energy density needed to maintain a flat universe.

We define the density parameter as the ratio between the density in the universe and the
critical density,

o) = L0 (3.32)
pc(t>

The first Friedmann equation can then be rewritten. We take absolute values on both
sides.
_ ]
 3H(t)2a(t)?
With a matter or radiation dominated universe, the denominator in this expression dimin-
ishes with time, since the gravitational attraction on ordinary matter acts as a break on
the scale factor. This means that the density parameter moves away from unity as time
goes by. Since it is close to unity now, this means that it must have been extremely close
to unity at early times. Assuming e.g. a radiation dominated universe, giving a(t) o< v/,
we get

Q(t) — 1] (3.33)

|Q(t) — 1| o t. (3.34)
This implies that at nucleosynthesis (¢ ~ 1s), we must have had |Q — 1| &~ 1076, This is
an fine-tuning problem for non-inflationary cosmology.
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3.4.2 Horizon/Homogeneity /Isotropy

Since the cosmic microwave background (CMB) radiation temperature is the same across
the entire sky to an accuracy of a few parts in one million, it seems that the visible
universe must have been in thermodynamic equilibrium at some point in the past before
the radiation was emitted, since the radiation has been effectively non-interacting after
that point in time.

The maximum comoving distance light could have traveled since the Big Bang at ¢ = 0
until the time ¢4, of photon decoupling at the last scattering surface is

/0 - %. (3.35)

However, the comoving distance over which we have observed the universe to be homo-
geneous and isotropic is given by the distance light have traveled since the last scattering

surface, and is
o dt
/ A (3.36)
tdec a’(t)

The horizon problem is the fact that the first of these is much smaller than the second
for a matter dominated, and in fact also a radiation dominated universe. These comoving
scales correspond to angular separations on the map of the CMB radiation across the sky,
and according to 3.35, regions separated by more than 2 degrees have not been in causal
contact, but the CMB is approximately the same across the whole sky within a few parts
in a million.

Thus, assuming a matter or radiation dominated universe model, the regions of space
that emitted the CMB radiation coming from opposite sides of the sky have never been in
thermal equilibrium. In other words, the visible universe was must larger than the causal
horizon at the time when the radiation was emitted. The fact that the universe is also
homogeneous and isotropic is also a mystery for the same reason.

3.4.3 Mass

The total mass of the universe is of the order of 10°M,, where M is the four-dimensional
Planck mass. We have M, ~ 5.5 x 10~8kg, so we get a universe mass of the order of 105%kg.
Where did all this mass come from? No cosmological theory can give an explanation of
this fact. One simply assumes that this energy have always existed since the beginning of
time. But if time has a beginning, this is a problem from the point of view of the principle
of energy conservation, if this principle can be applied to something as exotic as the big
bang.

3.4.4 Structure formation

The universe is obviously not completely homogeneous. How were the inhomogeneities
created? It is usually explained as originating from quantum fluctuations during the early
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evolution of the universe. There are well-understood processes by which these microscopic
fluctuations can become macroscopic at later times in cosmological evolution. This can
happen when the wavelength of the fluctuations is larger than the horizon, and are streched
out to macroscopic sizes by the expansion of space-time.

3.4.5 Monopoles

Monopoles are extended gauge field configurations, meaning the gauge field is not localized
to a point in space, but is non-zero throughout space. This means that the field value
approaches a non-zero value, a pure gauge, at infinity. The corresponding field strength
tensor approaches zero at infinity, however, so the energy of the field is bounded.

Production of these states is expected to occur frequently at high energy. At very high
energy in the early universe we would presumably have production of monopoles, which
are stable against decay. These topological defects could e.g. appear as a long string-like
discontinuity in the space-time geometry. The lack of observed monopoles is called the
cosmological monopole problem.

3.5 Inflation

In 1981 Guth presented an article entitled "The Inflationary Universe: A Possible Solu-
tion To The Horizon And Flatness Problems" [17]. It was based on the possibility of a
phase transition around the GUT (=Grand Unified Theory) scale of about 10°GeV, that
caused exponential expansion. It offers a good explanation for the questions of homogen-
eity, isotropy, flatness, horizon and structure formation in the universe. This was a big
breakthrough, and ever since most cosmologists have taken the theory of inflation to their
hearts.

The flatness problem can be solved by adding an epoch in the history of the universe
where the denominator in (3.33) grows rapidly, pushing the density parameter very close to
2 = 1; see equation (3.33). It also solves the horizon problem if the scale factor behavior is
modified at early times so that the value of (3.35) increases far beyond the value of (3.36).

We define inflation as the geometric property a > 0, thus we also call the increasing
expansion velocity observed today for the current universe inflation. In standard cosmo-
logical evolution with non-exotic matter, we have a < 0. We also know that in standard
evolution (3.35) is much smaller than (3.36), and we have a horizon problem. However, we
can see qualitatively how demanding d < 0 during some early epoch before last scattering
will modify this result. At last scattering, the universe has some known size, independent
of previous inflation or not. If we change the behavior of a from ¢ < 0 to @ > 0 during
some earlier epoch, this will suppress the scale factor more as we go back in time during
that period, thus making the integrand larger. By having such an epoch we can thus make
the integral (3.35) blow up to any value we want, and thus solve the horizon problem. It
turns out that it is necessary to have an inflationary period where the scale factor increases
by a factor around € to solve the horizon problem.
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The mechanism of structure formation is well understood in inflationary models, and
that monopoles are not observed can be explained by the fact that they are only produced at
energies accessible before inflation, and are therefore significantly diluted by the enormous
expansion to negligible densities, since it is known that their energy density scales as
p X a 3.

In order to create an inflation mechanism we introduce a scalar field with a potential
making the scale factor increase exponentially. This scalar field is often called the inflaton.

The action and Lagrangian for a scalar field ¢(t) is

Sy = /d4x\/—g£¢, (3.37)

where

Lo =~ VabV"6— V(6). (3.38)

The covariant derivative of a scalar field reduces to the ordinary coordinate derivative
Va9 = 0,¢. Varying the action with respect to ¢, and dividing the result by /—g, we get
the Euler-Lagrange equation
1

—— 0, (V=99*050) + V'(¢) =0 (3.39)

\/_—g ( B )
Substituting the metric (3.7) into this expression, and assuming that ¢ doesn’t depend on
the spatial coordinates to satisfy the condition of homogeneity, we get

¢9+3%q§+v’(¢) = 0. (3.40)

We see that a positive expansion rate (¢ > 0) acts as a brake for the movement of the scalar
field in its potential. The energy momentum contribution of the scalar field is obtained by
the usual formula,

OL,
8gag

= 060% + |~V - Vi) 4

T = -2

= 9°¢9%¢ + Gq%? —~ V(¢)) g, (3.41)
From this we get the energy density and pressure,
1. 1.

po=~Ti = ~0000 — (36 - V() = 3¢+ V(6) (3.42)

1 . 1. 1.

pe = 3Ti=3 [&Qﬁ‘ﬁb +3 (56152 - V(Cb))]
1.

= §¢2 —V(e). (3.43)
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Both the kinetic and potential energy of the scalar field contribute to these quantities. For
the scalar field, the equation of state is not as simple as equation (3.18), since p is not
proportional to p. Instead, we get a varying w parameter

172
w="L = M (3.44)
P30 +VI(9)

We can see that when the potential is small compared to the kinetic energy we get w ~ 1,
which is called stiff fluid. When the kinetic energy is small compared to the energy density
we have w ~ —1, as for a cosmological constant. In the latter case, we get an exponential
expansion if the scalar field dominates the energy density of the universe, as seen from
equation (3.29). By choosing the right potential, a realistic inflationary cosmological model
can be constructed.

3.6 Drawbacks of inflation

Even though inflation solves many of the cosmological problems, it has some drawbacks.
Inflation postulates the inflaton scalar field, which has not been observed in the laboratory.
The fact that this field is of unexplained origin and that it must contain all the energy of
the universe as kinetic and potential energy, means that inflation doesn’t solve the mass
problem. Omne must also explain theoretically the origin and detailed structure of the
inflaton potential. In addition, fine-tuning of this potential is needed to obtain the correct
number of e-foldings in the expansion.

The fact that the space-time expansion can move objects apart with super-luminal
speeds, and that this is used in inflation, is sometimes mentioned as a drawback, and is
e.g. used as a motivation for introducing the ekpyrotic scenario. There is, however, no
restriction on this type of behaviour in general relativity, as can e.g. be seen from the
fact that a is not bounded from above in e.g. a radiation dominated cosmological model.
In that case the expansion speed diverges towards infinity as we follow the solution the
backwards in time towards the big bang.
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Brane Universe

4.1 Introduction

The current universe seems to have four space-time dimensions. There are, however, some
problems that can be solved by introducing extra dimensions. In addition, there is theor-
etical motivation to investigate extra dimensions, coming from string theory, where there
are ten. In M-theory, there are eleven space-time dimensions. Under the assumption that
extra dimensions exist, we must be able to explain why only four dimensions are observed.
There are two ways of doing this. The first method is to say that the extra dimensions
are compactified, thus too small to be observed in current experiments. The other way
is to say that our visible universe is stuck on a 3-brane that floats around in the higher
dimensional space.

4.1.1 Compactification

In the case of compactifying the ten dimensions of string theory, the problem is that there
are many different ways to compactify the six dimensions, and string theory doesn’t say
which realization must be found in nature. It only puts some restraints on the allowed
types of compact dimensions. They must form a special kind of manifold, called a Calabi-
Yau space. Thus one way of fixing the number of dimensions to four is to compactify six
dimensions to a tiny Calabi-Yau space, which is smaller than we can detect with current
technology. But there are still millions of different Calabi-Yau spaces to choose among.

4.1.2 3-branes

Another possibility is that the universe is a brane floating around in the nine spatial
dimensions of string theory. By the laws of string theory, light from an object on the
brane can not leave the brane, so from the electromagnetic point of view, this is consistent
with current observations. In general, there is a Yang-Mills gauge theory confined to the
brane. But gravity is allowed to leave the brane, so in order for the brane-universe to be
consistent with observations, the extra dimensions have to be tiny, or some mechanism is

93



CHAPTER 4. BRANE UNIVERSE

needed to stop gravity from escaping the brane. One such mechanism is to use a negative
cosmological constant in the bulk space outside the brane, as in the Randall-Sundrum
scenario [18]. In this model, the bulk geometry is warped in such a way that the physical
length of the extra dimension is finite and small.

4.1.3 Ekpyrotic universe

The ekpyrotic universe uses a combination of the two ideas above. We start with the
eleven dimensions of M-theory. The strong string coupling limit of the heterotic Eg x Eg
string theory is M-theory on a R!? x S'/Z, space-time [6]. The Eg x Eg string theory is
considered to be the most realistic candidate for a successful high-energy generalization of
the standard model and quantum gravity. It includes the possibility of chiral couplings
(interactions that only affect left-handed particles), which is an essential ingredient in
the standard model of elementary particles. On each boundary of this space-time we get
a Yang-Mills gauge theory with an Eg gauge group. We have one copy of such a gauge
theory on each boundary, contained in separate M5-branes. Then we compactify six spatial
dimensions into a small, compact Calabi-Yau space. This leaves us with a five dimensional
space. Two of the six compactified dimensions are parallel to the M5-branes, so in the
five-dimensional theory, the 5-branes look like 3-branes.

Next, we must make the fifth dimension small, but larger than the Calabi-Yau manifold.
We compactify it into a circle S;. After that, we define a y € [—R, R] angular coordinate
on the S; and identify points y ~ —y. What we then get is called S!'/Z,. At the same
time, we put the M5-branes at the two fix-points of the identification, thus at y; € {0, R}.
The length of the S'/Z, part of R!° x S!/Z, is an order of magnitude bigger than the six
Calabi-Yau manifold dimensions [7]. This estimation was made by demanding a reasonable
value of the Newtonian gravity constant in the resulting GUT at low energy (low compared
to the string energy scale) on the boundary branes. Thus there is a regime with low energy
where we can neglect the Calabi-Yau dimensions, and get an effective five-dimensional
theory on a R* x S'/Z, orbifold. This effective theory is called the heterotic M-theory.
Since two of the 5 spatial dimensions of these M5-branes are in the compact Calabi-Yau
dimensions, we now call them 3-branes. We have now constructed the so-called Horava-
Witten theory. The two 3-branes are on each boundary of the fifth dimension, which is
topologically the same as a line element with length R. The boundary 3-branes each have
the possibility of having a Eg Yang-Mills gauge theory on them.

We consider the possibility that our universe is stuck on one of them, and that there is
a “hidden universe” on the other boundary brane. The construction opens up a possibility
where a third brane, the bulk brane, can move inside the bulk space between the visible
and hidden universe, and collide with the visible universe. This hypothetical event could
be an alternative to the standard big bang model, thus avoiding the geometric singularity
associated with that phenomenon.
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4.2 Motivation

4.2.1 String theory

One of the motivations for working on this cosmological model is that it is based on string
theory. Ordinary cosmology is based on Einsteins theory of general relativity, but as we
have seen, it leads to singularities in the space-time geometry like the big bang and the
centers of black holes. These singularities are expected to be smoothed out in a quantum
theory of gravitation. Since string theory is the leading candidate for a quantum gravity, a
string based cosmology could present us with non-singular alternatives to the big bang and
black holes. Specifically, the ekpyrotic universe eliminates the initial big bang singularity.

4.2.2 The hierarchy problem

The hierarchy problem can be stated as follows: why is the gauge symmetry group of the
field theory that is supposed to describe all the phenomena of nature broken not at one,
but at two completely different energy levels? For example, in string theory, one would
expect it to be broken at the Planck energy, but in fact, part of the symmetry group
(the standard model electroweak symmetry group SU(2) x U(1)) is broken at a much
lower energy scale. The energy level at which the electroweak interaction is broken by
spontaneous symmetry breaking is approximately equal to the mass of the gauge bosons
for the broken part of the gauge group, i.e. the W* and Z bosons. This mass is roughly
100GeV. On the other hand, the energy level at which the strength of the electroweak,
strong and gravitational interactions are believed to be the same, is about 10¥GeV, so
the full symmetry group of a GUT (Grand Unified Theory) is broken at that scale. This
difference in energy scales is the root of the so called hierarchy problem. Another way of
looking at it is in terms of renormalization of particle masses. The renormalization of the
mass of the Higgs boson is proportional to the square of the cutoff, the bare mass of the
Higgs boson needs to be adjusted with a fine-tuning precision of one part in 10'* to obtain a
mass of the order of 100GeV. Now we have formulated the hierarchy problem as a problem
of fine-tuning the value of a constant. The hierarchy problem is an aesthetic problem with
the standard model, since no formal mathematical complaint can be made against this fine-
tuning. Nevertheless, this problem is among many particle physicists regarded as one of the
most important problems of the standard model. In a super-symmetric theory, additional
contributions to the Higgs boson mass renormalization, by super-partner particles, would
cancel this quadratic dependence on the cutoff.

Extra dimensions can solve the hierarchy problem because they can lower the value of
the Planck mass. The mathematics of extra dimensions shows that the fundamental higher
dimensional Planck mass is connected with the effective four dimensional Planck mass
through the length of the extra dimension. In the case of a brane universe, the connection
is given by the brane tension together with the geometry of the extra dimension. With
a small extra dimension, the fundamental Planck mass differs from the observed one by
many orders of magnitude, thereby lowering the gap between it and the weak interaction
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energy scale, maybe even making the two equal.

4.2.3 Dark energy

Recent observations show that the size of the universe is accelerating, i.e. the scale factor
of the universe has a positive second time derivative. This phenomenon can be accounted
for by including types of energy which have an equation of state with w < —1/3. This
is called dark energy. Examples can be a cosmological constant (w = —1), or a dynamic
scalar field with an appropriate potential. This is called quintessence. Types of energy for
which w < —1 is called phantom energy, and will cause the scale factor of the universe
to diverge at a finite time in the future. Notice that this singularity is can be avoided in
models where the w parameter approaches —1 as the system evolves.

The brane universe theories give an alternative origin of the cosmological constant.
In four-dimensional quantum field theory, the quantum contributions to the cosmological
constant give an over-estimate of a factor of 10'?°. Introducing super-symmetry at higher
energies, this can be reduced to 10%. Obviously, something is wrong here. The brane
universe solution for this is that the tension of the universe brane as well as the cosmo-
logical constant in the bulk will give a contribution to the cosmological constant. If the
quantum corrections instead don’t contribute to the cosmological constant, we can choose
the brane tension to correspond with the observed value. In a theory of extra dimen-
sions without branes, we would choose the radius of the compact dimension such that the
effective cosmological constant has the appropriate value.

The quintessence field can also be explained as being the result of a higher dimensional
degree of freedom which behaves like a scalar field with a potential in the effective four
dimensional theory. Its origin can be e.g. the length of the extra dimension, or some other
bulk field coming from string theory.

4.3 The induced Einstein equation

We will in this section deduce the Einstein tensor of a time-like four dimensional hyper-
surface embedded in a five dimensional bulk space [19, 20]. Since heterotic M-theory
is the underlying theoretical motivation for our universe model, we will assume that we
have a Z, reflection symmetry with our hyper-surface as the fixed point of this symmetry
operation. The bulk space is denoted by Mj, and the hyper-surface by M,. The unit
normal vector on the hyper-surface is denoted n, and since the hyper-surface is time-like,
this vector is space-like: n? = 1. The basis vectors in the bulk space are eg, and V,, is the
corresponding covariant derivative in the direction of e,. The projection tensor from five
to four dimensional space-time is ho3 = gag — ang, and this is also the induced metric on
the surface, if we restrict the indices to directions tangent to the surface. We denote the
four-dimensional tensors with a tilde.

The extrinsic curvature tensor measures the curvature of the hyper-surface as seen from
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the bulk space, and is defined as
K.3 = —eg-V,n, (4.1)

evaluated at the positions on the hyper-surface. The Gauss Theorema Egregium [21] relates
the Riemann tensor to the induced Riemann tensor on the hyper-surface and its extrinsic
curvature, and is

Brys = B, NN R R + KO Kgs — KK, (4.2)

vpo'Y u

Contracting (4.2) on « and «y gives the Ricci tensor on the hyper-surface,

Rgs = RYWONGH NS + K% Kgs — KGKpa

vpo
= RN N0+ KKgs — K$Kpa
= R‘ipo(gf; - n”nu) Vgh% + KK&; — K%Kga. (43)
Thus we get
Rgs = Ryoh'5h% — R, ,,nn, hsh% + K Kgs — K5 Kpa, (4.4)
where K := K¢ is the trace of the extrinsic curvature. We see that the intrinsic Ricci

tensor of the hyper-surface depends quadratically on the extrinsic curvature of the surface.
We can now calculate the intrinsic Ricci scalar of the surface by contracting again,

R = R,,h°h%—R" nn,h"°h% + KK% — KSK°,

vpo

Ry,oh"” — R, nfn, b + K> — K$K°,
Runlg"” = 1n%) = Rl i, (g7 = n"n) 4 K — KK,
= R-2R,n"n’ + R, n’n,n"n’ + K? - KSK°,. (4.5)

Using R/, ,nfn,n"n? = 0 because of the antisymmetry of the Riemann tensor, we get

R=R—-2R,,n'n° + K* - K$K°.. (4.6)

Now we have the ingredients we need to find the intrinsic Einstein tensor on the hyper-
surface. It is defined in the standard way in terms of the intrinsic Ricci tensor and Ricci
scalar,

- - 1 -
Eg(; = Rﬁg - §h55R
= Rl,o-hl/ﬁhos - R'u npnu Vﬁh% + KKB(S - K%Kﬁa

vpo

1
—5hes (R—2R,on"n" + K*> — KSK°)
1
= Ryahyﬁhaé - §h55R + hg(;Ryg’rLVTLO + KK&;

1
—K'§K o — 5hps (K? — K*5K%) — R*, ,n’n,h"sh. (4.7)

vpo

o7



CHAPTER 4. BRANE UNIVERSE

Using the definition of the five dimensional Einstein tensor, we then get
Egs = Euoh'sh% + hpsRyen’n” + KKps — K* ;Kpo (4.8)
1
=5 hes (K? = K*GH0,) = Rupon® hyn? 5.

The Riemann tensor can always be decomposed into the Ricci tensor [g,, the Ricci scalar
R, and the Weyl tensor Cn.5 [21]. As an aside, we note that in empty space, the Weyl
term is the only non-zero contribution in this decomposition, since it is easy to see from
the Einstein equation that R,3 and R are zero in empty space.

The Riemann tensor decomposition is

2

1
Ruvpo = 3 (gu[pRa}V - gV[PRJ]M) - ggu[pgalvR + Cuvpo- (4.9)

We use equation (4.9) to rewrite the last term in equation (4.8), which gives (setting terms
to zero using h%n” = 0)

v o 2 1 v o
_Ruypan“h ﬁnphé = — (g (gH[PRU]V — gl/[pRo}u) — gg#[ng]l/R + C,UJ/PU) nﬂhﬁnphé
=0
1 HpY o PRO 1 WLy o p 0'\
= _ggupRaun hﬁn h5+ ggpr,,n hﬁn h’(S
=0
1 HpY o p 0\ 1 QLY phO
+ ggupRaun hﬁn h(g —ggyo—an hﬁ’I’L h(S

=0

A

N

1 v o 1 v o
+EgupgauRn“hﬁnPh 5— Eg,wgpan“h s’ h% —Eps,

where we have defined
Ess = Clupen h5n” b, (4.10)

which is often called the electric part of the Weyl tensor. This gives us
v g 1 v ag 1 1
~Rypon" W gn s = =5 Roy high's — S Rpun"n"hgs + 75 Rhgs — Egs. (4.11)
Inserting (4.11) into (4.8) gives
Egs = Euoh'sh% + hpsRyen’n” + KKps — K* s Kpa
1 «a 6 1 v 1,0
1 1
+0+0— ngn“nphgg + ERhﬁg - 555
1 14 ag 2 v o 1
- E,o— gRJV hﬁhé + gRygTL n hﬁg + ERhﬁg

1
+K Kps — K sKpo — 5% (K? — K*;K°) — Egs. (4.12)
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4.3. THE INDUCED EINSTEIN EQUATION

We can replace the five dimensional Ricci scalar with the trace of the five dimensional
Einstein tensor

E:=E° =R(1-D/2). (4.13)

Using this for D = 5, which is appropriate for our cosmological model, we get
I 2 v 1,0 2 v, o 1
EB(S = gEyo-hﬁ 5 + gEVUTL n hﬁ(j - éEhﬁé
1
+KKps — K*sKpo — §hﬁ5 (K? — K*;K°)) — Egs. (4.14)

Now that we know the Einstein tensor on the hyper-surface (or brane), we need to
know which field equation it satisfies. To accomplish this, we only need to apply the
five dimensional field equations in the expression for the four dimensional Einstein tensor,
to remove the references to the five dimensional Einstein tensor by replacing it with the
energy-momentum tensor. The five dimensional Einstein equation is F,, = My 5T po» Where
Ms is the five dimensional Planck mass. Substituting it into equation (4.14), we get the
following field equation on the brane,

n 2. N v, o 1
EB(S = §M5 3 (Tuah ﬁhé + (TUO-TL n- — ZT ) hﬁé)

(4.15)

nz

1
+K K = K 5K o = 5hss (K? — K*;K%) - €

where we have defined 7" :=T%. We see that the equation contains terms quadratic in the
extrinsic curvature, which leads to an important modification of the Friedmann equations
on the brane. In general, it is not possible to solve for all the unknown functions using this
equation alone. The bulk energy-momentum tensor and the electric Weyl tensor depends
on the details of the bulk dynamics, described by the five dimensional Einstein equation.
We describe this situation by saying that the system of equations is not closed.

In the case of a flat brane at y = 0, with Zs reflection symmetry across the brane, and
with only a cosmological constant A in the bulk, we can simplify this equation somewhat.
We assume that the total energy momentum tensor can be decomposed as follows,

Top = —Agap + Sapd(y). (4.16)

We have assumed that the brane is infinitely thin, hence the delta function. Furthermore,
we assume that we can divide the brane tensor into a brane cosmological constant A plus
something else denoted by 7,3,

Sa,@ = _)\haﬁ + TagB- (417)

The Israel junction conditions [22] then give us the jump discontinuities in the metric
and the extrinsic curvature of the brane,

[hag] =0, [Kap] = —M;? (Saﬁ — %hags) : (4.18)
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CHAPTER 4. BRANE UNIVERSE

where [4] := lim, .+ A —lim, - A and S := 5%, The metric discontinuity is of course
always zero, but the singular contribution of the brane energy momentum gives a non-zero
discontinuity in the extrinsic curvature, since the bulk curvature has a jump discontinuity
at the position of the brane. In the case of reflection symmetry y — —y, we can simplify
this by writing it in terms of limits on the positive side of the brane only,

1 1
Koy =—5M;" <5a6 - ghaﬁs) : (4.19)

and we will drop the + superscript in the sequel. By substituting this value for the extrinsic
curvature together with the expressions for the energy momentum tensors above into the
Einstein equation (4.15), and doing quite a bit of algebra, we obtain

Eop = —Aihap + 8TGNTap + My 570p — Eng, (4.20)

where we have defined the quantities

1 1
Ay = §M5‘3 (A+ gMg?’AQ) (4.21)
A
= — 4.22
G 487w M6 ( )
11 1 s 1,
Tag = —TarTs + 157 Tas + éhaﬁngT — ﬂhoz/ﬂ' ) (4.23)

It is important to notice here some general features of brane-world cosmological theories.
First, both the bulk and the brane cosmological constants contributes to the cosmological
constant in the effective four-dimensional theory on the brane. The brane cosmological
constant can originate from the brane tension as well as additional contributions from brane
matter. Second, the Newtonian gravitational constant in the effective theory depends on
the brane tension (or cosmological constant). If the brane tension is negative, we get the
wrong sign on our gravitational constant, and gravitational forces are reversed for ordinary
matter on the brane.

The 7,45 tensor contains the quadratic contributions from the brane matter, which will
strongly modify cosmology on the brane when the energy density is large. The electric Weyl
tensor corresponds to bulk effects influencing the gravitational equations on the brane, and
is often called dark radiation because in the Friedmann equations, it will scale in the same
way as radiation with respect to changes in the scale factor. Its influence depends on the
bulk geometry, and can in some cases vanish, and in other cases contribute non-local effects
on the brane.

4.4 Brane coupling to bulk gauge field

The world sheet of a point-particle is one-dimensional, as can be seen from equation (2.1).
If the particle has electric charge, it interacts with the electromagnetic field potential, which
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4.4. BRANE COUPLING TO BULK GAUGE FIELD

is a one-form field. This interaction terms in the action is given in a Lorentz-invariant way
as the one-dimensional integral of this one-form along the world-sheet,

Sint = q/Aadxa (4.24)

From differential geometry, we know that a p-form can be integrated over a p-dimensional
manifold. This enables the possibility for (p-1)-dimensional objects (with p-dimensional
world-volumes) to couple to p-form fields, which is just what happens to Dp-branes in
string theory. In our situation, we have a 3-brane, which can couple to a four-form bulk
field. The interaction term in the action is simply of the form

Sint X A, (4.25)
My

where My is the world-volume of the brane-universe, and A is the four-form bulk field. This
term is gauge invariant, because under a gauge transformation, the gauge field transforms
as A — A+ d\ for an arbitrary three-form A. The variation of the integral term under
this transformation is proportional to

/M d\, (4.26)

which is zero since we can use Gauss’ theorem to evaluate this at infinity, where we can
take X in the gauge transformation to be zero.
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Chapter 5

Ekpyrotic Universe

In the ekpyrotic universe [8, 23] we have a five dimensional space-time, the fifth dimension
being a finite orbifold dimension, and the big bang is realized as a collision between a
visible brane on which we live now, and another brane, a bulk brane, which interacts with
the visible brane through stringy effects, including gravity. There are different versions of
this scenario, with different brane configurations.

In the first version, [8], there are three branes: the visible brane, the hidden brane, and
the bulk brane, and they are located at each end of the orbifold dimension, and in the
bulk, respectively. The bulk brane is spontaneously produced close to the hidden brane
by a mechanism similar to bubble nucleation and is thereafter moving towards the visible
brane. The bulk brane is proposed to be light compared to the boundary branes. During
the bulk brane movement it is under the influence of a potential created by the exchange
of appropriate M-theory fields between the three branes. The subsequent collision of the
bulk brane with the visible brane is responsible for depositing enough energy on the visible
brane for it to evolve into what we are living in today. We will call this version the bulk
brane scenario.

The newer ekpyrotic scenario [23] has only two branes, one visible and one hidden.
Here, the collision is brought about by a different mechanism: the fifth dimension con-
tracts, vanishes, and grows again. In the new scenario, since the fifth dimension vanishes
at the instant of collision, a full description demands a rigorous treatment of this singular-
ity in string theory/M-theory. We will call this version the dimensional bounce scenario.
It is immediately obvious that, in this version, we could imagine the possibility of a cyclic
universe, in which the fifth dimension undergoes a cycle of contraction and expansion a
number of times, or indefinitely. This is called the cyclic model, and was proposed by Stein-
hardt and Turok in [24]. The ekpyrotic universe is fundamentally different from standard
cosmology, and offers radically different explanations for the cosmological problems.
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Figure 5.1: The chain of events in the bulk brane universe. The
visible, hidden and bulk branes are indicated with letters v, h, b, re-
spectively. a) The initial state of two parallel static branes, b) the
hidden brane spontaneously produces a bulk brane, ¢) the bulk brane
travels towards the visible brane, acquiring quantum fluctuations, and
eventually impacting inelastically on it and being absorbed.
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Figure 5.2: Dimensional bounce scenario. a) The initial state, b) the
fifth dimension starts to contract, c¢) the fifth dimension has bounced
at y = 0, and is expanding again.

64



5.1. THE COSMOLOGICAL PROBLEMS

5.1 The cosmological problems

In section 3.4, we mentioned some fundamental cosmological problems concerning the
whole of the universe. These are explained in the context of the ekpyrotic universe in
the next few sections. It seems that the ekpyrotic universe resorts more to the anthropic
type of argument (see section 5.1.6) than the inflationary universe, because the flatness
and isotropy of the universe are explained by choosing an appropriate initial configuration.
This is not so in inflationary theory, where the observed universe can be the outcome even
if the initial conditions are very far from flat and isotropic. If try to weigh these theories
agaist each other, this fact should count to the advantage of the inflationary theory.

5.1.1 Homogeneity, isotropy and flatness

We have one orbifold plane at each boundary of the fifth dimension. As we have already
seen, these orbifold planes are static. On top of each of these we have the visible and
hidden branes. Each of these are assumed to be in a nearly BPS state . The defining
property of a BPS state is that it does not violate the super-symmetry totally, i.e. there
exists some super-symmetry transformation that leaves the state invariant. An exact BPS
state would be time translation invariant. This is an assumption about the initial state,
and has been criticized by the opponents of these scenarios [25]. One of the virtues of
inflationary cosmology is that the homogeneous and isotropic result of inflation is achieved
for a lot of different inflation potentials.

This BPS property provides us with a N = 1 super-symmetric Yang-Mills field theory
with Eg gauge group at low energy on the visible brane. In a brane collision e.g. between
the bulk brane and the visible brane, a so-called small instanton transition can occur,
breaking the gauge symmetry down to e.g. SU(3) x SU(2) x U(1) [26]. It can also
change the number of particle generations on the visible branes, e.g. to three generations.
The nature of the small instanton transition depends on the type of the vector bundles
on the Calabi-Yau manifold dimensions. Since the initial state of the visible brane is
approximately homogeneous and isotropic, and the approaching brane is also homogeneous
and isotropic, we have solved these problems by construction of the initial state, provided
that the attracting potential between the branes is independent of the brane coordinate
directions, flat near the hidden brane, and that the quantum fluctuations arising while the
branes move towards each other are not to too big.

In the dimensional bounce version of the scenario, the colliding branes will by the
properties of the bulk space-time be approximately parallel, so here there is no problem.
This also goes for the cyclic version.

In the bulk brane version, we have to investigate the creation of the bulk brane to
see if it will be homogeneous and isotropic. If the bulk brane is spontaneously produced
parallel to the hidden brane it is OK. If it is born from the hidden brane, the process will
presumably start at a point on the brane, and expand outward at light speed, and for this
to make the bulk brane flat enough, the motion in the fifth dimension has to be very slow
compared to the motion outwards of the separation point between the bulk and the hidden
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brane. So the potential slope has to be small in the vicinity of the hidden brane. This is
an assumption about the potential again, and can presumably be checked with M-theory
calculations of the non-perturbative potential between two boundary branes.

Flatness of the resulting visible brane also follows from the same considerations, since
the BPS state is flat.

5.1.2 Horizon

In these scenarios, widely separated regions look alike because their properties arise from a
common cause, the colliding brane. Put in another way, if A and B are to widely separated
points on the visible brane, they will look alike even though there has been no propagating
effect from A to B that would require super-luminal speed because their properties are
both the result of an effect propagating from a common third place, namely some place in
the bulk at an earlier time.

5.1.3 Monopoles

By the choice of the potential between the branes, which will be motivated from M-theory
but not calculated exactly, one should be able to calculate the energy released in the
collision, and find that this energy is below the threshold of monopole production, according
to current opinions about GUT theories. In reality, since we have to guess the detailed
form of the potential, this problem is solved if we can adjust the potential so that the
energy deposit in the collision is not too large.

5.1.4 Structure

The quantum fluctuations in the bulk brane geometry will make the collision happen at
slightly different times at different positions on the visible brane, and thus we obtain an
inhomogeneity in the temperature and energy density levels on the brane. To conform to
current experimental observations, this spectrum has to be quite close to scale invariant.
Since the fluctuations originate from quantum fluctuations of the traveling brane, this
spectrum will contain fluctuations with wavelengths larger than the causal horizon on the
visible brane. The spectrum of these fluctuations will be dependent on the form of the
brane-brane potential.

The spectrum of gravitational radiation, of which we currently have no experimental
observations, will be strongly blue (higher amplitude at lower wavelength) in brane-world
models. The spectrum of gravitational radiation in the universe will measured by the
future probe LIGO, and these measurements could be decisive in the question of standard
cosmology versus brane cosmology, since the two theories predict very different spectra of
gravitational waves.
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5.1.5 Mass problem

All energy in the visible universe is given as either brane tension or radiation/matter
deposited in the bulk brane collision. This energy depends on the brane tensions and the
kinetic energy of the bulk brane collision, thus also on the form of the inter-brane potential
which governs the bulk brane movement. Since the bulk brane originates from the hidden
brane, we can say that, in the ekpyrotic universe, the mass of the visible universe has
existed as brane tension since the infinite past.

5.1.6 Anthropic Principle and String Landscape

The anthropic principle says roughly that the universe looks the way it looks because
otherwise we would not be here to observe it. This argument is sometimes used when one
is unable to come up with a scientific explanation for some of the fundamental cosmological
properties, e.g. isotropy of the universe. A scientific statement is one that can be tested
with experiments, so invoking the anthropic principle is not a scientific explanation. It is
sometimes said that the universe is e.g. isotropic because if it was not, we could not exist to
observe it. But it is probably not possible to show the improbability or impossibility of our
existence in an anisotropic universe. The anthropic principle is not a scientific argument,
except maybe in a few cases involving quantum mechanics, where nature is fundamentally
indeterministic. It can be applied to many questions, but one does not gain any knowledge
by using it. We can e.g. ask: Why can the fundamental particles form bound states? If
we answer by saying that if they did not, we could not exist, we would not have gained
any knowledge, so we have not really explained anything. The real answer is that they
can form bound states because of the detailed properties of their interactions. They would
form bound states independently of intelligent lifeforms observing them.

Quantum mechanics contains randomness. It is impossible to predict in which direction
an electron emitted during the decay of a neutron will go. Thus, if an observed property
depends manifestly on such a random event, then we can’t give a reason for why it is
the way it is, since it is based on a random quantum event. If, in addition to this, our
existence depended on this specific outcome, the anthropic principle is the best we can do
as regards an explanation. So, before using the anthropic principle as an explanation to
why the universe is e.g. flat, we must show that the flatness is the outcome of a truly
random quantum event. This could be the case in a many-world universe interpretation of
quantum mechanics.

The ekpyrotic universe model does not explain why the universe is flat and isotropic,
it merely encodes these properties into the initial conditions and the inter-brane potential.
It uses a specific choice of string theory vacuum solution as a basis for a cosmological
model. Lately, a new concept in string theory has emerged called “string landscape”, which
is a study of all the different vacuum solutions to string theory, and why our particular
vacuum is preferred. The space of such vacua is estimated to be finite and countable,
and is therefore called a “discretuum”, as opposed to a “continuum”, with something of the
order of 101% different points. So it is indeed a monumental (and maybe impossible) task
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to try fully explore this space. The problem of finding the mechanism in string theory
that selects a particular vacuum solution amount to finding an effective potential with a
unique minimum on this “discretuum”. Failure to find this potential will mean that string
theory has lost much predictive power, since one can then just pick and choose the vacuum
solution that best describes the world we observe.

5.2 The ekpyrotic universe action

5.2.1 Simplified Heterotic M-theory

The ekpyrotic scenario is mathematically based on simplified heterotic M-theory, which
means heterotic M-theory with many of the fields set equal to zero [27, 28] to simplify the
problem. Only fields whose equation of motion allow it, are set to zero, of course. The
action of simplified heterotic M-theory is [8, 29, 28, 27|

M3
S = 2| dPry—g(R- —8A¢>8A¢— 3L g
2 s 25!
—Z OzM?’/M() 45@)( —h(i)e_¢ (51)

- %eaﬁvéAABCDaaX(g)aﬁXg)avxg)agxg)) :

The theory is defined on the orbifold R* x S;/Z,, a manifold with a boundary which we
call the “bulk space”. Since differentiation is not well-defined in the direction normal to
a boundary of a manifold, we define the action of the theory on the manifold R* x Sy,
which has no boundary, and differentiation is well-defined everywhere. We then have to
demand Z, reflection symmetry z* ~ —2* from all the fields and sources in the Lagrangian.
The fifth dimension coordinate is z* = y € [—R, R] with identification R ~ —R from the
definition of S;.

Uppercase Latin indices refer to a coordinate system in the bulk space, and small Greek
indices refer to a coordinate system on a brane. Mj is the five dimensional Planck mass.
gap is the metric on the bulk space, R is the five dimensional scalar curvature, e is the
size of the compactified Calabi-Yau six dimensional manifold, A 4pcp is a 4-form gauge
field, and F = dA is its field strength (F? is short for FapcppFAPPF). Furthermore,
we have the contribution from an unspecified number of branes, which couple to the bulk
fields ¢ and A. These branes have tensions —aZMg?, and their action is given by the

four dimensional integrals over their world-volumes /\/l , and the § are coordinates
on the branes. The corresponding integrands also contain the 1nduced metric on their
world-volume h"” o Which is the pull-back of the bulk metric onto M 4 X (’;‘) (£(i)) are the

coordinates in M5 of a point with coordinates f(i) in M4 . It looks complicated, but
AABCDaaX{i‘)@gX (%87)(5)85)((% is simply the pull-back to the brane (i) world-volume of
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the bulk field A. Anomaly cancellation, which must be satisfied to enable a consistent
quantization of the theory, demands that the brane tensions «; sum up to zero [30], and
therefore we parametrize them as oy = —a, as = o — 3 and a3 = 3.

Normally, the ekpyrotic scenario is presented with two or three branes living in R* x
S1/Z,, but to make sense of differentiation on the boundary, and avoid problems due to
using the variational principle on a manifold with a boundary, we will treat the model
as containing four of six branes living in R* x S;, and impose reflection symmetry about
y = 0. We restrict the model to contain only branes parallel to the R* x S;/Z, bound-
aries, thus normal to the y-direction. There is one brane on each boundary, at y = 0
and R, not moving. There is also a bulk brane at y = Y (¢), which is allowed to move in
the y-direction. Since we define the model on R* x S;, we put in six branes located at
y; €{0,R,Y(t),0,—R,—Y(t)}, but since —R and R is the same point on the space we integ-
rate over the extra dimension in the action, this is the same as y; € {0, R, Y (¢),0, R, =Y (¢)}.
The branes at y = 0, R, and Y (¢) are called the visible, hidden, and bulk branes, respect-
ively. We call the other branes “mirror branes”.

Since the action is measured in quantity of A, and we have A = 1 in our choice of
units, the action must be dimensionless. In particular, it must have mass dimension zero.
This implies that the quantities in the action have the following mass-dimensions. R has
mass-dimension 2, which is correct. ¢ has dimension 0, F has 1, A has 0, and «; has 1.

By introducing delta functions in the y-direction, we can rewrite every part the action
as an integral over the bulk space. We must first choose the coordinates on the branes to
be the same as the bulk coordinates ¢, 2!, 22 and 3.

S = / Pry=g | Lr+Lo+La+ Y, La |, (5.2)
Ms branes

where v

Lr = 7572 (5.3)
M3

L= —fama% (5.4)

3M3 1
;CA = _T5562¢F2 (55)

3M; o _ L apys A B C D

The individual parts of the action can be described as a kinetic term for the gravitational
field 5.3 of Einstein-Hilbert form leading the standard gravitational equations, kinetic term
for the bulk fields ¢ and A, and the Lagrangian L; for the each brane.

The brane Lagrangian is of Dirac-Born-Infeld type (2.106) with the electromagnetic
field F and Kalb-Ramond field B set to zero. The bulk scalar field interacts in the same
way as the dilaton field in the Dirac-Born-Infeld action. In this action, the branes also
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couple to the bulk four-form field through the standard mechanism explained in section
(4.4), but written explicitly in terms of components.

We observe that the action is written in the Einstein frame. Redefining the metric by
means of a Weyl-transformation leads to different choices of frames. In the Einstein frame
we obtain standard gravitational equations. Defining a new metric § = exp(—2¢)g, and
formulating the action with a Ricci scalar computed from the new metric, would lead to an
action written in the string frame, but then the gravitational equations would be modified
since the Einstein-Hilbert term would include an exp(—2¢) factor.

5.2.2 A note on the 4-form field

The action contains a 4-form (antisymmetric) field. We will now show that this field repres-
ents no dynamical degrees of freedom in the theory. Indeed, the rank of the corresponding
field strength tensor is the same as the number of dimension of space-time, namely five. If
we write the field equation of a free 4-form field A, in five dimensions, we get

dxFs =0, (5.7)

where x is the Hodge duality operator, called the Hodge star. Since the Hodge star maps
p-forms to (D-p)-forms, *F5 is a 0-form, a scalar function. Acting on a scalar function, the
exterior derivative is simply the gradient. Thus the above equation of motion says that xF5
is constant throughout space-time. This means that there is no dynamical (propagating)
degrees of freedom represented by the 4-form field A.

5.2.3 Non-covariant brane Lagrangian

The 4-form interaction term in the brane Lagrangian (5.6) contains many contractions,
between the Levi-Cevita tensor, the 4-form field components, and derivatives of the brane
embedding function X. We can write these contractions out to obtain a non-covariant
form of the Lagrangian.

For a flat brane normal to the orbifold dimension, with y-coordinate Y (), the embed-

ding function is X = (¢, z, Y (t)), so the differentials are

64 A€{0,1,2,3}

%XA:{Q ,A=5a¢€{1,2,3} (5.8)
Y JA=5a=0.

From this we can simplify the four-form field term in the brane actions, as follows. We
utilize heavily that Aapcp is totally antisymmetric. We can split the contractions up into
one part where A, B, C, D # 4, and one part where only one of them are equal to 4. If two
were equal to 4, the corresponding two «, (3,7, d would have to be equal to 0, and then the
Levi-Cevita tensor vanishes. So we have

1 1
Eeo‘m‘s.AABCD&XXA@;XB&,XC&;XD == .A0123 + 5eam‘sAABm@aXA65X36WX085X4
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Now, we only get contributions when § = 0, since X. Using (5.8), and the fact that we
then get contributions from all combinations of «, 3,7 € {1, 2,3}, non of them equal.

1 1 .
Aopr2s + §€aﬁ70v4ABC45ﬁ5g5€,aOX4 = Ap123 + §€aﬁwoAaﬁw4Y

= A3 + 61230-/41234Y = <A0123 + A1234Y) (5.9)

We then get the following non-covariant expression for the brane Lagrangian,

3 .
VEIL = S a3y = Y (1) (\/—he’d’ ~ Apizs — A1234Y) . (5.10)

In the case of static boundary branes, we must of course use the proper delta function and
use Y = 0.

5.2.4 Brane matter and brane interaction

To allow for matter on the branes, we could introduce the following extra contribution to

the action
Sm = Z /d4ZL‘\ / _h(i)ﬁm(i)- (5.11)

branes

These contributions would represent a perfect cosmological fluid on the branes, which is
implied by the assumption of homogeneity and isotropy of the branes. In the ekpyrotic
universe, it is assumed that the branes are devoid of internal matter before the collision
occurs (ekpyrosis). It is not obvious that this is possible, since there is an interaction among
the branes as the system evolves. We will at least assume that there is no brane matter in
the distant past, thus matter will have to be generated by the brane interactions/collision
in the course of the system evolution. To simplify we also assume that the bulk brane
has no matter. In this thesis, we analyze numerical solutions of the original proposal, and
we will be concerned with what happens before ekpyrosis, so we will not speculate on the
existence of extra matter on the branes.

Without an attractive force between the branes that are supposed to collide, there is
no ekpyrotic universe, at least in the usual sense. Therefore we will introduce a term
in the action that represents the interaction between the branes. Perturbatively, there is
no interaction since the branes are BPS states. The interaction is therefore postulated
to arise from non-perturbative effects in the heterotic M-theory. Since this is not a well-
known subject, the details of this interaction are unknown, but it is argued in [8] that the
interaction will generate an effective potential between the branes of exponential character.
To represent this interaction, we could include in the full action an unknown term. This
potential will be introduced into the action after we have used an approximation scheme
called moduli space approximation in the next chapter.
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5.3 Einstein equations

We will now construct the Einstein equations from the action (5.1). To so this, we need
the Einstein tensor and the energy-momentum tensor.

5.3.1 Einstein tensor

Assuming homogeneity and isotropy in the spatial directions parallel to the visible universe
hyper-surface restricts the 5D bulk metric to the form

ds® = —iu(t,y)*dl® + a(l,y)* > _(dx')* + b(L, y) dy® + 2 (L, y)didy. (5.12)

By changing the ¢ coordinate and writing it as a function of a new time coordinate ¢ and
y, as t(t,y), we can transform the cross-term f out of the metric. We have

- of . of
== 1
i = gyt + 5 dy. (5.13)

Inserting this into the metric, we get

ds* = —a(tty),y)’ (gidt—kg—dy) +&(t~(t,y),y)22(d:ci)2

it )0+ 2500 ).0) (G + S ) dy
(2 st ) v s i ), v Y
+ {5(5(12 v),y)* = (g—;) a(t(t,y),y)* +2 (g—;) f(f(t,y),y)} dy?
+2 (G0 - G Sl )? ) dudy (5.14)

Equating the quantity in front of the dtdy term in this line element to zero gives us a first
order partial differential equation in two independent variables with one unknown function

tt,y).

Notice that a trivial transformation independent of ¢ will do the trick since then ¢ is
independent of ¢ and 9%/t = 0, but this is a singular transformation with zero Jacobian,
which means that ¢ and y is not independent, and we only get a coordinate system that is
valid on a hyper-surface of the total space we are interested in. Thus /0t # 0 , and we
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can divide out df/9t from the equation. The problem of how to transform the line element
to diagonal form is equivalent to solving the following partial differential equation.

f(f(tv y)v y) - _ﬁ(f(tv y)v y)2 =0. (516)

We assume this to be possible, and give the names —n(t,y)?, a(t,y)* and b(t,y)? to the
coefficients in front of the expressions dt?, > (dz")? and dy? in equation (5.14), respectively.
Thus we have the following diagonal line element

ds® = —n(t,y)’dt* + a(t,y)* > _(da')* + b(t,y) dy’. (5.17)

From equation (5.17), the nonzero components of the Einstein tensor are (see appendix

(B))
3 (a  d(d V 3afa b
t f— JE— J— JE— _ _ j— u—
By = 62<a i <a )) n2a<a+b> (5.18)
. a b

—~ /<%’+2 )) (5.19)

3a (d n 3 /a afa n
o= 2 (L2 )2 (Z - — = 5.20
Y b2a<a+n> n2 <a+ a n)) ( )
3 (na & db
Bt o= | =242 21
Y n2 (na a + ab) (5.21)

5.3.2 Energy momentum tensor

To formulate the Einstein equations, we need to calculate the energy momentum tensor
from the action (5.2). When the gravitational source terms in the Lagrangian don’t contain
derivatives of the metric, it is given by the expression

—20"M (/= 0

T = 220 OWVIE) g 0L pr (5.22)
V=9 g dg

Contribution from the scalar field

The energy momentum contribution from the bulk scalar field ¢ is obtained by inserting
L4, given in equation (5.4), into this expression.

0L,

6gMN

T¢LN = —2¢"M + Ly0%
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M3 M3
= —2¢"V (—TsaMQﬁMb) + (—T‘r)gABﬁAqb&B(b) 5L,
1 1
= M <§9LM3M¢3N¢ - Z5LN9A33A¢3B¢> (5.23)

We have used the relation

0
W9A33A¢3B¢ = Om@ON. (5.24)
Contribution from the four-form field

Looking at (5.5), we need the following relation to calculate the contribution to the energy
momentum tensor from the bulk four-form field.

0 0
QLM DgMN F? QLM BgMN (QAFQBGQCHQDIQEJ) FapcoeFraurs =

g M (561\/[5 NFapcpeFi PP + 5?45%}—ABCDE??;CDE + .. )
= gLM (FusopeFN PP + FareoeF PP + .. )

= 59" FupepeFi<P", (5.25)

where we have used the total antisymmetry of F in the last line. Furthermore, we get

0
gLM agMN fQ — 5gLMfMBCDEf]VBCDE — 5FLBCDE?NBCDE

= 50 FNBOPE L popr = 65 F?, (5.26)

where there is no sum over N in the next to last expression, and we have used that all
the indices BCDE must be unequal to N (since F is antisymmetric), and therefore only
the term with L = N contributes. The contribution from the kinetic term for the 4-form
gauge field A is thus

L 4
Ty = QgLMa =+ Lad'y
C3ME1 B, 3M3 1
_ o, LM 20 2 N 5 + 2612\ sL
3M3 1 2 3M 1 3M 1
_ 5L 2 2¢ e2¢5L T2 2
3 5 0N 45'e = 5 v (5.27)

Contribution from the branes

We first calculate the contribution to the energy momentum tensor from a moving brane
at y = Y(t), which could be either a bulk or a boundary brane. After that we look at the
special case of boundary branes, for which Y = 0.
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5.3. EINSTEIN EQUATIONS

To do this, we need to find the induced metrics on the brane, thus finding the pullback
of the bulk metric tensor to the brane through the brane embedding function X. Choosing
(, 5) as coordinates on the branes, this embedding function is

X (t,z)— (t,z,Y(1)). (5.28)
The expression for the pullback of the metric onto the brane is, as for any 2-tensor,

OXM XN
o8 = Tppa gb IMN

(5.29)

where one must also of course evaluate the quantities at a position on the brane. The
induced metric on a moving brane at y = Y'(¢) has an non-trivial contribution to the 00
component, since in this case X4 := Y'(¢) depends on time and contributes non-trivially to
the above sum:
OXMoxN ot ot oY oY

o ot MY T Grar? o o I T

For the other components, it is simpler:

8XM 8XN 8Xi 8Xj

hoo = goo + Yguu. (5.30)

The induced metric on the moving brane is thus
goo+ Y% ,a=53=0
hap = : : 5.32

Note that the 00 component of the induced brane metric (5.32) approaches zero as the brane
velocity approaches the speed of light, since in the bulk system this movement corresponds
to ds? = 0 = goodt? + guudY? = goo + Y?gas = 0. The determinant of (5.32) in terms of
the bulk metric is ]

Goo + Y2 gus 4
———— =4y

Jo0G44

Since the brane part of the action contains /—h, we need the following formula. To
calculate, we use equation (2.12), and get

oh 9 44 2 00
9N~ gy (gg +Y7g9 )

= —ggung™ + 9541\4541\/ - nggMNQOO + Y295(§w501v
= —hgun+g (54M54N + Y250M50N> (5.34)

h=gx 4 y24%0) (5.33)

For the square root, we now get

ov—nh 1 oh —

¢_h (54 5t + V289,80 )) (5.35)
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CHAPTER 5. EKPYROTIC UNIVERSE

The 4-form field part of the brane action is independent of the bulk metric and drops out
in the variation with respect to the bulk metric. This allows us to give the contribution to
the energy momentum tensor from the moving brane with tension «;.

P i 70 R R . SRS

T = R = g (g ey - YOV
3M§’aigLM B €7¢8\/——h
Rl — Y (1) Gy
3]”25@5@_1/( Ne (8% —h( Ht + g1 1) ) (5.36)

In the case of static boundary branes, e.g. the visible brane at y = 0 with tension «y, this
simplifies somewhat. We then get

3M30z1 vV —
2y=g

3M3
5N d(y)e .
2\/944

g
Ty = sy o (o — ZgM%y ) = TG = -

5.3.3 Einstein equations

The Einstein tensor is given in equations (5.18) - (5.21). We found the contributions to
the energy momentum tensor in the subsection above, given in equations (5.23), (5.27) and
(5.36). Written with free indices, we have the Einstein equations

3M32 1
4 5!

o= e (0% = - (g5 +95%32) ). (537

1 1
EY = §9LM8M¢6N¢ — —5L gABaAéf)aBﬁb +

3M «; i
—Z \/—

o205 2
'5f

7

Writing out the 00 component of the Einstein equations, including the detailed expressions
for the Einstein tensor, we have

EO._E a_ﬁ+&l &I_EI _ig g+é
Oz \ a\a b n2al\a b

:_ﬁ_gb_ﬂ 3M 1 2% F2
An2 42 4 5'

3Maiy/ (g™ + 979" - v
- ( sty — e (1+ T+ 72

where we have assumed that quantities are at most functions of ¢t and y, and prime means
y-differentiation.
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5.4 Equations of motion for ¢ and A

The ekpyrotic universe contains two bulk fields, one scalar and one four-form. The scalar
field is connected to the size of the 6 compact dimensions (the Calabi-Yau manifold),
Vol(CY)  e?. The four-form has no physical gauge degrees of freedom, as seen in subsec-
tion 5.2.2, and it is possible to solve for it and then eliminate it from the action.

5.4.1 Equation of motion for ¢

The field equation for ¢ is obtained from the action (5.2) by varying it with respect to ¢.
We obtain the following Euler-Lagrange equation

L (0T O(/TEL)
! 8/*( 9(0a0) )_ 9

Mg’ A Mg 3 20 2 3 3 / —¢

branes
— _%g o (\/__814 _E\/__ 2¢ 12 3a:0(1 — U A/ —hne®
=~ |04 (V=90"0) = 5v=9e P+ Y Baid(y —yi)y/—hae ™ | -
branes
Thus the equation of motion for ¢ is
06— Se2r2 4 S 3aid(y — i) o - g (5.38)

branes

where [ is the covariant d’Alembert operator
1

V=9

We see that the four-form field and the brane-scalar interaction act as sources for the scalar
field.

Lp =

94 (V=90"¢). (5.39)

5.4.2 Equation of motion for A

Before we obtain the equation of motion for A, we investigate the connection between A
and its field strength F. We define the components of A as

1
A= Aupcpdr® @ dz? @ dz® @ dzP = E.AABCDdxA A dxB A deC A daP, (5.40)
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where the components A gcp are totally antisymmetric in the indices. The definition of
the field strength is F = d.A. Using the definition of exterior differentiation, we get

1
F = dA= IﬁE.AABCDde Adx? A dx® A da© A deP
) !
= EaAABCDdeA AdzP A dxC A dxP A daP
!
— Ia[AABCDE]d;z:A Adz® A dz© A daP A dz®, (5.41)

where 04 Apcpgy is the totally antisymmetric part of 94 Apcpg, which we could substitute
into expression because 04 Apcpr was contracted with a totally antisymmetric quantity.
From the definition of the components of a form when written in a wedge-product basis,
we have

1
F = E}"ABCDdeA AdzB A dx® A dz? A daP. (5.42)
So the components of F are related to the components of A by the formula

Fapcpe = 504 ABcpE]- (5.43)

Since the field strength is totally antisymmetric, it has only one independent component.
Therefore we can write the square field strength in terms of one component, which we
choose to be Fyio34.

F? = 51 Fy1oga FO121 (5.44)

To find the equation of motion, we must differentiate with respect to A, not F. Using the
chain rule for differentiation, we get the following relations.

0 %)
- - f‘2 — Qf'ABCDE'—f 545
0(0rAcu1s) (7°) OOpAcy)” MPPE (5.45)
9 0
oo =5 ——0uA = 567,69.61.67 57 5.46
0(0rAcrs) ABODE 0(OrAcury) [A/*BCDE] (40 BO'¢O PO E (5.46)
m (F2) = 10fABCDE51E’A5%5Ié5[D5JE] _ {QFFGHLI) _ 1 FFGHII (5.47)

The equation of motion is

0 L o, (88(\/——95) ) ~9(V/—9gL) — Oy <_\/_—g3_]\/[53162¢ % 10]_—FGH1J)

(OrAcH1r) 0AcHTT 4 5!
3M§’ 1 afyé G H 1 J
- > 500 (y — i) 53¢ 0a X 05 X (0, X[ 06 X7 (5.48)
branes

Thus the equation of motion for Abecomes

Va (2 FAPCPE) 4 Z @i (y — i)

branes

1
\/__geaﬁwaax(?)aﬁXg)ayX(?)aaX(% =0 (5.49)
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where V 4 is the covariant derivative

1
N

Vo (X FABCDEY . D4 (v/—ge*® FABCPE) (5.50)

5.5 Boundary conditions

In [31], the author considers the fact that if 7% = 0 at the edges of the orbifold dimension,
this corresponds to a flow of energy off the five dimensional space-time, disappearing into
nowhere. The author considers this a physical impossibility, and demands that this quant-
ity is zero as a boundary condition. However, in the case where we allow for matter on the
edge branes, we have the possibility of these branes absorbing the energy in question. It is
at least probable that the edge branes will interact with this energy flow, and absorb some
or all of it. The relations obtained by demanding that it be zero will then be modified to
include the energy density and pressure of the edge branes, and one would need to add
extra matter terms to the total action.

When we view the model as not defined on the line element y € [0, R], but as defined on
the S extra dimension before making the orbifold identification, and with only symmetric
states, we can try to make sense of what happens at the edge of the orbifold direction when
T% = 0. With this picture, 7% is an antisymmetric function that has a jump discontinuity
at y = 0.

In the case where T% > 0 for positive y, this corresponds to having an energy flow
in the direction of increasing y, at positive y, and a flow towards the left for negative y.
In this picture, there is obviously energy conservation everywhere since the action has no
explicit time-dependence, so this energy flow must correspond to energy being emitted by
the brane at y = 0, flowing into the bulk. The same argument is valid for the brane at
y=R.

Thus, by construction, there can be no energy flow out of the universe at y = 0. Hence
this energy flow must be accompanied by changes in the matter content of the edge branes.
In the original ekpyrotic universe model, there is no matter on any of the branes before
ekpyrosis, since the action of the branes (5.6) are given simply as world-volume integrals
without any non-zero gauge field strength living on the brane, like in the Dirac-Born-Infeld
action (2.106). Allowing for a non-zero gauge field strength tensor F in the brane action
would complicate the mathematics significantly, but produce a more realistic model. In
our numerical analysis of the equations of motion, we will not include this term, but we
will argue that it would not change our results qualitatively.

It is interesting to speculate on how this antisymmetric function 7% would be modified
in a quantized version of the heterotic M-theory. It is reasonable then to expect the
branes to have a non-zero thickness of the order of the Planck length, and loop graviton
contributions should smooth out any discontinuities like the one in 7% at y = 0. The
range of the y variable in the vicinity of y = 0, at which the value of T% moves from the
classical, finite value, to the quantum value of zero at y = 0, corresponds to the part of
space where the energy flow is emitted or deposited, according to the sign of T%. If the
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Figure 5.3: D(y) in the case of R = 1/M;, o = —M;, 3 = M;5/2,
Y = R/2, C = 2. It has a discontinuous derivative at each brane’s
position. The function must be everywhere positive to ensure that the
signature of the metric doesn’t change anywhere in the bulk space

energy indeed originates from the edge brane, this distance must be equal or smaller than
the thickness of the brane. It seems natural that both these lengths would be of the order
of the Planck length.

5.6 Time-independent solution

One possible vacuum solution of this theory contains flat, static, parallel and isotropic
branes that are Poincare invariant in the directions tangent to the branes. This means
that we can express their embeddings as (t := 2, y := 2*)

X(I?) = (t7'r17x27x37yi)- (551)

A static solution of the equations of motion is [8]

3
ds* = D(y) <—N2dt2 + AQZ(dxif) + B2D(y)*dy? (5.52)
i=1
e?® = BD(y)? (5.53)
Forsa(y) = —NA*B~'D(y)*D'(y), (5.54)
where
ay+C O0<y<Y
D(y):{ ay—pPly=Y)(y—-Y)+C Y <y<R (5.55)
D(_y) Y < Oa

and N, A, B, C' and Y are constants. D(y) is plotted in figure 5.3.
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We will now show that this solution minimizes the action (5.2), using the relations

;S D'y)
¢ = 3D<y> (5.56)
g = —N2ASB>D(y)®. (5.57)

Einstein equations and energy momentum tensor We find the nonzero Components
of the Elnsteln tensor from equation (5.52) by substituting n(t,y) = N+/D

Ay/D(y) and b(t,y) = BD(y)? into equations (5.18), (5.19), (5.20) and (5.21) to obtaln

By = 357200 (300) - D)D) (5.59)
By = 35700 (400 - D)D) (5.59)
B, = SBD) D)’ (5.60)
E', = 0 (5.61)

The components of the energy momentum tensor are obtained from the contributions
calculated in section 5.3.2 in the static case. The contributions from all branes are now
equal, except that the functions are evaluated at different y-values, since this is a time-
independent solution. We get

1 1 31 3
_Tt — __BfQD —4 412 2¢> 2 P o 'BilD -2 _—¢
branes
o —2 —6 /(2 3 ) -5
= —3B7°D(y) °D'(y)*~ D, Seidly—y:)BD(y) (5.62)
branes
L = lpepg)er g 2 leepr > 2 0i(y — y) B D(y) e
M3 4 45! 2
branes
_ 2 —6 /(. \2 3 ) -5
= —3B7°D(y) °D'(y)*— D, Seidly—v:)BD(y) (5.63)
branes
L = Lpepyigr 4 2 leer 2 Sp-apy)-opiy) (5.64)
M3 4 45! 2
T'; = 0. (5.65)

After constructing the Einstein equations E% = 1/MZT% using equations (5.58) - (5.61)
and (5.62) - (5.65), we see that the ty and yy component are satisfied independently of
the details of the D(y) function. The other Einstein equations both boil down to the same
equation. We demonstrate this only for the 00 component equation. We get

0 = By 5= 35D0) (30" - D) D7)
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FB7DW) D WP+ Y Sadly—u) B D)

branes
3 -2 715 "
SB7D | D"+ > sy —w) |, (5.66)
branes
which implies
D'(y)+ > aidly—y;)=0. (5.67)
branes

We will later show that this equation is satisfied for the D(y) given in the static solution.

5.6.1 Equation of motion for ¢
Inserting the static solution into the field equation (5.38) for ¢, we get

3
06— e F2+ ) Boid(y —y) B 'D(y) %e™* = 0. (5.68)
. branes

Since F is a five-form in a five dimensional space, it has only one independent component,
which we can take as Fpiass. Substituting equations (5.52), (5.53), (5.56) and (5.44) into
equation (5.38), we obtain

3B_2D(y)_48y(g((yy)>) +3B72D(y) %D/ (y)?* + Z 30;0(y — y;) B2D(y)~®

branes

=3B D(y)° [ D"(y) — lz;((‘z)) + %((Z)) + > sy —wi)
branes

=3B72D(y) 7 [ D'+ Y udly — )

branes

Thus equation (5.38) also reduces to equation (5.67).

5.6.2 Equation of motion for A

We will now show that the equation of motion for A reduces to equation (5.67). Equation
(5.49) is totally antisymmetric in the indices B, C, D, E, and in the sum over branes only
components with A, B, C', D # 4 contributes. Only the derivative with respect to y survives,
son we can choose (A, B,C, D) = (0,1,2,3), and get

1
V(e FH123) 4 Z a;0(y — yi)\/—__geo‘m‘sﬁaXO@gXlavXQ@gX?’ =0. (5.69)

branes
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In the trace inside the sum, only one term contributes, («,3,7,d) = (0,1,2,3). Using
equations (5.52), (5.54), (5.53) and (5.57) we get

Ou(V=gB* D F"*) + Y " by —yi) =0

branes

- 84(NABBD4B2D6<_N2A6B2D8)71<_NA3371D72D/)) + Z 0625<y — yz) =0
branes

= D"(y)+ Y ably—y)=0 (5.70)
branes
The static solution gives an expression for the field strength, not the gauge field itself.
Using the relation F := dA, we can find the gauge field. We use the fact that only
y-derivatives survive in the static solution. Using equation (5.43), we get

1
F = dA = Foioza = 50 A1234) = 554!54-40123,

where the 4! comes from the 4! permutations of the indices 0,1,2,3, which all contributes
equally. Given the value of Fyie34 in equation (5.54), this relation is satisfied if we choose

A0123 = NAgB_lD(y)_l, (571)

and components with an index equal to four, we choose to be zero, since these don’t affect
the value of the field strength tensor.

Note that the expression for the field strength in equation (6.11) is antisymmetric with
respect to mirroring about y = 0. Since it is the y—derivative of Aga3, Apio3 must be
symmetric about y = 0.

5.6.3 The equation D"(y) + >  «a;é(y —y;) =0

Analyzing the D(y) in (5.55), we see that D”(y) is clearly zero away from the branes,
since D(y) is linear in those intervals. Near y = 0, the slope is —a for y < 0 and « for
y > 0,s0 D'(y) = 2a0(y) — « in the vicinity of y = 0. Thus D”(0) = 2ad(y) = —2a19(y)
around y = 0. Applying the same argument at y = R and y = +Y shows that D" (y) =
2(ad(y) —(a=P)d(y—R)) —BO(y—Y)+d(y+Y)). Since oy = —a, ag = oo — 3, and
a3 = [3, this is the same as — > «;0(y — ;), and thus equation (5.67) is satisfied.

5.7 The metric signature

From the metric in equation (5.52), we see that D(y) must be everywhere positive so as
to not change the signature of the metric. Since it is symmetric about the point y = 0, we
only have to worry about positive y-values. We have

ay+C Yy<Y
D(y)‘{ (a—By+C+BY y>Y
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D(y) is a piecewise linear function of y, the two pieces being separated at the point y = Y.
So it is enough to ascertain that it is positive in the points y € {0,Y, R}. At y = 0, we
have D(y) = C, giving us the demand C' > 0. At y =Y, we have D(Y) = aY + C, giving
us C > —aY. At y = R, we get the condition C' > —aR. In sum, we get the following
condition on the constant C'
{ 0 ,a>0
C >

—aR ,a<0.

A naked singularity is a geometric singularity not shielded by a horizon, thus light
originating from a point arbitrarily near the singularity can escape to infinity. Penrose put
forth in 1969 a conjecture called cosmic censorship, which states that no naked geometric
singularities can exist. The conjecture has been shown to be false for some cosmological
models, but those models are considered to be physically unreasonable. In ordinary gravit-
ational theory, we have black holes with central geometric singularities which are shielded
by a horizon, located at r = 2G M for a Schwarzchild black hole measured in Schwarzchild
coordinates. M is the mass of the black hole and G is the four dimensional Newtonian
gravitational constant. So black holes are of course in line with the cosmic censorship
conjecture.

In the case of the static solution of the simplified heterotic M-theory action, notice
that if the orbifold dimension was not truncated at the positions of the visible and hidden
branes, we would have a naked geometric singularity in the space-time, where D(y) = 0.
We can say that the visible or hidden brane, depending on which side the singularity is
located, shields the singularity.

5.8 Geometric properties of the static solution

A conformal transformation is a coordinate dependent non-vanishing rescaling of all vec-
tors, preserving of course the metric signature. This means that it can be represented by
the following operation on the metric.

g — g = exp(w)g (5.72)

where w is an arbitrary function of position in space-time. Since light-like geodesics follow
paths which have tangent vectors of length zero, this transformation don’t affect them. We
say that a metric is conformally flat if it can be made into a flat metric by a conformal
transformation. Transforming the metric in the static solution (5.52), using (5.72) with
w = —1In(D(y)),we get the flat metric

3
ds? = N%dt? + A* Y (da')? + B*D(y)*dy>. (5.73)

i=1
It is easy to see that it is flat because the only coordinate dependence in its coefficients is

the y-dependence in g44. This dependence is removable by a change of y-coordinate to a
coordinate g that satisfies the relation dy? = D(y)3dy?, thus one only has to integrate the
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Figure 5.4: Logarithmic plot of the Ricci scalar in the static solution
for parameter values « = —1, 6 =1/2, Y = R/2, B=1, C = 2. The
delta function character of the bulk brane in the y-direction, gives a
discontinuity in the space-time curvature at y = +R/2.

differential equation dij/dy = D(y)3/?. This shows that the static solution is conformally

flat. Since the light-cone is independent of any transformation that just multiplies the
metric by an arbitrary function, this means that the light-cone is the same as in flat
space-time.

The 5-dimensional Ricci scalar curvature of the static solution (see appendix (B)) is

7D'(y)* —4D(y) D" (y)
B2D(y)® '

R — (5.74)
Since the branes give a discontinuity in the derivatives of the metric, the Ricci scalar is
not well-defined at the location of the branes. Evaluated away from the branes, the double
y-derivative of D is zero, and we get

R 7a’B~2(ay + C)7 0<y<Y
| Ma—=p)?B2((a—By+pY +C)°% Y <y<R.

We see that the Ricci scalar curvature increases at small y when « is positive, which
corresponds to negative visible brane tension, and from figure 5.4, we see that the scalar
curvature increases towards larger y when the visible brane tension is positive (a < 0).

Let us also look at constant-time slices of the space-time. On hyper-surfaces of constant
time, the metric is obtained by dropping the components in the time directions. These
metrics are of course also conformally flat. We get

3
ds; = D(y)A* > (da')* + B>D(y)*dy”. (5.75)

i=1
The physical 4-volume of an infinitesimal spatial comoving volume element d®zdy is there-
fore Vern = A3BD(y)"/?dxdy. If o in D(y) is negative, corresponding to positive tension
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on the visible universe, this quantity decreases towards larger y, so in that case the visible
brane is in the large spatial volume region of the extra dimension. The 4-dimensional Ricci
scalar curvature of hyper-surfaces of constant time is (see appendix (B))

_ 6D'(y)* —3D(y)D"(y)
B2D(y)°

Ri (5.76)

Since the double y-derivative of D is zero away from the branes, this is proportional to
the 5-dimensional Ricci scalar, which increases with increasing y for negative a. It is no
accident that the region of large spatial comoving volume coincides with the region of small
spatial scalar curvature.

5.9 Brane tensions

If we were to add matter to the visible brane in the action (5.1), it would appear also mul-
tiplied by the visible brane tension, just as the brane gauge field in the Dirac-Born-Infeld
action (2.106) appears in an expression multiplied by the tension. Looking at the effective
four-dimensional Einstein equation (4.15) on the brane, we see that if this tension were
negative, this matter would contribute with the opposite sign in the Einstein equation,
compared to standard matter in standard four-dimensional Einstein gravity. This means
that gravity would be repulsive on the visible brane. Since we know that gravity is at-
tractive for normal matter, we must choose a positive visible brane tension in a realistic
model.

It is claimed in [8] that it is straightforward to show that the bulk brane must have
positive tension. Since the three brane tensions must sum to zero, this means that the
hidden brane must have negative tension. Several examples for the ekpyrotic universe of
brane embeddings and calculations of brane tensions are given in [30], and in all these
examples the boundary branes have tensions of opposite signs, and the bulk brane has
positive tension.
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Chapter 6

Moduli Space Approximation and
Numerical Results

In this chapter, we will introduce an approximation scheme called the moduli space ap-
proximation. In the original proposition of the ekpyrotic universe, [8], it was argued that
if the system evolves very slowly, we can approximate the evolution by assuming that it
moves between different vacuum solutions. The moduli space of vacua is in our case a
five-dimensional space, or after we choose the gauge N(t) = 1, a four-dimensional space.
At each point in the moduli space, we have a heterotic M-theory static vacuum solution of
the type described in section 5.6, with particular values for A, B, C' and Y.

In that case the constants A, B, C' and the constant position Y of the bulk brane in the
time independent solution will vary as the system of branes changes with time. The moduli
space approximation consists of promoting these constants to functions depending slowly
on coordinates parallel to the branes, and since we assume isotropy and homogeneity, this
means that they only depend on time.

After promoting the constants to functions of time, we insert the solution into the
original action, and then integrate over the orbifold dimension to obtain a new action. From
this action we can obtain new equations of motion for the now time-dependent functions
A, B, C'and Y. To warm up, we first present a simple example of the moduli space
approximation, before applying the approximation scheme to the action for the ekpyrotic
universe.

When we have obtained the new equations of motion, we solve them numerically for
different parameter values. From the plots, we can analyze the behaviour of the model.

6.1 Field theory of real, scalar fields

The moduli space of a field theory is the space of vacuum solutions. As an example, we
start with a field theory of real, scalar fields. The action for the theory is

S— /d{@ <—%aa 60 —v@s’)) | (6.1)
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—

The moduli space is the set of minima of the potential V'(¢). If we have a potentialV (¢) =
— = 2 — =
7 <¢> o —U2> with positive ), the set of minima is given by the solutions of ¢ - ¢ —v? = 0.

If we have N scalar fields in the vector ¢, the moduli space is the (N — 1)-sphere Sy_;.

An element in the moduli space is a time independent solution, and the set of time
independent solutions will be parametrized by as many parameters as the dimension of
the moduli space. In the case of a theory with only two real scalar fields, it will be one
angular parameter since the moduli space in this case is S;. The point of the moduli
space approximation is to generate time dependent solutions by letting those parameters
be functions of time, and then inserting the solution back into the action. Such a time
dependent ansatz will only be a solution to a certain accuracy, only valid at low speeds.

The Euler-Lagrange equation generated by the action (6.1) with the potential men-
tioned above is . o .

—0,0% 6 +\ (¢> > —112) b= 0. (6.2)

The vacuum solutions will be constant in both space and time, so 0,0% ¢ is zero, and we
get the condition

b b=’ (6.3)
It N = 2, this tells us that the coordinate independent solutions can be written
b= (cos(8), sin(0)), (6.4)

parametrized by an angle 6. Thus the moduli space is S;.
To find a time dependent solution with the moduli space approximation, we let the
parameter 6 depend on time: 6 — 6(t), which gives us a new expression for the solution:

b= A (cos(O(t)), sin(6(t))) . (6.5)

We substitute this into the action, and treat 6(¢) as an independent field. The space-
derivatives of this expression give zero, and we get the action

2

S = / a0 (6.6)
which gives the following Euler-Lagrange equation and solution for 6(t):

020(t) = 0 = 0(t) = wt + by :EM (t) = v (cos(wt + by), sin(wt + b)) . (6.7)

We can test whether this is a solution of the original equation of motion, by inserting this

¢ (t) into the original Euler-Lagrange equation (6.2). This gives

~0a0" Gar +X (01 + 031 —02) Gur= O Ga= —w® 600,
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which is not zero. But is zero to first order in the w parameter. Since w is a measure of the
speed of the system, this is as expected only a solution to a certain accuracy depending on
the speed of the evolution. It is of course an exact solution when w = 0.

At first sight, the fact that the Euler-Lagrange equations are not satisfied may seem
strange since it should always be possible the change variables by writing the original fields
in the Lagrangian as functions of new fields, as it seems that we have done in equation
(6.5). The reason it doesn’t work quite that way in this approximation is that we are
reducing the number of degrees of freedom. In the previous model we start with N degrees
of freedom, and construct an ansatz that is constrained to move on the moduli space,
which is of lower dimension, in this case N — 1. In this case our moduli space solution
(6.7) is not a solution of (5.38), but is a solution of the same action with the additional

requirement ¢,, - ¢,; —v? = 0. The original action together with this requirement is
called a sigma-model field theory, and is used i.e. when describing systems of spins in a
magnetic field where the requirement expresses the constant length of the spin vectors, and

in string theory where the requirement on ¢,, represents a compact space-time manifold

since in this case the values of ¢,, are interpreted as values of space-time coordinates.

6.2 The ekpyrotic universe

Our static solution in equations (5.55), (5.52), (5.53) and (5.54) of the equations of motion
obtained from the action (5.2) contains five arbitrary constants, or moduli: N, A, B, C,
and Y. We want to construct the moduli space action, analogous to (6.6) for the scalar
field theory above. To do this we need to promote our moduli to time-dependent functions,
and calculate the new action. We must thus insert

D(y) = alyl =By —Y(t)o(y—Y(1)) (6.8)
=By +Y(@)0(y +Y(t) +C(t)

ds* = D(y) (—N(t)2dt2+A(t)2Z(d:ci)2>+B(t)2D(y)4dy2 (6.9)

e?W = B(t)D(y)? i (6.10)
Fooaaly) = —N(®AW)BE)" D(y)~*D'(y) (6.11)

into the action (5.2).

To keep things simple, we will keep the D(y) in our expressions for now, not substi-
tuting in its specific dependence on y, Y (t) and C(t) quite yet, and we don’t indicate its
dependence on C(t) and Y (¢) explicitly. We also do the calculation separately for the bulk
and brane parts of the action.
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6.2.1 Bulk moduli space approximation Lagrangian

The bulk part of the Lagrangian in equation (5.2) is
1 1 1 1
ﬁg,\/—_gﬁb = W\/—_gﬁn + W\/_—gﬁtﬁ + W\/__QEA
= —\/ <R - —8A¢8A¢ 2 5 2¢’f2> (6.12)

First, we insert the time-dependent solution into the kinetic scalar part, and obtain

Mig\/__gﬁtﬁ = _1\/__98A¢8A¢ = —il\fA?’l?D4 (—N*ZD*(;S? + Bf2D—4¢/2>
— leN LA3BD? (3—13 n 3D‘1D)2 B %NAgB_lD_QD,Q
= i NT'A’BTIBD? + gN‘1A3BD2D

Similarly for the kinetic four-form part of the Lagrangian, we get

1 1 31 31
—3\/——QCA = ~3 95562@7_—2 45'NA3BD4BQD65']:01234]:01234
— —ZNA?’B:SDN (—NA3B’1D’2D’)2 (_NzAﬁBzDg)—l
3
= ZJ\fA?’B—lz)—QD’Q. (6.14)

To find the Einstein-Hilbert part, we first calculate the Ricci scalar in terms of the time-
dependent metric Ansatz. We can use the program in appendix B to calculate it as a
function of the metric (6.9).
R = 6N 2A2A’D' + 6N 2A'AB'BD' ~ 6N 3NA'AD™!
—2N3NB'BD ' + 6N 2A'AD"!' + 2N 2B~'BD!
7TB72DSD"”? —4B2D°D" + 2IN2A'AD?D + 10N *B~'BD*D
) .13 ) .
—~TN*ND™D + ?N‘ZD‘?’DQ +7N"2D?D (6.15)
Thus the Einstein-Hilbert part of the Lagrangian is
1 1 1. s
—V—9Lr = -/—gR=-NA’BD'R
M 2 2
= 3N 'AA’BD? + 3NT'A2ABD? - 3N"2NA?ABD? - N“2NA*BD?

.. .. 7
+3N'A2ABD? + N~'ABD? + QNA?’B*lD*zD’z

90



6.2. THE EKPYROTIC UNIVERSE

21 . . . .
—INA*B~'D'D" + ?N‘lAQABDQD +5NA*BD?D

. .1 . .
—;NZNA3BD2D + Z?)NlA?’BDD2 + gNlA?’BDQD (6.16)

It contains second derivatives with respect to both ¢ and y. It is convenient to use partial
integration to convert these to only first derivatives, since we can then use the standard
formulas for the Euler-Lagrange equations. As an example, we display partial integration
on the fifth term in the expression above.

3N'A2ABD? = 30,(N"'A2ABD?) + 3N :NA?ABD?
—6N"2AA’BD® —3N'A2AB —9N"'A2ABD?D

Using partial integration with respect to time on the double time derivatives, and dropping
total derivatives, we get

. 2 .o . N . 2
1 A AB  AD 3BD 15(D
/= — NA3Bp3|-—3|lZ2) 32 9= _ 2 _ 2
VA 3<A> A8 YAD 2BD 1 (D)

7
+§J\IA?’B*HTQ(D')2 —2NA*B™'D'D". (6.17)

In the end, the total bulk Lagrangian becomes

1 1 1 1
gLy = —/=GLg 4 —/—G Loy + —/—GL
By I MY IR T AEV IR T EV A

. 2 . .. . 2 . 2

A i Ap 3/(D\° 1/(B
. —1 43 3 _ - _ Q= ol = _ ¥ - - -
= N ABD 3<A> A8 YAD 2(1)) +4(3)

+2NA*B~ (D*(D')* = D~'D"). (6.18)

Since we have D7?(D')*> — D7'D” = —(D7'D’') , the two last terms are just a total
derivative. When we do the integral over y € [—R, R] in the action, there are no boundary
contributions, since y = —R and y = R are identified as the same point. We can therefore
drop this total derivative from the Lagrangian without hesitation.

We want to do the integral over the orbifold dimension, and must therefore use the
explicit form of the D(y) function. We have

D=p3Y0(y-Y)+C. (6.19)

Inserting this into (6.18) gives

SN\ 2 . . . .
1 i A AB A (pye(y-Y)+C
Mg)\/gﬁb—NABD( 3<A 355~ 95 5
1
4

% (g) _;(ﬁye(y;YHc) . (g) ) 6.20)
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We now integrate this over y € [—R, R| to obtain a four-dimensional Lagrangian. Define
the integrals over the orbifold dimension

Ina = Q/Y Dy = — 2 (oY +C)mtt — ™) (6.21)
e 0 y= a(m+1) '
R 2
Iy = Q/Y D™dy = =B mt D X (6.22)
(@ =B)R+C+5Y)" — (aY +C)"™*H)
Ly = Inma+ Lnp. (6.23)

Notice that the value of I,, , when Y — R is not the same as I, , when ¥ — 0 since the D
function is not equal on both sides of the bulk brane at y = Y. These integrals are positive
since D(y) must be positive to preserve the metric signature. D(y) is dimensionless, so the
integrals have the dimensions of length. From these definitions and the definition of the D
function we calculate

Ipa=2Y Iy, =2(R-Y) Iy=2R (6.24)

4p=1 Lp=aq (6.25)

Derivatives of the I, integrals with respect to the independent functions are needed when
we find the equations of motion from our new action.

dc%a - 2 ((aY + )" = ™) = mlp1 (6.26)
dcgy - %a(o‘y +O)" =2(aY +C)" =2D" (6.27)
dégb " (a 3 g (@ =R+ CH )" = (¥ + O)) =mlnay (6:28)
dé;ib - @ i 5 (B((a—B)R+C+BY)" —alaY +C)™)
= mBl,_1,— 2D (6.29)
R IR 6
W e
b (= R+C+ Y)" —afaY +O)")
" (a i 3) ((@=B)(aY +C)" + 3 ((a = B)R+C + BY)" —a(aY +C)™)
= (@2_56) (= B)R+ C + BY)™ — (@Y + C)™) = mBLn_14 (6.31)
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Thus we have

. dl, . dI, .- : :

[m = %C + d—YY = m[m,lC + mﬁ[m,LbY. (632)
We now have the contribution of the bulk part of the five-dimensional simplified heterotic

M-theory Lagrangian to the four-dimensional moduli space approximation Lagrangian.

R

1

Lot = / dymw/—gﬁb (6.33)
-R 5

Thus we have

. 2 . .
3M3A3B A A B : y
Eznod — —5T |:[3 (Z) + Z ([3 (E) +3[20+ 3612,5Y>

LN\ 2
1 B 1. ., (. B.

Since we have absorbed the square root of the determinant of the metric into the Lagrangian
in these calculations, the action obtained from this Lagrangian is given by

Sprot = / d*xLyod, (6.35)

This action now needs to be supplemented with the contributions from the boundary and
bulk branes, and after that we will add a potential-term to drive the evolution of the
system.

6.2.2 Boundary brane moduli space Lagrangian

Now we must convert the boundary brane part of the action (5.2). To do this we need an
expression for the 4-form field A. This expression was found in the static case in equation
(5.71), and this will be unchanged in the moduli space approximation, apart from making
the constants time-dependent.

We must insert this into the Lagrangian for the boundary branes. We use the simplified,
non-covariant version given in equation (5.10). For the visible brane, we get

\/—gﬁ = —galMg’é(y) (\/ —h6_¢ — A0123>

- —;alMgé(y) (NA*D?B™'D3 — NA*B~'D') =0, (6.36)

where we have used the determinant of the induced metric (5.32). The same goes for the
hidden brane, of course.

So the boundary branes don’t contribute to the moduli space action. This fits well
with the fact that they are static, so they don’t contribute to the kinetic energy part of
the Lagrangian. By design, they have no matter content, so their contribution must then
be zero.
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6.2.3 Bulk brane moduli space Lagrangian

Since the bulk brane is moving, the induced metric is modified, and this gives a kinetic
energy term for Y in the bulk brane in the moduli space action. The brane movement
causes the time component of the induced metric on the brane to differ from the bulk time
component of the bulk metric.

OXM XN oY\’ :
hie = gMNa—goa—§0 = goo + Gua (E) = goo + guY” (6.37)

This leads to a new expression for v/—h which we expand in the small velocity Y to get

V=h = V/N2D — B2D4y243D*?

1 .
NA'D? — CNTIAPB DY, (6.38)

We must use the gauge choice (5.71), where we chose Ajg34 = 0, which eliminates the
coupling between the bulk brane speed Y and the gauge field. Inserting this into the
Lagrangian (5.10), we obtain the five-dimensional Lagrangian

3 1 :
mod ., _° 3 _ 3p—1p1—1 __ + ar—143 2v2
Liga =~ =5 > BMEi(y - Y) <NA B'D™! — o NTIA*BDYY
~NA’B'D' + ,412341‘/)
3 3 1 —1 43 272 ’
= ZﬁMgé(y —Y)N'A*BD*Y?. (6.39)

When doing the integral of this over the orbifold dimension to obtain the four-dimensional
Lagrangian, we get equal contributions from the bulk brane and the mirror bulk brane at

y = —Y. The effect is that the delta function vanishes, and we get an extra factor of 2.
mo 3 — ’
Lyt = 5ﬁMg’J\f 'A*BD*Y? (6.40)

This acts as a kinetic term for the bulk brane movement. The bulk brane tension acts as
a mass for the bulk brane in this expression.

6.2.4 Moduli space approximation Lagrangian for the ekpyrotic
universe

The total Lagrangian is the sum of the bulk and the brane parts

Lmod = E?Od+£g0d
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. 2 . .
3MZA®B A A B : :
_5T (13 (Z) +2 (@, (§> +3L,C + 351271,)/)

. 2
1 B 1 ., (. B B ey
TL (B> + 500 + 8L (C+2Y)—2DY . (6.41)

As should be, no potential terms have arisen for the moduli N, A, B, C, Y. This expression
should be interpreted as a non-trivial kinetic term of the same form as in sigma-models in

field theory, where one could have a kinetic term of the form G(¢) MN(bM(bN where G is
interpreted as a metric in field-space.

Since we now have a four-dimensional effective theory for the ekpyrotic universe, we can
deduce the four-dimensional Planck mass M, by comparing this action to the one obtained
from the four-dimensional metric

ds* = D(0) (-N(t)?dt? + A(t)? Z(daﬁ)?) . (6.42)

=1

Calculating the four-dimensional Ricci scalar from this leads us to a four-dimensional
Einstein-Hilbert Lagrangian (dropping irrelevant terms),

. 2
3M2A3D [ A
4D__ 4 -
L = — N (A) 4+ (6.43)

The factor multiplying the scale factor A in our moduli space approximation must be
equal to the corresponding factor in standard four-dimensional gravity. Thus we have the
four-dimensional Planck mass as a function of the five-dimensional one and the moduli

fields
Mj = M} (%) : (6.44)

If the four-dimensional Planck mass is frozen to some value at ekpyrosis, as suggested in
([8]), we must evaluate this at ekpyrosis, where Y = 0. We then obtain

B(t)I5(t)

(6.45)
where we have chosen ekpyrosis to occur at a time t.. In the case of ordinary Kaluza-
Klein compactification without brane-worlds, the relation between the five and the four-
dimensional Planck masses is different [32]. It then only depends on the radius of the
compact dimension as

M ~ MR, (6.46)

In the ekpyrotic universe the relation depends on the brane tensions and length of the extra
dimension through the integral I3, but also explicitly on the functions B(t) and C(t).
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The question of whether the four dimensional gravitational coupling strength is a con-
stant or not, depends on the behavior of the five dimensional fields. If the Planck masses
are related by (6.44) also at times after the collision, and the B(t) and C(t) vary, then
the Newtonian gravitational constant will vary with time. In that case, since we observe
a constant gravitational constant, the B and C' must stabilize on some values by some
mechanism.

6.3 Bulk brane potential

The moduli space action contains no potentials; the fields are almost free. But they are
required to move on the moduli space manifold, hence the non-trivial kinetic term. To
make the ekpyrotic universe model work, we need an attractive potential that pulls the
bulk brane towards the visible brane. If the branes were exact BPS objects, there would
not be any forces between them. In string theory, the attractive forces between two BPS
branes coming from the graviton and dilaton exchange are canceled by the repulsive forces
of Ramond string interactions. Thus we must postulate that the branes are not exact BPS
objects.
The potential must satisfy the following requirements:

e [t must depend only on the coordinate in the orbifold dimension direction, since
the bulk brane movement in the orbifold direction must be independent of all the
coordinates except time. This is so because it must remain flat during its journey
across the bulk space. Otherwise it would hit the visible brane at significantly dif-
ferent times on different points in the visible universe, causing big inhomogeneities
in our universe, which is experimentally incorrect.

e The derivative of the potential must be small near y = R because otherwise the bulk
brane will not be flat. As in Newton’s second law, the derivative of the potential gives
the acceleration of the position of the object in question. The acceleration must be
small because the bulk brane nucleation process presumably starts only at one point
on the hidden brane, and grows outwards in all three space-like directions tangent to
hidden brane. For the bulk brane to become flat, the nucleation growth rate tangent
to the hidden brane must be much faster than the movement of the bulk brane in
the orbifold direction.

e We must have V(R) = 0 since otherwise the hidden brane state would not be static,
but would undergo some kind of inflation. In that case it could not have been in a
static configuration in the infinitely distant past.

e We must have V' (0) = 0 since otherwise it would contribute to a cosmological constant
in the visible universe after the bulk brane collides.

e In [8] it is argued that the potential must come from non-perturbative interactions.
Little is known about the non-perturbative part of string theory, so it is not currently
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possible to calculate the potential from first principles. But we will learn about the
theory by trying different potentials.

6.3.1 Velocity dependence

In 10 dimensional perturbative string theory, there is no interaction between static, parallel
Dp-branes of equal tension. There is a cancellation between attractive and repulsive forces
between the branes which has its origin in the BPS property of the static state. When
they are moving there is, however, a velocity dependent force between parallel Dp-branes
moving in a direction transverse to the branes. The potential between them is at large
distances and to leading order in the velocity [11]

4
v,

r7—p a/p—.?)

Virv) = X 92252 r(%) L O, (6.47)
where v is the transverse relative brane velocity, r the brane separation, V), is a space-
time volume factor which must be divided away to obtain the potential density, which
is finite in the limit of infinitely large dimensions. «’ is the string constant, and I' is
the gamma function. This is an attractive potential, and the cancellation of forces is no
longer there since the movement in the brane configuration breaks the super-symmetry,
and thus also the BPS property which protects the branes from interactions. But this is a
perturbative force, and is highly suppressed at low velocities, which is the velocity-region
we are interested in, but it does suggest the possibility of a velocity dependent potential
between the branes.

6.3.2 Adding a potential to the action

We now introduce a potential into the theory by adding a new term to the Lagrangian.
The term must depend on N, A and B in a manner consistent with general coordinate
invariance. Since we have absorbed /—g¢ into the Lagrangian, it must be proportional to
that quantity, which in terms of the metric components N, A and B, is NA3B.

Ly = —38M2NA*BV(Y). (6.48)
The potential V (Y), so defined, is dimensionless. The full Lagrangian with potential is
N2 . i N\ 2
3M3A3B A A B . . 1 B
= —— 3| — — | I3—= + 31 L)Y | ——=I| =
Lrnod N {3(14) ‘|‘A<3B‘|‘320+3ﬁ2,b ) 123<B>
1. ., (. B 1 e )

—|—§[1C +BLY [ C+ §Y -0 §D Y = NV(Y)||. (6.49)

We see that multiplying A and B by arbitrary non-zero constants, is the same as multiply-
ing the Lagrangian by an overall constant. This has no effect on the classical solutions.
This is a consequence of the invariance with respect to re-scalings of the coordinates. We
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Figure 6.1: Example potential for the bulk brane. It satisfies the
conditions limy g V(Y) = limy o V(Y) =0, and limy g V'(Y) = 0.

can therefore choose A(0) = B(0) = 1 as initial conditions later in our numerical treat-
ment. We see that the kinetic terms, e.g. the A? and B? terms, have different signs, which
could lead to unstable behavior in the solutions.

6.3.3 Examples

A potential that does not satisfy the condition of having a small derivative near Y = R, is
a parabolic potential

V(Y) = MY (Y - R). (6.50)

Although this potential does not not satisfy the condition mentioned above, we will use
it in numerical simulations to show that certain qualitative properties of the solutions are
independent of the detailed for of the potential.

A more realistic potential that satisfies all the conditions is

V(Y) =~k (e —e™H) (1 — m> , (6.51)

which for values R = 1/M;, ky = 1, ks = 10/R and k3 = 10 is plotted in figure 6.1. We
call this the “exponential” potential because it is exponential at large y, but not for small

Y.

6.3.4 Scalar field in potential well in contracting space-time

In this section we illustrate the fact that in a contracting space-time, fields gain extra
kinetic energy from the gravitational field. This is just the gravitational Doppler effect
that in the case of photons would blue-shift them by shrinking their wavelength as the
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space contracts. Let the metric be of Robertson-Walker type,

ds®> = —dt* + a(t)? ﬁ:(d:ci)Q. (6.52)

i=1

The equation of motion for a space independent scalar field ¢ in this curved space with
scale factor a(t) is

¢9+3%q§+v’(¢) = 0. (6.53)

Let us assume that the scalar field’s energy density is small, so we don’t have to worry
about it’s back-reaction on the geometry. This would correspond to small potential and
low velocities. Also assume that the scale factor is given by a(t) = e™" (giving a/a = —1),
and V(¢) = ¢(¢ — 1). Note that an infinitesimal comoving spatial volume element d®z
has physical volume e~ d3z, which is decreasing with time. The equation of motion then
becomes

¢ -3¢0 +2¢=1. (6.54)

The homogeneous equation has solutions
o (t) = Ae' + Be*. (6.55)

We need to also find a particular solution; it is easy to see that ¢p(t) = 1/2 fits the bill.
Choosing initial conditions ¢(0) = 1 and ¢'(0) = 0, the full solution is

b(t) = et — 1o 4 L (6.56)

2 2

We see that this solution will decrease exponentially towards minus infinity. We can see in
figure (6.2) that the field falls down the potential and rises indefinitely up the potential on
the negative side. This is in contrast to flat space mechanics, where energy conservation
would constrain ¢(t) to the region ¢(t) € [—1,1]. The energy conservation law is different
in curved space, an extra contribution coming from the field’s interaction with the grav-
itational field. This interaction is unavoidable, since gravitation interacts with all fields
having non-zero energy. Integrating equation (6.53), we get the modified conservation of
energy equation

d /1. -
4 (35 +ve) = -2, (6.57)

from which we see that the coupling to gravitation contributes to the total energy of the
field. It gives a positive contribution when a < 0, so we see that the field gains energy
when moving in the direction of decreasing spatial volume.

6.4 Field equations for the ekpyrotic universe

In this section we calculate the field equations for N, A, B, C' and Y from the moduli space
Lagrangian in equation (6.49). We keep in mind that the moduli space approximation is
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Figure 6.2: Scalar field in contracting space-time

0.0 ‘ ‘ ‘ ‘ A 1.0 F
0.5
§ -0.1} ] -
>~ RS
0.0+
-0.2}
‘ ‘ ‘ ‘ ‘ ‘ -0.5L ‘ ‘ ‘ ‘ )
0.0 0.2 04 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
10) t
(a) Parabolic potential for ¢(t). In (b) The scalar field can move past the
Minkowski space it always leads to oscil- point ¢ = 0, even though the potential
latory behaviour, but not neccesarily in a is higher there than where the scalar field
contracting space-time. started it’s movement.

only valid for almost static systems, although we don’t implement this mathematically in
the equations by Taylor expanding them in some velocity-related small parameter. The
functions’ dependency on time has been suppressed to simplify the notation.

6.4.1 Gauge fixing

Since the functions N, A and B are scale-factors in the metric, they are modified during a
change of coordinates. This is a gauge symmetry of the theory. Since N only depends on
time, we can assume that we have chosen a time coordinate so that N(¢) = 1.

6.4.2 Equation of motion for N(t)

The equation of motion for N(¢) is the Euler-Lagrange equation

i a‘Cmocl . acmod
dt \ ON ON

— 0. (6.58)
The action contains no time derivatives of N(t), so the first term vanishes. From (6.49),

we get
.\ 2 . . .\ 2
3M3A®B A Al B : : 1 (B

+%IlC*2 + BILY <C + §Y> — GDQY2 + N2V(Y)> } =0 (6.59)
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Choosing the gauge N(t) = 1 and eliminating by the prefactor common to all terms, this

becomes
A Af B L, (BY
I (Z) +3 <]3§ +3L,C + 3512bY> TR <§>

+%AC2+ﬁhﬁfof+§Y>-—B(%D%ﬂ4<N%KY0::0 (6.60)

Since this equation comes from varying the time component of the metric in the action, this
corresponds to the usual first Friedmann equation in cosmology. As the first Friedmann
equation, this one is also of first order in time-derivatives.

6.4.3 Equation of motion for A(t)
In the gauge N(t) = 1, the equation of motion for A(¢) is

d

t

=

. 2
A
2 PR
i cenl(2)
il B 1 B\

+%hCa+ﬁhﬁ>Cj+§Y)—ﬁ(%DWﬂ—WKYO}]:O (6.61)

A B . .
ﬂ¥3<ﬂy—+g§+350+3ﬁay>

This equation corresponds to the Friedmann equation for the scale factor in the spatial
directions tangent to the branes. It is a second order differential equation, just as the
ordinary second Friedmann equation.

6.4.4 Equation of motion for B(¢)

In the same gauge, the equation of motion for B(t) is

A 1B
AL =22
3<A+6B>

. 2
+i1<§>-+?ﬁ?+5mY<O+§Y)—5(%YY%44Y0}zowﬁm

d

dt

. 2 .
A A . .
3 —_— —_—
+ A {13 (A) +5 <3IQC+3ﬁ[2by)

1272\ B 2 2

6.4.5 Equation of motion for C(t)

This case is complicated because the D and the I,,, functions (6.21) and (6.22) depend on
C(t) and Y (t). But we have calculated the relevant quantities in equations (6.25), (6.28)
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and (6.31). Using these results, we get

. . 2 .. . 2
d[ A . \ A\ AB 1 (B
| -AB <312Z + IO+ 511by> + A’B [312 (Z) +35 -5 <§>
A ) ) 1 . . ) )
6% (110 n ﬁ]lbY> + 510C? + BlopY (C n §Y) _ ﬁDYQ] —0. (6.63)

This equation can be interpreted as coming from the equation of motion for ¢ in our
original variables. It is of second order.

6.4.6 Equation of motion for Y (¢)
Using equations (6.25), (6.29) and (6.31), we get

. . 2
% _A*B (312,1,% + 1 (C+ 7)) - D2Y> + A°B {312,,,{ (%)
. . 2 .
AB 1 (B A, . .
R <§> } 65 (Il,bc + (B, — D?) Y) +(R-Y)C?
+2(B(R-Y)-D)Y (C + §Y) —~ (aDY2 - v’(Y)) ] =0 (6.64)

This is the equation of motion for the bulk brane position Y. For just that reason it
contains the Y-derivative of the potential V' (Y'), which is related to the force on the bulk
brane from the bulk brane potential.

6.5 Numerical results

6.5.1 Free parameters and initial conditions

All coordinates can be rescaled as we wish, so we can adjust the initial value for the
functions A(t) and B(t). We will choose A(0) = B(0) = 1. Since the bulk brane is
supposed to start at the hidden brane, we must by construction choose Y (0) = R. The
system must begin with a static configuration, corresponding to the limit ¢ — —oo. Thus
we use A'(0) = B'(0) = C"(0) = Y'(0) = 0. In addition, we can choose the mass scale
so that R = 1/Mj5, but we will keep R explicitly in our expressions. Thus the remaining
degrees of freedom «, 3, C'(0) and the potential correspond to different physical systems.
To have a well-defined metric in the entire bulk space, the function D(y) must be positive
everywhere in y € [0, R] for all values of the functions C(¢) and Y (¢) in the solution of the
equations of motion, otherwise the metric changes its signature, as can be seen from the
definition (6.8). So we must keep this in mind when choosing C(0).
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6.5.2 Negative tension on the visible brane and a parabolic po-
tential

We choose R = 1/Ms, a = 100M5, 5 = 1/1000 x M5 and C(0) = 200. The potential is
chosen to be parabolic,
M2
V(Y) = 1—§Y(Y — R). (6.65)
Using the program in appendix A, we calculate the equations of motion, and solve those
equations numerically from ¢t = 0 to ¢t = 8000/M;. The solutions are given in figure 6.3.

We notice that while the bulk brane position varies wildly between 0 and R, the vari-
ations in the three other unknown functions are small. This follows from the smallness of
the bulk brane tension compared to the boundary brane tensions. Since the bulk brane
has little energy, it does not influence the functions in the metric much.

In the course of the evolution, the scale factor A(t¢) increases monotonically, as do
B(t). C(t), however, decreases monotonically. These three functions show no oscillatory
tendencies, as opposed to Y (¢), which moves back and forth in the bulk space during the
same time interval, without hitting the visible brane, at y = 0. It also does not bump into
the hidden brane at y = R at the local maxima on the graph of its movement. This means
that in this configuration, with these initial values for the unknown functions, there is no
ekpyrosis (bulk brane - visible brane crash).

From the figure for Y'(¢), it seems that the bulk brane will continue to oscillate back
and forth in the bulk space, but the numeric solution actually breaks down around t =
235000/Ms5. The oscillations are actually damped, but this is only apparent when [ is
larger so the local minima of the bulk brane position Y'(¢) increases with increasing time,
and the local maxima decreases with increasing time.

Analysis of the numeric solution (see appendix A) shows that the bulk brane almost but
not quite hits the visible brane. The minimum value of the bulk brane y coordinate in this
example is y &~ 1.32 x 107° /M5 at t =~ 1.75 x 103 /M5 on its first visit to the neighborhood
of the visible brane.

6.5.3 Comparing with the results in [8]

In [8], the authors choose the functions B(t) and C(t) to be constant to simplify the
problem, and make it susceptible to an analytic approach, and obtain closed expressions
for the unknown functions A(t) and Y'(¢). This choice is in conflict with the equations of
motion, and an approximation to justify this choice was not introduced.

In this section, we will show that the solution of the model with B(t) and C(t) constant
differs from the full moduli space approximation in that there exists choices of parameters
and potentials that generates ekpyrosis in this model, but not in the full model.

Using the same parameters as in the previous section, we now demonstrate that this

model does indeed lead to a bulk brane - visible brane crash. The solution is plotted in
figure 6.4.
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Figure 6.3: Negative tension, parabolic potential. Parameters a =

100Ms, 3 = 1/1000 x Ms, and C(0) = 200.
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Figure 6.4: Numerical results with parabolic potential and constant
B(t) and C(t). Parameter values o« = 100M5, 5 = 1/1000 x M.
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The figure shows that the bulk brane in this model actually hits the visible brane.
Numerical analysis of the solution shows that ekpyrosis occurs at ¢ ~ 1.75 x 103 /M5 with
an impact speed of Y'(t) ~ —2.66 x 1075. But it also shows a decreasing scale factor A(t),
just the opposite behavior from the full model with non-constant B(t) and C(¢). So this
model gives an very erroneous description of the ekpyrotic universe.

To show that our numerical solution of this model agrees with the analytic expression
for small (3 given in [8], we compare the values obtained for the conformal Hubble factor H.
at impact in each case. In [8], equation (27) gives the following expression for this quantity

L= % = \/2_33(5];4\;5)3/2 /YOD(Y)\/—V(Y)dY (6.66)

valid in the small § limit. a(¢) in this expression is a modified scale factor defined as

a(t) = A(t)\/BI; M (6.67)

which in the constant B and C' model turns out to be a scale factor that simplifies the
equations of motion for Y'(¢). Inserting our chosen values R = 1/M;5, a = 100M5, 5 =
1/1000 x M5 and C(0) = 200, and the potential (6.65), we calculate this to be

3/1000 x Ms /1
H, = 100Y 4+ 200)y/—=Y (Y — 1)dY
v/24/10(32500000)3/2 Y:0< ) ( )

~ 3.554 x 10712 M; ~ 3.6 x 10712 M5 (6.68)

Our numerical result is
H™™ ~ 3.585 x 1072 My =~ 3.6 x 107" Mj (6.69)

According to our numerical simulations, H"™ converges towards H, in the limit where
B — 0. This is to be expected since (6.66) is only valid in this limit.

6.5.4 Negative tension on the visible brane and an “exponential”
potential

To make a more realistic model, we try a different potential that allows for a bulk brane
motion that starts out more softly. We make sure the derivative of the potential at y = R,
i.e. the acceleration of the bulk brane at ¢ = 0, is very small. Since our model works for
any value of 3, we use a larger value than in the previous example, to get bigger variations
in the unknown functions. We choose the parameters R = 1/Ms, a = 100M5, f = Ms,
B(0) =1, C(0) = 200. As a potential, we use the following, which is of the same form as
in equation (6.51).

L s/ _ oy 1 10+ 1

VIY) = —q5le 1= 10Y/R + D) (6.70)

10<
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Figure 6.5: Negative tension and “exponential” potential
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The results are given in figure 6.5.

Since 3 is much larger now, the functions vary much more. We get qualitatively the
same kind of motion as with the parabolic potential. The A(¢), B(t) and C(¢) still vary
monotonically, as before. But in this case, we notice that the functions A(t), B(t) and C(t)
seem to demonstrate a similarity to somewhat smoothed out stepwise linear functions. The
second derivatives of these functions are largest when the bulk brane are near the visible
brane, and the bulk brane movement has a large second derivative. The bulk brane still
oscillates, but no longer moves in a sinusoidal way, but like a damped cycloidal motion
with decreasing wavelength. This wavelength decreases until the solution breaks down at
around zero wavelength, which is not shown in the plot. Analyzing the local minima of
the solution, we find that there is no ekpyrosis in this case either. An example is seen in
the last plot, where the bulk brane comes very close, but turns back into the bulk space.

6.5.5 Positive tension on the visible brane and parabolic potential

We use the parabolic potential in equation (6.65), and the same initial conditions as before.
The potential and the numerical results can be seen in figure 6.6.

The plots show the same type of behavior as the other examples, the typical damped
oscillatory movement of the bulk brane without hitting the visible brane. A striking differ-
ence is how the y values of the local minima in the graph of Y (¢) increases significantly, so
the bulk brane converges towards the middle of the bulk space. This follows of course from
the parabolic potential being symmetric about its minimum at y = R/2. It would also
have been seen in section 6.5.2, had not 3 been so small in that example. A continuous
kink is seen in the solution at around ¢ ~ 3000/M; which is connected to the fact that the
bulk brane movement at this point displays a large negative second derivative. There is
no ekpyrosis in this case either.

6.5.6 Positive tension on the visible brane and “exponential” po-
tential

The last example is with positive brane tension and our “exponential” potential (6.51). The
initial conditions are the same as in the previous examples. Figure 6.7 shows the results
graphically, and they do not seem to provide us with any interesting new behavior. This
is the most realistic case we have considered up to now, since the visible brane tension is
positive, and the potential satisfies the conditions given in section 6.3.

6.5.7 Many different parameter values

To show that these types of behavior are typical, we find the solutions for the bulk
brane position for many different values of the parameters «,  and C(0). The solu-
tions for v € {—100, —80, —60, —40, —20} x My, 5 € {1,5,9,13,17} x M5 and C(0) €
{120, 140, 160, 180, 200} are plotted in figure 6.8.
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Figure 6.6: Positive tension and parabolic potential
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Figure 6.7: Positive tension and “exponential” potential
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Figure 6.8: Y (t) for 125 different parameter values, all combinations
of a € {—100, —80, —60, —40, —20} x M5, B € {1,5,9,13,17} x M; and

C(0) € {120, 140, 160, 180, 200}.
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6.5.8 Physical length of the orbifold dimension

From the numeric results for B(t), C(t) and Y (t), we now also know b(t,y) = B(t)D(y)?,
since D(y) is a function of y, C(t) and Y (¢). Since b(t,y) is the scale factor in the orbifold
direction, we can calculate the physical length of this dimension. We get

Length = /0 dyb(t,y):B(t)/O dyD(y)QzéB(t)]Q

= %B(t) [é {(aY (t) + C(1))* — C(t)*}
e i 5 {((a = BYR+ C(t) + BY (1)) — (aY(t) + C(1))*} |, (6.71)

where we have used equations (6.21), (6.22) and (6.23). Plots of the numerical results for
the physical length of the orbifold dimension are given in figures 6.9 and 6.10.

They show that the physical length increases with time in all the four cases we have
treated. Qualitatively, the motion is alike in all four cases, being rather like a smoothed
out stepwise linear curve. The curves in the cases with exponential potentials have small
dips in the values at the points in time corresponding the the bulk brane changing direction
rapidly. These are of course also the times at which there are local minima on the graph
of the bulk brane movement.

Calculations based on the model with a constant B(t) and C(t) gave opposite results
(decreasing length) when the visible brane tension was negative, and this was partly the
cause for introducing the cyclic model in [23]. Our numerical solution for the physical
length in this model is given in figure 6.9, and is consistent with this result.

There have been a lot of discussion in the literature about the nature of the singularity
that appears if the orbifold dimension had contracted away to nothing. In [33] it is shown
even the presence of only one particle in such a universe would trigger a collapse of the
entire universe. The singular space obtained when the orbifold dimension length is zero,
is equivalent to an orbifold of space-time with an arbitrary simple Lorentz boost, and the
gravitational energy of one particle in this space-time is then the same as the total gravit-
ational energy of this particle together with all its images under the orbifold identification.
This means that a calculation of the energy density would need to include the energies of
all these mirror particles, and this is large enough to create an all enveloping black hole!
Many had thought that these orbifold singularities were less severe than the black hole
singularities in general relativity, but alas, this is apparently not the case. Our numerical
simulations show that in the cases we have treated, the physical length of the orbifold
dimension increases, so this will not be a concern here.

6.5.9 The visible brane scale factor

From the moduli space metric (6.9), we see that since we obtain the metric in the visible
brane universe by just dropping the dy? term in this expression, we get an expression of
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Figure 6.9: Physical length of the orbifold dimension, with negative
tension. They correspond to the examples in sections 6.5.2, 6.5.4 and

6.5.3.
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Figure 6.10: Physical length of the orbifold dimension, with positive
tension, corresponding to the examples in sections 6.5.5 and 6.5.6
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the four-dimensional scale factor a.ss(¢) as a function of the five-dimensional quantities.
The result is

acys(t) = VDIO)A(t) = VW A(®) (6.72)

From our numerical solutions we know that A(t) increases and C(t) decreases. C(t) de-
creases more strongly than A(t) increases, but there is a square root around C'(¢) in (6.72),
so it is not obvious whether the visible brane scale factor increases or decreases during the
evolution before a possible ekpyrosis. The visible scale factor is plotted in figures 6.11 and
6.12.

In all cases, the effective four-dimensional scale factor decreases with time. To obtain
realistic cosmology after an eventual ekpyrosis, this behavior would have to be reversed.
As an aside, the model with constant B(t) and C(t) also gives a contracting effective scale
factor.

6.6 Stability

When a higher dimensional theory is compactified or a brane-world scenario is introduced
to lower the observed number of dimensions, the fields in the effective four-dimensional
theory describing the geometric data in the higher dimensional theory are called moduli
fields. These could also be degrees of freedom associated to other bulk degrees of free-
dom. Changes in these moduli degrees of freedom have significant observable effects in the
effective theory, e.g. as variations in coupling constants like the Newtonian gravitational
constant. From equation (6.44) we see that the four-dimensional Planck mass depends on
the values of moduli fields. These effects are highly constrained by experiments, so the
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Figure 6.11: Visible brane scale factors, negative tension. They cor-
respond to sections 6.5.2 and 6.5.4. It decreases in both cases.
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Figure 6.12: Visible brane scale factors, positive tension. They cor-
respond to sections 6.5.5 and 6.5.6. It decreases in both cases.
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values of the moduli fields should be stabilized to some constant values, at least after the
ekpyrosis.

From all the solutions we have seen, we notice that the functions A, B and C' show
no sign of stability. Physically, this instability can be seen in the behavior of the physical
orbifold length in figures 6.9 and 6.10. After an eventual ekpyrosis in a modified version
of the ekpyrotic universe, these moduli fields must be stabilized after ekpyrosis to not
conflict with observations, so a post-ekpyrosis model would have to include either some
extra moduli field potentials, or some dynamical stabilization mechanism to solve this
problem.

6.7 Dimensional bounce scenario

We will now find a numerical solution for the dimensional bounce version of the ekpyrotic
scenario. In this version, there is no bulk brane, and ekpyrosis is supposed to happen when
the two boundary branes hit each other. Therefore we will look at what happens when we
send the boundary branes towards each other at some speed. This we do by giving the
orbifold scale factor B a finite negative derivative is an initial condition. First, we need to
obtain the action describing this problem, by dropping terms from the action we used for
the bulk brane scenario.

6.8 Action with no bulk brane

We can obtain the moduli space Lagrangian for the case with no bulk brane by letting
Y — R and 8 — 0 in the bulk space action (6.34). As before, the boundary branes does
not contribute to the moduli space action. This leads to the Lagrangian

. 2 . . . 2
3MEA®B A A B . 1 (B 1 .,
L= I (Z) + <13 <§> + 350) L <§> +50C? L (6.73)

where the integrals over the orbifold dimension I, are now simpler than in the bulk brane
case. We deduce them from the expressions (6.23) by letting Y — R and § — 0. Since we
take the limit Y — R, the I,,, , can be replaced by I,,,, and the I,,; go to zero, since they
are integrals from Y to R. The first few [,, functions are

I = 2R (6.74)

I=— (R +C - (6.75)

I = 3% (aR +C)* — C¥) (6.76)
Ii= o (@R +0)' =), (6.77)




6.8. ACTION WITH NO BULK BRANE

6.8.1 Equation of motion for N(¢)

The equation of motion for N(t) is the Euler-Lagrange equation

d (dC\ dC
L o N 78
dt (dN) av =0 (6.78)

The action contains no time derivatives of N(¢). From equation (6.73), we get

. 2 . . . 2
3SMEA’B A Al B : 1 B 1.
# I (Z) +2 (I?,E + 350) ST (E) + 51102 =0 (6.79)

We see that the only occurrence of N(t) is in the prefactor common to all the terms.
Dividing by this prefactor, we see that the equation of motion for N(¢) is independent of
N(t), so it is independent of our gauge choice N(t) = 1. The result is

N2 ) N 2
A A B . 1 B 1 .,

6.8.2 Equation of motion for A(t)

In the gauge N(t) = 1, the equation of motion for A(t) is

4
dt AT B

. 2 . . . 2
A A( B 1 (B 3.
+A’B | I, (Z) +QZ (13§ +312> — Z[?’ <§> + 5116*2 =0 (6.81)

6.8.3 Equation of motion for B(t)

A B .
—A%B (213— + I3— + 312(7)

The equation of motion for B(t) in the same gauge is

d .. (A 1B
A" A, 1 (B 1
+A3 | I (Z) +3JQZC+E13 <§> +5110‘2 =0 (6.82)
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6.8.4 Equation of motion for C(t)

This case is more complicated because the D and the I,,, functions (6.21) and (6.22) depend
on C(t). Using equations (6.25), (6.28) and (6.31), we get

d A :
— | =A*B3L,= +1
It (3 2A+ 1C>
A AiB 1. (B A
3 i oz = - _' 2 —
+A3B |31, <A> +3h7 e <B> +61,5C + RC 0  (6.83)

6.8.5 Numerical solution

Here we solve the equations for the case of no bulk brane. These are the differential
equations (6.81), (6.82) and (6.83) for the unknowns A(t), B(t) and C(t). We must examine
the behavior when we send the scale factor for the extra dimension towards zero, and see
if it bounces back again or goes to zero, which would correspond to ekpyrosis. Therefore
we use a negative time-derivative of the B(t) function at ¢ = 0. The equations are solved
with Mathematica, using the program in appendix A. We have used parameter values
R =1/Ms, « = —100M35, = M5, and the initial conditions A(0) = B(0) = 1, C'(0) = 200,
A(0=C"(0)=0, B'(0) = —1/100M5.

Plots of the numerical solutions are given in figure 6.13. The plots show that B(t)
decreases during the evolution, but it suddenly turns around, so in this case there is no
Big Bang on the visible brane. During the evolution the system, A(t) increases and C'(t)
decreases, their movements getting faster as B(t) gets smaller. Even though the equations
are only applicable when the fields change slowly, simulations with a large negative deriv-
ative for B(t) at ¢t = 0 also show that B(¢) don’t reach zero, so the distance between the
branes are always non-zero. This means that in the moduli space approximation, there is
no ekpyrosis in the scenario with no bulk brane, without making some modifications to the
action.

6.9 Brane matter

We end with a small note regarding the influence of brane matter. In our numerical work,
we have used the action for the ekpyrotic universe as proposed originally, without allowing
for matter/radiation creation on the branes during the pre-ekpyrosis evolution. We have
argued that brane matter should be allowed for to satisfy local energy conservation in
section 5.5. But it is clear that if brane matter is created during the bulk brane movement
through e.g. brane interaction with the bulk scalar field, this would be at the expense of
the bulk brane kinetic energy, so it would further prevent the possibility of a bulk brane
collision with the visible brane. So we contend that this would not work in favor of the
model.
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Figure 6.13: Dimensional bounce scenario. Evolution of A(t), B(t)
and C(t).

1.0
0.9+t
110} , 08|
= =07}
1.05 | ] [ 06|
0.5¢
0.4 ¢
1.00 L ‘ ‘ ‘ N ‘ ‘ ‘ ‘ ‘
0 20 40 60 80 0 20 40 60 80
t (1/Ms) t (1/Ms)
(a) A(t) grows slowly during the evolu- (b) B(t) decreases almost lineary, but is
tion. suddenly pushed away from the visible
brane.
200 ¢
180 +
<160
Q
140 +
120 +
0 20 40 60 80
t (1/Ms)

(c) C(t) falls slowly, but decreases rapidly
towards the end of the solution.
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Chapter 7

Conclusion

In this thesis, in broad lines, we have gone from the smallest building blocks in physics,
the tiny strings of string theory, to a cosmological theory trying to explain the nature of
the universe as a whole and the big bang phenomenon. The bridge between the two is
the existence of D-branes in string theory. We have analyzed one specific string based
cosmology called the ekpyrotic universe and obtained numerical results that speak against
it viability.

In chapter 2, we derived the fundamental properties of bosonic string theory. The
possibility of compact dimensions led to the existence of the T-duality transformation,
which ultimately led to the existence of higher-dimensional objects called D-branes. We
saw how the branes are described mathematically by the Dirac-Born-Infeld action, and
were endowed with Yang-Mills gauge theory on their world-volume. Observing that similar
branes exist in the super-symmetric string theories and M-theory, this made it possible to
envisage the possibility of brane-worlds, where the entire visible universe is located on a
3-brane.

In chapter 3, we saw that the conventional cosmological model contains a “Big Bang”
singularity. The mathematical problem associated with this singularity is one of the motiv-
ating factors of the ekpyrotic universe, which contains no such singularity. Subsequently,
we mentioned the different cosmological problems, and described how the phenomenon of
inflation can solve these.

Chapter 4 was devoted to finding the Einstein equation governing the geometry on
a brane-world, which is very different from the usual Einstein equation. The equation
depends on the brane tension in a way that allowed us to conclude the the visible brane in
the ekpyrotic universe should have positive brane tension.

In chapter 5, we introduced the ekpyrotic universe model mathematically by specifying
its action functional. The equations of motion were then found. Subsequently we showed
the validity of a time-independent solution, which is used as the basis for the moduli space
approximation.

The moduli approximation was introduced in chapter 6, and the specific form of the
action for the ekpyrotic universe was found in this approximation. The equations of mo-
tion derived from this action were solved numerically with the Mathematica program in
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appendix A. The solutions were plotted, and did not show any collision between the bulk
brane and the visible brane universe. Different values of the brane tension signs and po-
tential forms were tried, but none of the examples displayed ekpyrosis in their behavior,
so we conclude that without modification, the ekpyrotic universe doesn’t work. We also
saw that also in the ekpyrotic scenario without a bulk brane, the boundary branes do not
collide.

One of the theoretical motivating factors of the ekpyrotic universe is that it is based on
M-theory. But since the implications of the ekpyrotic universe is of course very sensitive
to the form of the inter-brane potential, this virtue is lost when only guessing the form of
this potential. Calculating the inter-brane potential in M-theory is of utmost importance
for further investigations in the ekpyrotic universe. One could of course say the same for
inflationary models, which in the end also must have theoretical motivation for picking out
a certain inflaton potential.

Our main conclusion is that in order to provide a higher-dimensional non-singular
alternative to the big bang in the form of two branes colliding, the ekpyrotic universe must
be modified. Since the model is based on simplified heterotic M-theory, one possibility
could be to allow more fields to be non-zero, which could change the behavior of the model
significantly. Furthermore, it is still possible that the model works if we don’t restrict only
to low speeds, as we do in the moduli space approximation. To investigate this, a different
approximation scheme would have to be applied, or an exact numerical analysis could be
attempted. In addition, stringy corrections to the action of the ekpyrotic universe could
arise e.g. when the brane separation is small, and could be analyzed. These are still open
possibilities that have yet to be explored, but the most important contribution to increase
the understanding of the viability ekpyrotic universe is to learn more about the inter-brane
potential for a pair of parallel 3-branes in the five-dimensional effective heterotic M-theory.
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Appendix A

Moduli space approximation

The following Mathematica program was used to solve the ekpyrotic scenario moduli space
approximation equations numerically, plot the solutions, and to export the plots to graphics
files in EPS format.

(* Choose numeric values for the 5D Planck mass, and the coordinate
length of the orbifold dimension. *)

mb =1; r = 1/mb;
(* Define the functions that are used in fomulating the action *)

Assuming[alpha*xy[t] + c[t] > O && beta > 0 && alpha != beta &&
clt] > 0 & y[t] > 0 && r >= y[t],
d0 = alpha*v - betax(v - y[t])*UnitStepl[v - y[t]l] + c[t];
ilb = 2xIntegrate[d0, {v, y[tl, r}];
i2b = 2*Integrate[d0~2, {v, yl[t], r}];

i1 = 2xIntegrate[dO, {v, 0, r}];
i2 = 2xIntegrate[d0~2, {v, 0, r}];
i3 = 2xIntegrate[d0~3, {v, 0, r}];

1;

(* Define the function ’d’ that is used to formulate the Lagrangian, and
also other interesting functions like ’al(t)’ which describes the
effective scale factor on the visible brane, ’length(t)’ which gives
the physical length of the orbifold direction as a function of time,
and ’ash(t)’ which gives the scale factor defined in Steinhardt et al.
to calculate the motion of the bulk brane in the model with constant
functions B(t) and C(t). *)

d=4d0 /. v ->ylt];
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al = a[t]*Sqrtlclt]l];
length = b[t]*i2/2;
ash = a[t]*Sqrt[b[t]*i3*m5];

(* The moduli space approximation Lagrangian for the bulk space and the
bulk brane. Also define the Hamiltonian, which is not needed in the
calculations, but it is interesting to plot it to check that the total
energy indeed is zero as it should be. *)

lagrangianbulk = -3*m5~3*a[t]~2xb[t] * (i3*x(D[alt],t]l/alt])"2
+ D[alt],t]/alt] * (i3*D[b[t],t]/b[t] + 3*i2+D[c[t],t]
+ 3% beta*i2b*D[y,t]) - 1/12%i3x(D[b[t],t]1/b[t])"2 + 1/2%i1xD[c[t],t]1"2
+ i1b* D[c[t],t]l*betaxD[y,t] + 1/2%beta~2*ilb*D[y,t]"~2);

lagrangianbeta = 3*mb~3*betaxa[t] ~2*b[t] * (d~2«D[y[t],t]"~2/2
- alt]l~2*ply[t]l]);

lagrangian = lagrangianbulk + lagrangianbeta;
hamiltonian = Simplify[a’[t]*D[lagrangian,a’[t]]
+ b’ [t]1#D[lagrangian,b’ [t]] + c’[t]1*D[lagrangian,c’[t]]
+ y’ [t]#D[lagrangian,y’ [t]]];

(* Calculate the equations of motion for the various functions, and put
them together into a list. *)

eoma = Simplify[D[D[lagrangian,a’[t]],t] - D[lagrangian, altl]];
eomb = Simplify[D[D[lagrangian,b’[t]],t] - D[lagrangian, b[t]l]];
eomc = Simplify[D[D[lagrangian,c’[t]],t] - D[lagrangian, c[t]]];
eomy = Simplify[D[D[lagrangian,y’[t]],t] - D[lagrangian, y[t]]];
eqs = {eoma == 0, eomb == 0, eomc == 0, eomy == 0};

(* Calculate the Lagrangian and Hamiltonian in the case where we put the
functions B(t) and C(t) to constant values. We use ’bi’ and ’ci’ for
the values of the functions. *)

lagrangianbc = lagrangian /. {b’[t] -> 0, b[t] -> bi, c’[t] -> 0,
clt] -> ci};

hamiltonianbc = Simplify[a’[t]*D[lagrangianbc, a’[t]]
+ y’[t]*D[lagrangianbc, y’[t]]];

(* Find the equations of motion in that case, too. *)
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eombca = Simplify[D[D[lagrangianbc, a’[t]], t] - D[lagrangianbc, al[t]]l];
eombcy = Simplify[D[D[lagrangianbc, y’[t]], t] - D[lagrangianbc, y[t]]l];
eqsbc = {eombca == 0, eombcy == 0};

(* Brane tensions. *)

alpha = 100*m5; beta = 1*mb;

(x Time fra for the solution. *)

ti = 0; tf = 7450;

(* This is the bulk brane potential *)

p = Functionly, 1/10*yx(y - r)];

(* Initial field values. *)

ai = 1; bi =1; ci =200; yi =r;

(x Define the initial conditions in a list called ’ics’. *)

ics = {a’[ti] == 0, alti] == ai, b’[ti] == 0, b[ti] == bi, c’[ti] == 0,
clti] == ci, y’[ti] == 0, yl[ti] == yi};

(* Solve the equations of motion numerically. Output the solution into
the list ’sol’. *)

sol = NDSolve[{eqs, ics}, {a, b, c, y}, {t, ti, tf}];

(* Find the time at which the bulk brane position Y(t), within the
interval given in the argument to the function ’FindRoot’, is
minimised. *)

tmin = t /. FindRoot[0 == y’[t] /. sol, {t, 1800, 1600, 2000}]

(* The minimum value of the Y(t) function *)

y[tmin] /. sol

(* Plot the potential and numerical solutions for the various functions *)
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fignegparp = Plot[plyl, {y, 0, r}];

fignegpara = Plot[Evaluatelal[t] /. sol]l, {t, ti, tf}];

fignegparb = Plot[Evaluate[b[t] /. sol], {t, ti, tf}];

fignegparc = Plot[Evaluate[c[t] /. sol], {t, ti, tf}];

fignegpary = Plot[Evaluatel[y[t] /. sol], {t, ti, tf}, PlotRange -> {0, r}];
fignegpary2 = Plot[Evaluatel[y[t] /. soll, {t, 1725, 17503}];

(* Export all the plots to EPS files *)

Export["~/fig_neg_par_p.eps", fignegparp, "eps"];
Export["~/fig_neg_par_a.eps", fignegpara, "eps"];
Export["~/fig_neg_par_b.eps", fignegparb, "eps"];
Export["~/fig_neg_par_c.eps", fignegparc, "eps"];
Export["~/fig_neg_par_y.eps", fignegpary, "eps"];
Export["~/fig_neg_par_y_2.eps", fignegpary2, "eps"];
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Einstein tensor

This Mathematica program calculates the Einstein tensor in a coordinate basis from a
general metric.

(* An array containing the names of the coordinates, in this case with
five components x)

q = {t, x1, x2, x3, y};

(* The covariant metric components, in this case a diagonal 5 by 5
array x)

g = {{ —n[t, y]A2, O, O, O, O}, { O; a[t, Y]AQ, O) O: O},
{ O, O’ a[t: y]AQ, O’ o}: { O, O, O’ a[t’ y]’\z’ O}’
{0, 0, 0, 0, blt, y]~2}}

(* Calculate the number of dimensions and the inverse metric
(contravariant components). *)

dim = Length[ql; ig = Inverselg];

(* We define a three dimensional array ’christoffel’ defined to be the
Cristoffel symbols with index positions (up,down,down) from the
metric ’g’. The calculation utilises the symmetry in the two lower
indices. We use the standard formula for the christoffel symbols in
terms of the metric *)

christoffel = Table[0, {i, 1, dim}, {j, 1, dim}, {k, 1, dim}];

(x Components with k >= j *)
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For[i =1, i <= dim, i++,
For[j = 1, j <= dim, j++,
For[k = j, k <= dim, k++,
christoffel[[i, j, k]] =
1/2+Sum[ig[[i, 111*(D[gl[1, j11, qllk]11] + D[gll1, k11, ql[[j1]]
- D[gllj, k11, qll1111), {1, 1, dim}];
1;
1
1

(* Components with j > k *)

For[i = 1, i <= dim, i++,
For[k = 1, k <= dim, k++,
For[j = k, j <= dim, j++,
christoffel[[i, j, k]] = christoffell[[i, k, jl];
13
13
1

(* Define a rank four array ’riemann’. It is the Riemann tensor with index
positions (up,down,down,down). We utilise the symmetry in the two last
lower indices to speed up the calculation. We use the standard formula
in terms of the christoffel symbols *)

riemann = Table[0, {i, 1, dim}, {j, 1, dim}, {k, 1, dim}, {1, 1, dim}];
(* Components with 1 > k *)

For[i = 1, i <= dim, i++,
For[j = 1, j <= dim, j++,
For[k = 1, k <= dim, k++,
For[l =k + 1, 1 <= dim, 1++,

riemann[[i, j, k, 1]] =
D[christoffel[[i, j, 111, ql[kl]]

- D[christoffell[i, j, k11, ql[[1]1]

+ Sum[christoffel[[m, j, 1l]]*christoffel[[i, m, k]]
- christoffel[[m, j, k]]*christoffel[[i, m, 1]], {m, 1, dim}];
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(* Components with k > 1 x)

For[i = 1, i <= dim, i++,
For[j = 1, j <= dim, j++,
For[l =1, 1 <= dim, 1++,
Forlk =1 + 1, k <= dim, k++,
riemann[[i, j, k, 1]] = -riemann[[i, j, 1, k]];

(* Define a two dimensional array ’riccicovariant’ which will contain
the covariant components of the ricci tensor. We use the reflection
symmetry to speed up the calculation. *)

riccicovariant = Table[O, {i, 1, dim}, {j, 1, dim}];
(* Components with j > i *)

For[i =1, i <= dim, i++,
For[j = i, j <= dim, j++,
riccicovariant[[i, jl]] = Sum[riemann[[k, i, k, jl]1, {k, 1, dim}];
1
1

(* Components with i > j *)
For[j = 1, j <= dim, j++,
For[i = j + 1, i <= dim, i++,
riccicovariant[[i, jl]] = riccicovariant[[j, il];
1;
1;

(* Calculate the (up,down) components of the Ricci tensor by muliplying
with the inverse metric. *)

ricci = Inverselg].riccicovariant;

(* Contract the Ricci tensor to find the Ricci scalar. We call it
ricciscalar’. x*)

ricciscalar = Sum[riccil[i, il], {i, 1, dim}];
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(* Define a two dimensional array ’einstein’, which will be the (up,down)
components of the einstein tensor. *)

einstein = Table[0, {i, 1, dim}, {j, 1, dim}];

(* Calculate the Einstein tensor with index positions (up,down) by the
standard formula, and use the mathematica function ’Simplify’ to
simplify the result. *)

einstein = Simplify[ricci - 1/2*ricciscalar*IdentityMatrix[dim]]
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